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ABSTRACT

Btrong~-intersction effects have heepn obscrved io the X-ray
spoctra of stoms formed with = in Jead and tungaten,

In the oxpoariment, porformed at the Altornating Gradient
Synchtotron of Brookbaven HNaticnal Laboratory, oegetive kaons weore
brocght to rest iz a novel laminar target conslsting of thin shocta pof
high-Z material in s liquid hydrogen bath., Tho goometry of the targst
was designed to optimizo the producticn of high-Z £~ atoms and the
dotection of thelr subsequent de—excliation I rays, A& wethod af
tdentifying the enorgotic at from tho preduction ronction
K +p — Z"+n"  rosulted in s factor of 15 improvement in tha signal-
to-nolse ratle of the =~ atom I zays over that of previous
exporimonts, The X-ray spectra were rocordod by threeo high-resolnotion
intrinasic Ge detoctors and analyxzed for ahifts, broadenings, and yield
roductions of the final X-ray traositions before sbsorption of the X~
into the ooclenx., A lioeshape function which reflectod the pon-
Gausslan response of the X-ray spectroscopy system was doveloped for
thic anmilysis, Tho resclts are

E-¥ (10939) : € = £50+30 ¥, [* =380 % 70 oV, %7 =.98 .04
£ -Ph (1039} : © = 5102350 oV, [ =290L140 e¥, %Y =.53 % .04

whese € = B, o —E .., [ is tho Lorentelan FWAM, and %Y is the ratio
(mensured yileld)/(yield caleculated with no strong intersotionm),

Optical model calcnlations with T={0.928+10,022) fm sre able to
reproduce all obsorvaod sffoots in the =X~ -¥ aspoctra. Such
calculations with a=(0.247+10.03%) {m reproduco the observed shift and
width of the {10—9) transition iz ZI —Pb, but fail to reprodoce the
obsorved yleld roducticn. It is doubtfwl if the corrent statos of the
theory of XE"-N interncticos can oxplain this discrepancy.
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THE MEASUREHENT OF STRONG INTERACTION EFFECTS

IN OIGH-Z SIGWA OYPERONIC ATONS



INTRODUCTION

An oxotic atem is formed whon » negative particle other than an
electron is captured inte an atomlc orbit marcond m noclens. Since
olectrons are tho least massive of tho known gnegatively charged
particles, the roanlting exotic atomic states have emaller radil and
larger binding oncrgics then do tho osual {electromic) atomic atates
af the saze gosptmm nmebers. Tho heavy particle may be n lepton,
megon or & baryon, For this work we are interested 4o atoms [ormed
with Xeons (E7) and sigme hyperoans (£}, 1In the discursion that
follows It Is sssumed theat the hoavy particle i3 efther a2 meson
(integral spln hadreon) or a baryon ({rmctiocoel spin hadron), slthough
much of the thoory (excluding that part which deals with strong
internction affects) wes developed for and is also applicable eo

muonic atcms.

A hadronic atom goes throogh several distimet phases in  the
course of Its lifetime, Forpaticn of s hadrenic atom occurs after a
oogetlvely charged hudron is brovght to rest in meterisal coupozed of
target ateoms, Jnitially the hadron has oxcess kipetlc energy. and it
pessed throogh and interacts with the ele¢tren clonds of the target
stoms without bhelagp ocaptored. Energy is lost in thess dptersctions
until the speed of the hadron becomes cooparable to the speeds of the

atomle eleotrons, At this point, transitions to boond states become
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probable, and stamic capturo occors.

Once captored., the hadron may de-g¢xcite to & more tightly bound
state either by emitting an X ruy or by transferring the eoergy
difference to mn elecotron ¥is an Aoger transiticn. As the hadron de-
excites through the clectron clouwd, thore is o large overlap between
tho hadrconic and electronic weve Jfunctions and Auger transitions
dominate the opergy loss. The epergy transferred ito the electron in
this case 13 uvavally enough to eject 1t from the electron clond,
lonizing the target atom, IT the target material is & metal,
replenishment of those vacsted electronic states is osuvelly so much
more rapld than the idcnization processes that sll of the electron

shells are effoctively foll all of the time [1].

When the orbital radius of the hadron becomes leas than that of
the innermont crbital ¢lectron the overlap needed [for Auvger
transitions declines and X-ray {or radlative) transitions dominate the
enorgy loss. Theo stomic slectron: have very little cffect dering this
radiative phase because woat of thelr charge lies woll ouotside of the
hadronic orbita. The overlap botween the bhadron and the noclens is
uvaually nogligible st this point sp that the only appreciable forces
acting ATe electromagnetic in nature, The nuclenr charge
distributions are known well enough [2] that accorate calcolations
should be rpossible, althoogh higher-order gquantum electrodynamic
offocts must be taken intp acevunt for maderate- to high-Z target
nuclel [3,4). This phese of the life of a hadronic mtom thus sérves

as a testing groond for several important QED calcolations.
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Exporiments deosigned specifically to test vacoum polerizaticn [5) snd
Lamb shift [6.7] effects have stimulated many different appromches to

the caleoletion of these affects [8-11].

If QED efifscts are underatood woll epough, stady of the radistive
phase of exotic atoms can also yleld information abkoot the orbitlag
particle. The X~ray trensition energies are senpitive to Lhe mess of
the particle [12-14], 1f the particle hns a magnotic moment the I
rays exhibit [ine-structore splitting charactoristic of that wmoment

[14-16].

The badronic stow contloues te de-excite by way of radlative
transitions wuntil s state is roached which bhas an appreclable averlap
with the nnclear matter distribution, Here the strong interactions
which characterize this fiozl absorptive phase can alter the I-ruy
transitions in three ways [17,18)]. As scon as the hadron roaches &
Etute which has any overlap with the nocleus, absorpiion by the strong
intersction compeotes with the radistive mad Auger transitions for the
state’s depleticn. The intecnsities of sny I-ray transitjons which
criginate in this state or ono of 1ts successors are thus reduocod. Tf
the hadron sorvivos to reach & statec with more overlap the strong
intersction may mctually shift the energy JIevol hy an observable
amount. Also, the rapid stropg absorption resolting from the
increased nverlap roduces tho mecan life of the state to & value such
that & brosdening of tho eoergy level doe to the tncortainty principle

may bo obscrvable.
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Decause of the strepgth of the strong intermotion, the effecets on
atomic states Llncrease very rapldly ace o fonction of the orbitel-
noclens overlap integral. TFhis provides » convenlent separatico of
the stromg interaction effects on a piven state from the effects on
ity predacessor states. For any observable X-ray transition., atrong
ioteraction effocts on the [inal stxte are typlcelly peveral orders of
magnitude larger thap those on the inltial state. Tha shifts wnd
broadenings of the I-ray trunsition encergles are thuse domineted by the
shifts and ©brosdenings of the oenergles of the final statex,
Similinrly, any atrong Iinteraction offects on ithe loitisl states'
predecessors arc typleally severnl crders of magnitude smaller thsno
those oo the infitisl etates. The redoction in intensity of »
particulur I-ray transition 1z thus doeminated by strong abserption cut
of the initial wstate 1tself rethor then oot of apny of the initiasl

itate’n predecozscrs.



Chapter 1

THEQRY

Extraction of strong interaction effects from I-ray transitions
in  hadronic atowms requlres a celeulation of the eaergies and
intenslitios of those transitions in the ahsecace of waoy strong
interactiocn, The physical «syetem involved 1s goite o&uple:. The
noperturbed nnclewr ¢hargo distribution i not zmocessarily apherically
syrmetric and may possoss intrinsic slectric and/or magnetic multipole
moments. Tho quantun electrodynamic interaction botween the nwcleuns
and the crbiting hedros most bo calculated to & sufficlently high
order to Inclode all signiflcant ¢ffects, Posslble spio and anomalous
magoeflc woment strouciures of the orbiting hadronm most be taken ioto
account, &% woll as any reslduoal effocts of the electron cloud which
surrounds the hadron-nuclens system. The extremely strong eleciric
fields capericenced by both the nocleous and the hadrom resnlt in
physical deformations of both systeps. If o resopance condition
occurs, this cen cause transitions of the nuoelen: to oxcited atates
[19]. All of these cffects cen alter the energy levels of the

badronic bannd states,

Predictions of I-Iay intensicies require not  oznly an
understanding of the radiative transgition process but wlio knowledge

of tha initisl state popoletions, Unfortunstely. this population
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distribotiorn iz not Iindependent of the strong intersction. Strong
ebaorption effects on states bhaving large principal gquantem ommber o
bat saell values of sngolar momenttm may bo described sofficiently
well by an optical potentlial, bol the details of bhow auck abscrption
affeocty tha population distributien 1is not esslly gerived hy
analyticel means. A compoter model of the hadronlc cascade 15 nsumlly
csed Co predict the initiel state popolations in the presence of the
{simplified optical model} astrong Iinteracticon se that inteosity
reductions in an X-ray traneltion =may be sssaciated with strong
absorption ont of the inltial astate rather than with any strong
interactlion induced variations irn the inltial state population. Such
a copputer mode] reguires some snesip coficerming the distribution in
angunlar momentum of the orbiting hadrons Immediately zfter atomic
capture. Auger transitions must be incloded 1if the wmodel 15 to  he

consldered a realistic representation of the c¢nscade process.

Finally, devintions of measvred intensitles from predictions
cannot be firmly lipked to & stropg-intersction absorption rate
withoot first sccounting for 2l] other processes whick may contribute
tv depopulation of the lnitial states. BSwuch processes inglode Awger
transitions sand deeny of the orblting hedron, An expositicon of the
theories neesded to make the energy and intenslty predictions pertinent

to thic sonlysis follows,
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1.1  Enecrgy Lovels of lladropic Atoms

1.1.1 Governinx Bgustiops and Mathed of Solutivp

The dynamics of high-Z oxotic stoms formed with particles having
spine of z2ere or one bali arc governed by the Klein-Gordon or Dirac
equations [20]. The large ratio of pucloar to hedroplc mmeses ingures
that most of the relativietic offocts erc associmted with the hadron,
This moans that the classics]l reduced mass approximation will account
adoguately for moat of the nuclesr rocoil, For the £ -Pb snd £ -¥
systems the resldoal relativistic corrections to the noclear recoll

are loss than 20 oV jin magnitude.

Tho mothod of solotieca 13 similsar for Goeth egoations. The
cquation 1is solved for boucd energy eigenstutes, wusovally in
potential genorated by n etatic, spherically symmeiric nuclear <charge
distribution of realistic finite extent. In this case the egnations
aro separable into radial and mngular patrts., Solutions take the {form
of radial fonctions multiplyinog angular functicns which are
elgonstates of the total sngunlar momentmn opsrator, All dynamical
effects are conintined io the radi{ial eguations, which way be solved
nuon¢rically for most physically reslistic charge distributions. In
practice, wmany of the mucle]l for which one might wisk to tolve thesxe
equations are indeed spherically symmetric {even—-even}. If net. any

offects dur to noclear ssymmotry are ueunlly amall and may be treated
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o o first-order perturbation to the spherically symmetric solotion,

It is oeefnl to have avellable apalytical]l solutions for two
spocinl cases. Tho cnergy eigomvaluoes fer s peint cherge distributicn
are frogoently good starting points for eigenveluo searches tavolving
Bore roalistic finite charge distribut]osns. A first-ocrder
pesrturbeticn caleulaticn wsing the basis states of a polot charge
sclotien can improve soch wn inltial goess dramaticelly, and is pot

vory costly In compotation time.

The radia] elgenfunctions for a spherical aguare-weoll potentinl
may be wvsed to dnitialize nomericel lotegration slgorithos at any
redioe whore the mctual potential is 2 suffdclently slowly warying
fonction of radius, This condition is mot at very large and very
emnll radii by potentials gepernted by physically realistic cherge

diztribotions,

1.1.2 Elein~Gopdop Egquation

The Klein-Gordon eguation for & freo particle of mass m is [21]
1.1-1}  ['g - (mef JW =0

where ﬂ"-iila!agq} is the Jour-momentum opermtor corrcaponding to

apace—time coordinates ¥ '={¢t,I). Notec that

1
- 3 3 '_'.,1
o, --t(—?- o T VIS S S v Rt YR
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Coupliog to an externoal cleciromeagoetfc [ield is effected by the

snbstitation
1.1-2} % — 1% - (efclAT
where A = {‘,Il

Io tho case ol a static Coolowmb poteatial Auhli[ih].-ﬂhl, sgquetion

{1.1-1} bocomes, In the more usvn]l pon—covartant notstlion

L

1 a 1ok e
I.1-3} (- —_ 1 I) —Vlf -i) YW <o

c ot hr

Any stable bound state whlch is = solotion to oguatjon (1.1-3)

will he ar cigenstate of the Hamiltonimn H:

oY
I.1-4) HBY = if — =W
It
Soluotions of the form W . e)=W (D) e-iEtA' satisfy this

condition, and eqgoation {1.1-3} bBocomes

. LE-e#(@)) ~(=c* )
1.1-5) 7o+ Wx)= o
[ﬁcf

For a spherically symmetric potential §({X)=dir), eguetion (I.1-5)
is separable intc radial and wsngular equeaticons [22]. The angular
equaiion iz solved by the neuml apherical harmonics ﬁ?(ﬁ.i] and has &
separation constant egoel to Lif+1)y. The rosulting eqguation for the

radinl functlon Rir)
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& (cR{x)) [{E-o#{r)} -(m* ] f(f+1)

1.1-86) {rR(r)) = 0O

+
de (o }1 r
sy be solved numerically for nust'nnn-pltholnglnnl poteontials #(r).

Pover series tochnlgunes may be nacd to solve this eqoation in the
cas¢ of & Conlomb potontial genorsxted by a {statlc) point charge

distribution with ths result [23)

-4
= 3
A=A

I.1-7) E{n,}) mmc" | 1 + —
n—{£+1f:1r|{9+1.rzi‘-:z-e

In reglons of constant potential ths term —c#(r} may be combined
with the onergy to gilve an effective energy E'=E-of. Solutions for
energy E in these regions of constant potentisnl ¢ may be expressed as
linesr cowbinations of the freo-particle ({(it.o..é=0) solutions for

enorgy7 E'. The substitutions

w 3 1
'd{*E—uﬂ e
I.1-18) = t

fe

and wiz} = c{xz)B{c(z})

rosult in a slightly different form of egaation (I1.1-6) for regions of

constmbt potential:

1.1-9} PO oy T FUES Py

This 1s recognized as the eguostion for the Bicatti-Berszel functions

[24]. Linoarly independent sclution paire sre based on the sphericwel
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Bessal functions of the flrst and second kinds

I.1-10) :‘& {z)= Iﬂ;ﬂrz Juﬁ'jfl]
ZYX{I}'W%H“I}

and of the third kind
il (i)
1.1-11} lh't ‘.’r.:'-"lnz}'l ﬂm_ﬂfz}
:%? {:}"{"zleﬂsikftj

Hore j*{:J. 31{11. ﬁ:{xl and ﬂ;%;] atre spherical Hocsel
functions, Jp (z) and Yy(z) are the usual Beasel fonctious of the first
acd second kinds and B?%z] and H?Ez} wre the Hapkel functicns. These
solutions are of particular idnterest for E*)mc st rell, where
convergooce of the normalization Aintegral 1imits the sojution to
IJIIZ} and for Eftmc Rt r—<0, where zﬁF {z) is the only solution

which goes to zoro a1 regunired for s bound state.
I.1.3 Dirac Eguatjiop

The Bireac equation for a free particle of mass m is [21]
1.1-12}  [n ¥ -mc] & = 0

where the 3“ are Dirac matricoes. For tpace-time coordinates

e {ct,?) theose take tho foym [23]
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o 1y (B [ - 0> a-L
1.1-13) Yy - ¥m ol = . .
(D) —<¢1) o {0
1 © | 0 0 I
whore {1l = and ‘(0 =
0 1 D o

are the 2X2 1dentity and xsro matrices and the ¢ are the wuaual 2X2

Paull matricoes.

Coupling to an external electromagnetilc field is sgain made by
the minimal suobstitotlon (I.1-2). Incloslon of an snomalous magnetic
noement adds & magretic dipole term [21]

4o

1.1-14} 'R 13;3;1,,.4# a
dec

to the right side of egquation (I.1-12}, where

344 aa”
1.1-15) P e — -
3:; ;IA

is Mazwell's [leld-strength Lensor,

Energy oclgenstste solutlons to the Dirsc eguetion may be
scparated into spatial and tomporal parts of the form
u{i,t} = u{i) expi-1Et/h) . 1If solotions are to be limited to onErgy
cigonstates the operator (9/3{ct)) which mppears in the Dirsc squation
may bo replacod with its elgeovaluo equivalent (2/3(ect}) = —1Efhc
resulting in a simplification of eguation (I1.1-12). 1In tho case of a

spherically symmeiric potentinl the Dirac eguation may be separated



Prge 14

into =sngular and radinl parts. Tho bonnd state sclutions take the

form [25]
G . (r) h\
'EL— l k,m}
T k= for J=f-1/2
I.1-1&) nlx) = >-
1ﬂhh{r} k=—({+1) for j=f+1/2
—_— -k,
T -
where

Clus dm b, R 0s. (lkl-B) ,2) ﬁmﬂ
I.1-17) k. m> = {m+ 4}
ClQ s tmedd, D) L a ChEl-D)Lm) ¥y

The C{f.l,n!.nslf.:,j.ll are vactor addition, or Clebsch-Gordan,

cosfficients.

The resnlting radial cquations arc now [20]

dF(r) [ _dé{(r} [E+ed{r)—mc")
- -+ K F{r) - Gir)
dr r dr ke
1.1-18) -
dG{r) Tl Aid‘[r} [E+e‘tr]+nu1]
= -] -+X Gir) + Fir}
dr F o ar he

where K » ;Ieflnél is the snomelous moment term.
This set of ogquations ls amenable to numerical solotion.

Bound stete onergy ocigonvaloes of the Dirac equetion for a statie
point charge distribution and no ancmeloos moment may be found hy
expanding the soluticos te the radial oguations {(I.1-18) in a power
sorics [23). The discrete onergiex which result in proper truncation

of the series ares found to be
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2
1.1~19} E(n,J) = mc |1 + -
(n-uu.f:uﬂmz} —(2T

Ir reglons of constant potential the two filrsti-order equetions
(I.1-18) wmay be combinod to give a singlec second-order eguationm for

the radial fonction Gi{r)
1.1-20) s w (z) + [£-k(k+1}Iw(z} = 0

where once agnin the substitutions (I.1-B} have been made, This is
rocognizod xgain mw the oguation for the Bicoati-Hoasel functions [24)
which bhas ]inesr)ly independent solution palrs

[ 2, (2} . 2y, (2} ]
1.1—211 ‘nd i {1}
[ zh, (z} ., zh (2} ]

{See egs. {(I.1-10) and (I.,1-11)}

For E')mc , integrabllity requirements st the origio exclode the

1y, (z} solotion for k)0 and the IJH{I} solucion for k<0, For E"(mc"
a)

the solution must vaniash at large radivs, which excluodes the tﬂ; {r)

solution.

Equation {J.1-1B) may be manipulated to give

tc aGir} k
I.1-22) F(r) = + ~ Gir)
{E-ed{r)+mc*} dr T

At large and small radil where G{r) i3 liwmited to the form of
slngle Boxsel function, the term <G(r)/dr may be ovaloated with the

help of recursion relations betweon the Bessol fuonctions [22]. This
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reaults in the solution pair for a comstant potential $:

G"'hirj - :|:'!'Jl iDr)

I.1-23)
E-ed-mc®

I-:—l.'ﬂh'u:u::=l

F,, (r) = rf, (Dr)

'{{E-u‘}1 -tnc’“l?
tc

where D

apnd r —3 0 and E-eé > lr:.“‘L e I‘II}FJH‘:]
k{0 — £, [ﬂ']’"l':}

r —3 and E-eb { ;& — 3 [“txlﬂﬂ:{xl

Thus the ratio F/G may be calculated st large and small radli whether
or not the overnll oorwalizstioo is koown, Thie is sufficient to

initinlize » numerical intogration procedure.
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1,2 Corrsctions 1o the Ensrsy Levels

I.2.1 Electropn Screening

For a badron of mass m and & single negative charge, states having a
prizcipal qoantum nmber n<n,, = fu/m; 1lie within the eleccironic
E-zhel]l and screen one wenit of =ooclesr charge from the orblting
c¢lectrons. Since there is 1little pepetration of the electiron
donsities to within the E-shell radins, the screeping is almost exact
and the electron density dx nearly Indepondent of the astate of the
orbiting hadran. The state of the hadron, however, i3 not Lindospendent
of the electron dencity. Detziled calculstions of the hadronic snergy
¢igonvalues most incorporate the potential ioduced by the eoleoctronic

charge density.

The #lectron density for radii within the EK-shel]l is ooarly
independent aof the idonizationo state of the coter electronic shells,
Any ianer shells which mre ionized by an Aoger transition sre quoickly
refilled from the ooter shells. Thus throoghout the volume of space
wilithin the electronle E-xhell the charge density of the eloctrons
orbiting s hadronic stom of nucloar chayge Z i3, to within about threp
porcent, ogual te that of tho (Z-1) electrons orbiting & normal stom
of nuclear charge (2-1) [1]. Avy osfor differencoes betwosn these two
charge distrihuticns occur well cotslde of the hadronic orbit and will

affoct the hadron ¢horgy only throogh the constaat part of the
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celectrostatic potentixl. Soch oncertainties in the potential are the
same for wll states of theo hadron and ware not roflected la the
e¢norglos of the tranaition X rays. The potentiala genorsted by
tlectronic oharge distributions of oormal wteos heve boen onlcolated
and tabulatod in forms thet are uyseful to exotic atom calculations

[26].

1.2.2 Quaptum Electrodveemic Corrsctions

The two basic types cof goantwm eleéectrodyommic corrections
applicable to calculations of the energy levels of exptic atems are
radistive eoaffecte and vacoum polarization. Badiative effects,
aonetimos known nax self-pnergy corrections, result from intersctions
betwoen the orhiting particle and the goantizad radiation £ield. The
main egontribution to this interwction, the emission and re-absorption
of o single wirtom] photon by the orhiting particle, glves rise to the
woll-known Lamb shift in the 23 state of hydrogen [(27]. Although
radieative processes wiy saverely offect low-lying muoonle states
(groater than 3 ke¥ for the 1s state of ouonic ¥ or Pb [2B]). they
play little part in the energy levels of hadronic atowms. The atropg
interaction wuwually rezxults in ebsorption of bedrone in states which
are atill high-lying enough to be nearly devold of radiative effecrs.
BEaszsed on the methods of Rinker and Steffea [29], ostimates of the
first-order Lamb ¢hift on the (2,8}, (10.9) wod (11,10) states aof
£, -Pb give respectively 1.6, 1.0 snd 0.6 oV. Siloce much of this shift
comes from a {(F+L> term, the effect i generally much less for

spinless particles. FEstimates of the Lamb shift on the (7,6} and



Pnge 19

{8,7) states of kacoic Pb are leas than 1 eV, Radiative effects are

generanlly fgnored in thiz manalysis,

¥acouum polarizstion, the emission and re-absorption of wvirtaal
electron-positron pairs by photent, i3 rarely If ever negligihle in
oxgtic atoms, Expressione for the polarizetion charge density
generated by 8 point charge Coulowb potential have been derived [3]
which show that the leading term in an expansion in powers of ol glves
the Usling-Serber potentianl [30,31). For e¢xotic atems of moderate to
high Z this potentianl is toc large to he trested by [irst-order
pertorbation theory, Although sacond-order theeory is czaoally
sufficient, a more practical approack frequenotly caed iz to incluode
thix potential in the «#igenveloe problem, which i then xoelved
nunerically. Nigher—order torms may be included slther in the
cigenvaloe problem or ovaluated later by first-order pertorbkaticn
thoory. Included io these higher—order terms are the ol {ZX} torm
first derived by Xallen and Sabrey [32) and the "ﬂzﬂf?':'? teras
dorived by Wichmasn and Eroll]l [3]. Blomgvist [B] bwas organlrod the
results of these asuthore inte forms vaefnl, If diffienlt, for
computation snd has provided expansions in powers of r walid near the
origin, Dafortvoately, the aealytical expressions of Elomgvist are

difficult tc ovaluste numorically and the ecxpansious in powers of r

break down beyond about 75 fm,

Based oo Blomgviet's wonlyiical expressions, Fullerton snd Binker
[33) bhave derived parameterizations of the o{{Z«{) and ﬂ(‘[ZvC} terms,

thely ictegrals. snd the second and fourtbh radisl dorivetives of the
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(Z} term. These paremoterizaticons are optimized in the Chebychewv
senso, #¢ that the peximum error is minimired for the givon nomber of
parapoters. The of{Zo{) pmrameterizations sre wvalld for all radil,.
Tho ﬂéizn(J parmmeiarizaticns are valid only for radii less than the
olectron’s Compton wavelength Ay, abount 386 fm. An approzimation is
glven for larger radii, but the potentianl i2 so amall that it way
usuelly be set egual to roro boyond Ay with no effect on calenleted

reanlis.

The ﬂtZ‘iJJ vacopam polarization potential about s point charge
bat¢ bocn eveluated by Vogel [26] vaing the expressions of Blomgvist
[8]. Bosulis sre tabalated in a Z-indepondent manner over the raoge
0.1 3,¢r ¢k,., The reselts wary slowly with r, and so are ensily
interpolated. For r { 0.1 A,, tko Blomgvist eapansion 1o powers of r
iz preforable., The nt{Zﬂfﬁ? tarms are genernlly assomed to have the
ssmo [nncticoal depeodence as  the u((ZH{]3 term, Blomgvist has
ovaleoated the 1leading torms §n 1fr of these potentials, thus

determining their relative magniltudes.

Finite nocloar size offects may be inclioded 1in those wacounm
polarization terms which are linear in the inducing cherge T aimply by
performing a linénr convolntion of the polnt-charge potential over the
inducing charge distribution. For spherically aymmetric charge
distributions, thias convelution muy be grestly simplified at amall
radil by wuiing the parsmeterizations of the potentlal integrals
provided by Fullertom and Rinker [33], At largo radif, the (2}

potential for a finite nvclens zay be expanded In terms of the first
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fow radinl moments of the charge dlstribation and evalusted with the
help of the parsmeterizations for the derivatives of the {Zx)

potentinl,

Finlte npuclcar sizo effecis are moch Bore difficuolt to

L7
logorporate into  the o (2o ) rotentials. A slmple linear
convalotlon is incorrect since the potentials mre very mnon-linesr dn
the indocing charge Ze. Rinker., ¥Wilote eaad Steffen [9,29,34] have
carried oput direct ammerical evalostione of the induced vacunm
polarization charge densitios nboot varloos nuoclei of finite extent,

nslog the so—called Schwinger prescription:

1.2-1}  R(F) = (-e/2) [ & |‘F{,hfﬂr‘ ﬁl‘ﬁ,u‘”r]

Az can be pezn 1n Filgure 1, the exact rasulis for :uFPh deviate

significantly from the polnt-charge and linear—-convnlution results for
radil me large as 50 im. The rosulte of RHinker, Wilets and Steffen
[%.25] are tabnlated only in the form of shifts to muonic atow onerpy
ievels. Although this iz oot directly meseable, it doax serve as &
guide to =& parameterizntion of this poteptinl for geoeral nse. (See

Appendixz A.)

I.1.3 MNuclear Heocoj)

Classically, ull oaffects of neelear recoll oo the ERETRY
olgenvalues wres Iincluded by aubetituting the roduced mans for the
hzdron mass in the governiog equoations, Uatong w relativistic

generalireution of the rodoced mass [35,36]. one chteaine sn additional
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shift -B, IIHH which iz of porely kloematlec origin [20]. Here B, is

the hadronic binding encrgy and M, 1a the wass of tho oucleus.

Huclel of [inite sizeo have an sdditionml effect flrst described
by Breit [37], who pointed out that non-pointlike chsarge distributions
moving at rolativistic spevds suffer s rescaling of space ss well as
of tims, and that the s#scleus and the crbiting hadron, moving at
different aspeoeds, wlll! have diffeorent reacsling factors., In wn effort
to avold the troachercos Botho-Salpeter eguation, thias problem has
becn approached by way of the acattering spproximation [IE-40] and &
restricted veorslon of the Breit aguetion [41] with casentially the
aam¢ rosult; opamely,

I.2-2) AE = {1/2M,c ) (h(r}+41B,P, (z}>
where P (r} = b’ (r) - bir} for all r
= 0 ouniside of the nuclear charge distribution
. 2 r
nnd hir) = —4 (r) - — "{r}/h z #(zx) for all r
r 0
rA TTE NS

- $'ir) ooteide of the
ir soclear charge distribution

Hote that (r:}. the wsecond radial moment of the onoclear charge

distribution, vanichez for s point ancleus, 20 that AE (poine) = 0.

In addition, Salpoter [42], working through the Bothe-5alpeter
cquation, has derived sn sdditlonal energy shift dvwe to hole theory,
Although these calecnlations have boon curried cot only for s limited
set  of cases [43), the effect ie believed to be of the order of Zm/M,

timos tha first-order Lemb shift [20]. For keonle mand £ atoms, the
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tetal recoil correction is less than 10 oV for ell! bot the most low-

lylng states.

1.2.4 Statlc Polsrizsbility

Of all offects In hadronic atoms., peolarirstion of the nucleus and
of the orbiting hedron cas be among tho most difficuli to calculmte.
In the rather extreme case of low-lving moonic or plonic states about
high-Z poclel., the orbits]l transition onergles heave magnltudos
conpareble to the excitaticn energies of the nucleus and, for plons,
of the orbitiog bhadron., A considerable portion of the orbital wave
functicn penetrates lnto the nuclens, #0 Lhat a clear separstion af
the system into orbital, nn¢lecar and hedronic components iz mot

poseible.

Ericson and flofner [44] have shown that soveral simplifications
can be made for most atoms [ormed with stropgly—internciing particles
vther than pions. Apart from plons, which react mainly with nucleon
pairs, wmost badroas resot with single nucleons st the nuclear surface
and s¢ are strongly sbsorbed bhefore any wignificent penetraticn
oocurs, As a rosult, sn expsnsilon in terms of moltipole moments of
the time—dopondent tlectric forcos exeorted on the hadron and oo  the
noclens by eoach other will be dominated by El (electric dipole)
effects., The charmcteristlic orbital fregquoncies of the hadron about
the nocloos wre mmall cempared to those of the ancleons within the
nocletus. The resalting atetic spproximation sllows closers over the

atemic =tates, 3o that the second-order El onergy shift dee to
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polarization of the muclens

a
H,
any g |1 B 195 142 145
.2- ) :
€ F§ {fd; vu-'f} +{w:' -—w:}

becomes
WP a N,
1.2-4)  AE, = -(» {2} aﬂu")%
where T |
o, & (¥ o 145
1.2-5) . 2
N Y,

N H
is the poclear polearizabillity, Hore & and & are noclear and
bhasdronlc wave fnnution:,'ﬁ is the poclear electric dipale operator and

the ezpoctation valwe (f*%'r is taken cver tho hadronic eigenstate.
&

Ericason and Hofner [44] relste the poelear polarization parameter

q:! to the onergy-weighted (El) photonuclenr absorption crost section

a

1.2-6) aEi-—l?G"_'z - — '%—ﬂlu
2 an

This relation iz expected to be good to a few percent, approzimately

the samec accuracy as the siatic approximation.

For wnoclei beavier than argon, the total energy—welghted
photonuclear cross section OO, may be approximated te botier than 20

percent accuracy by

-
1.2-7) . =3.1X10 fﬁ barn/Me¥

-3

El =3
Anzoming that O, ~=J7. this glves d;i‘ES.I X 10 A;& .
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Equation {1.2—4} may be cxpanded to tnclode polariesation of the

Ladron by tresting the hadren and the puclens in & syemetric fashlon:

1.2-8) E . »~{a/2) {&aza") a™
. i E{ ¢ = !'.]u r ol

Yery little is known [44] about tha badron polarizability parsmater
1 -
Clu. Experimental rosults for the proton yield ct:i-(y‘l 2}110*1'.,3[45]
P -
and Clnﬂ 14 X 1[1"r fro (461. Cslculatlions for the plon yield wvalunes

=]
ranging from 4 X 10 fo [47] to 10 fna{-H]].

Eolativistic offectzs areo alzo coneidersd by Ericson and Hufweer,

who Tind for the nucleunx that
N o X a
1.2-9) By = G, (HEM) 4 (Ze /3IN) )

whore &=3 -8 MeV is the average nucleon binding enerpy and MW iz the

b,
nucleon mass. For Z&=A/2 and r= 1.2 A%fm, eqoation (I.2-9) bocomes

o o P
1.2-10) (%) " 3.4 X 10 A'tm

Bolativliatic effects on the hadren are oxiposcted to he smnll compared
te the overall nnceortainties in the hadron polarizability., Sioce the
pelarization effect on hadronic stoms s gonorally small, equetions
(I.2-8) and {1.2-10) osually provide a sufficiently good
approximaticen. In the absence of specific experimental]l avidence to
the contrary, o hadren polarizablility of ¢ X ltf‘fhj is assumed for

this analysis.
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A fionl effecct comsidercd by Ericscn sand Hulpoer 15 polariration
of the wolectron ¢lowd by tho orbliting hadron. Horo agafno a static
approximetion is possible, slnce the charncteocintic orbital
froquoncies of the eleoctrons are typically larger then those of the
hadrer by at least an order of magoitude. The resunlt 1z that ihe
electron-screoning corrocelon {scc scctiop 1.2.1} 1s reduced

approzimately two percent by polariimtion eoffects [44].

1.,2.5 Intrinslc Nuclesr Multipole Momepnis

Sa far in this ezposition, tho theory has been develcoped only for

nocled poascssing spherical symmetry, which 1z true for wll bot two of

193
7+

t
YoxFb  have

the lsotopes vsod in this experiment. The pocleld ¥ and
nuclemy spins of 1/2  and noclear magnetic dipole moments,
respectively, of 0.1172 and 0.5895 in nnits of the nuclear megneton,
By - The first—order epergy shift of a wspin 1/1 haedron doe to a
niclear magnetic dipole moment negu, is foond by evaloating the Dirac

matrix slement of the vector potential:

1.2-11) AE, = <n,%|e®Aln, k)

where the [n.k) are digenstates of the porbiting hadron wnd ® s
defined in wegoation (]J.1-13). Borie and Ripker [10] have evaloated

this matriz element in the dipole approximeation with the resclt
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a
dnkg wh
1.2-12) AB k6 = — [A{A+1)-I(I+1)-](4§+1))

MK k) 2m
e (56, e [
F )G T
Iﬁr -“iL+--£'5-~—fdr r.plc }
i N "” N
o r o

whore Hr is the ptoton macxs, T is the noclexr spio mdi;ﬂ?. F ir]

and Gn,n':ﬂ are the radia]l Dirsc functions defined 1o eoquation

{l1.1-16).

The filrst-order encrgy shift of a spinless hadron is found in »
similar manner. Letting E kecome (E+AE} and 7 become i."ﬁ-tn.?n}'ﬂ}. the

Elein—Gordon equation becomes:

I_'}_l-:+.£'!|.E]f‘l - ___1 2
I,1-13} - - (; - {ef:}h) - {mc} ‘ﬂ;r-n

x

Subtracting equatioe {1.2-1) and dropping the ln!i!ift and 13l

terme, Ono obtains;

I.2-14) AE = —(oo/E) <W¥ | 743 | ¥ >
H'I" n?

In the dipole approzimation abouot o spherically symmetric

nuclens,
— [ ———. X r
N .t 1 1T-T, ) 2ng=k" (Tx1) .
1.2-15) eA(T) = —— |d 1 Nr ) - ar, r pir,)
2, UL F- S fi

50 Lthat
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2n|unﬁ3 (1.1
1.2-16) AE = = = (Y I-—- dr rffr 1Y
EM, nf
2ngwoh’ }:] ,frll
n o~ [ACa+1)-T(I+]1)~ J’{fﬂjl[ i :Hf)[r l
EH,, A

where the En ’{r] are the solotions to the radial Kleln-Gordon eguation
b

{I.1-6}.



Page 1%

I.3 Transition Eates

1.3.1 Radlatjve Transgitjon Eates

The radintive transktion rate RibJa) is the probability per unit
time {sssumed Independent of time) that anm exotic mtom in state |a)
will de—excite to state (bl omltiing a single photon of energy E-Eh—E‘
in the procoss, This rete may be calculated directly by the methads
of goantum [leld theory [49] or ipdirectly by relsting it to  the
Poynting vector of classical ratdiation theoory [50]. The
semi—classical c¢ulcolation, wlthoogh mathematically the simpler of tho
twe, rcllea on a correspondence priociple argoment to relate the
classicnl multipole moments to the matriz elements of the quantum

mochanlcal woltipole operater; 1.e..
1.3-1) Clessicsl moment <o=) 2 Re{¢(b]Cuantum cperstorla) expl{iBt/h)}

Far e¢lther methaod, calcolation of the radietion ({retsrded}
poteontials at largo radil may be simplified by expanding them in terms
of the muoltipole moments of the charge distribution of the radiating
system  [51]. This leads to the familiar classification of rediation
fields as El {olectric dipole), B2 (electric gquadrupole}, N1 (magnetic
dipole} and so forth. JTo this analysis it is genernlly not necessury
to consider anything boyond the E1 rate, althocgh for aake of
completencss xome formales  that follow are given also for B2 and M1

fields,
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The transition rates for the first few multipeles are given by

{52}

4uE3 2
[¢tnkml T la'x'm*>)

R_. (nkmin'k'm*) =
Fi 3d tla

5
of E N 2
T |{nhi| TT |lon'k'm'
10¢ kK
3

=, E - - 2
| (pkml| L + 2(1+g /g, ) 5 ln'xrm* >

1.3-2) R, {ckmlp’'k'm*) =

R., (okeln'k’'m*) = ———
" 3!‘:‘*‘1'1’

.

where ? f 1 o second rank tensor.

If the orbiting particle it s f[ermion (spin 1/2) the apngnlar
quatitum numbers k and k' are those of the PDirac theory (See egoation
1.1-16). For bosons (splow() k becomes the more osuasl orbital angular
momentum guatitm nomber ,E + and the operator _Sh in the RHJ. matriz

clewent of eguetion (I1.3-2) 1lc omitted. For elther bogons or fermions

m Js the r—projection of the totel {orbital+spin) asguler momentum,

The transitlon rates (1.3-2) uare osleulated In the coe-body
rednced mass  system of the Ileip~Gordon or Dirsc equaticn. Nuclesr
rocoll oan contribute significantly to the effective maoltipole wmoment
¢f the badron-nuclens systenm. A hadron-soucleus separation of T
gives an alecirle dipole moment P o-e T In the reduced mess systecm,

whereas the dipole moment In the lab frame has contribotices from both

the orbiting hadroo and the noclear recoll:

M - +M
I,3-3) ?- {(-a) 2 T + (Ze) )?- {(-o T} ¥

+HHI +HH
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It iz thos seepn that the trantitioo rates (I1.3-2) must contain the

appropriste powers of the Fried-Martin factor [53]
1.3-4) £ = (Zm¥ )}/ (m+K)

bofore thoy mmy be compared tc cxperiment. Rﬁiihlnl iz woliiplled by

E" and R, (bla} by E£'. R, (bla) 13 unchanged.

If sn stomic system reaches o state characterized by quantom
aumbers (n’]'m') 4in some lsotroplc mapner it is equally Iikely to be
ie any coe of the 2§j+1 aubstates of wzimothal goantoe osomber o',
Thare is likewise np preference in solecting the final substates (Bim)
other than that contained in tho matriz clemeonts.

The total trensition rate
1,3-5) Ry (ojlntj'm’) = & B (almln'yra*)
m

may bo shown to be ilodependent of m' [52]. It fis thiz sum of
transition rates which corresponds to the observed line intensities

and atate depopulation rwtes,

The opormtors which occur in the matrix elements of eguation
(1.3-2) may all be cast in the form &= R(r)&{0.¢). where R ()
deponds only on radial co-ordinates and Eﬁiﬂ.ﬁ} depends only on

angular co~ordinates, by the definitions

x =1 sin{@cos(d) = r sin(6} lexplid)+expl-1d)1/2
I1.3-6) y = r sin(0}eini{®) = r s1n{®) [exptib)-oxp(-id)] /21

r=r coil®)
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Iz = :isinlfﬂicnizfﬁl
1.3-7) zy = r2sin (B}sintdicos ()
ete.,

{Hoto:The Hl operwtors are already funceions only of aengular
variables.)

If tha eigopfunctions representing the initial wod final states
ara also separable iptoe radiel and engular parts then these matrix
elemonts may be evaluated in two parta. witk any asensltivity to the
form of the centtral potentianl appenring in the radial avelnation.

Soch & matrlix element takes the [oym

y *
1.3-8)  @2alR@Ma frm> = <xp Iﬁilf?; > f(nm{rg oy (nm,(r)d:

for the Klelo-Gordon equation. The corresponding resolt for the Dirac

cquation 1s

[+
L 1
1.3-9)  amlRE laxa = <@, )-f(ﬁmkfr» R (thtradr

=+

+*
+ (@F b I;gklrjlﬂ (Fn;lil':rgdr
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where

(k—m+Ja}(k"-m'+ %

“'1 @ Ilfe

1.3-10 <), > = Signl’kk'l'v
(2k+1) {2k '+1)

{(k+m+ L) (x 4m'+ £ )

+ GBIy, £
-\ (2k+1) {2k’ +1) £
and
[(ktm £ ) (k' 4m= 1) ,
(0. > = Signikk') L S : O
" {2x~1)(2k'-1) J-S*Jrih} £ = Sqn(k’
\th—n—i-l{k*-n'—-};? ot § . “""*i‘ )
+ ra
(2k-1)(2k"'-1) -f"Sghl'k] ik}

ate the angular matrix olements, Here Sign(z)=x/[z[ for nonrero =x.

Hote from the definitions of B and [ﬁmh.ﬂhkl that the volume [actor
Y )

Ny ¢
£ s alroady incloded in the radia] dintegrals, In this way the
tadial saystem is made to wppear troly one-dimenszicoal, rather than as

the radial part of a three-dimensional systenm,

The sphorical harmonle angoler olements (Y? |Gﬂ|%; » appenring in
ogoations (I,3-8}) and (1.3-10) may be evaloated from the dofinjtion

and orthogomality of the e¢pherical harmonics [24)
m 1 ﬁn¢ m
1311 Yy (8,8 =— e P (cosi®))
12n
{The E: {2) are azsociated Logendre polynomials)

2z

%,
1.3-12) fd# fm :in{B}(Y_:EB.‘]) 7:{9,6} = $im,m*) $(]..
o g

with the help of the idemtities [22]
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I.3-13) 1tn(0) l’Flcoa{B}}

(§ 42+ 2) (T4mt2V (J-m) (§-=—10" (o
= Pmufcuilﬂ}] - I;}_'}(culiﬂﬂ
{2+1)(20+3) (2¢+1) {(2f-1)

G=we) (F-me2) (g 4m) T
- - IFPHJ{:M{EH + Byt eos(0))
(2§+13(20+3) (2p+1) (2f-1)

and

1.3-14) cnai@) 1}"’1:“:(&:-1

(f+et1) (f-m+1)Y (fim}(f-n} T
- P (cos{@})) - %41{::0:{9}]
(2f+1) (2f+3) ¥ (2+1) (2§-1)

Bosunlis partinent to the evmluntion of the El matyrix clements arc

1.3-15-a} (fulsinra)#‘ lgrm'>

(f+m} (f+m-1}! {(f—u+1} ({-mt2)

w S{m,m'+1) 5{p, p'+1) - §(p, f-12
(2¢+1) (2f-1) (2f+1){2§+3)

1,3-15~b) (:nl;ln(ﬂliwlrn')

= S{m,m-1) -~$7, P'+1)‘J

(T-a) (o1 [:pmu} (J+z+2)
+ E{P:PJ-I}‘U

(2p+1)(20 -1} {20+1) (2f+3)

1.3-15-¢} <jmlcos(B)[)’'n’>

M () {f-a) (Fraf D ([oe 1Y
= S(mn,m*) (0, 0'+1) + (f.0"-1)
(2]+1) (2]-1) {2§+1) (2]+3)

Note that these moatrix clements wre con—rero only for transitions with

Afu+f-1 and Am=0 or +/-1.
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Eqoations {I.3-9), [J.3-10) and (I,3-15) sll taken kogetber yicld
=2
the wmatrix oelements (x>, <{y> and <{2). The element [¢2)]| which

wppearc in eéquation (I1.3-1) is then given by

- 3 2 - -3
1.3-16) Ik = Myl + Tyl + l<ad]

If o numerical procedure iz ueed to aclve the elgenvalue problem
{I.1-4) thon the radial iotegrals of eguations (I.3-8} and {1.3-9) =may
be ovaloated st tho same time. In many cusos this is not necessary.
The radial matrlxz elemeonts of the selvtioos to the Schrodlnger
egquation for & pon-relativiatic spinless electron about a polnt proton
have boon ovalusted sanslytically by Gordozm [54] for the Afe1
transitions:

oo

*
1.3-17-a) f(ﬂn;“_'}(tb I(Rn r{rl) dr = Gip,n*',.f)
4 (i)

[/} {F+1) |
a(-1) {for) 1 (n*+f~1)1' {4nn") {n-n'g

whore

420-1}1 fta-p-1) 1 tw’=f)t jyn-;‘"*”?’ Cap-2)
af-1) iorD 1o +f~D1 1" {4nn’') {p-n*}
Gin,0’,f) = () .

4(20-1}1 [to=f-1)01(a"—f)1I {n+tn')

-4nn’ —n'1 -dno’
F[{fﬂ—n].(}-n'}.l!. 1] - F[}P-l—ni.if-n'l.ﬂ'. =
{n-n'} n+n’ {o-n*)

and A=(h’ /Zme’ ), The F's ate hypergeometric functions. This author

has fompd & good approrximation for the Af=+1 transition mmtrix

clements to be given by
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- +]

[
- ¥ Gear
1.3-17-b) (Rn;u.J"ﬁ r (Hn,Fttadr = (§+1/p) G(n'.n,0+1)

0

Those expressions may be ascaled by =n,/ZH (m =clectron mass,
Z=puclear charge number, Mshadron mass) to give an approximaticn thaet
is¢ freguently good onough for exotic atom calculations. Although
derived for spinless ‘eolectrons’, eqoatlen {(I.3-17) is alsoc a good
approzimstion for spin-1/2 electrons, In this case, f=k-1/2 retains
ite uspal wmoaning as an orbital. rathsr than a total, sngular

nomontgm.

This approximaticn is mere accorate for states of relatively
large asngolar momentum. Such states bhave les: ponetratlion into the
region gear the nuclens where relativistie, filpite noelesnr slic  Bnd
vacuum polarization effects nre more pronovnced. For 4 glveo degreo
of accoracy detired in the rate calewlation, it is [ound empliricaliy
that wll trapsitions botwoon states having J grester than some minimunm
valas way bo evaloated using equaticn (1.3-17). The minimum valpe of
£ depends on the accoracy desired and oo the partlcular cxzotic atomle

system, but is wery lusenslitive tc the principsl gquantuwm snumber =z,

I.1.2 Avper Transition Estes

Aoger transitions oecor when the tipmo-dependant potential
gonorated by a relativoely compact Ladrop—ooclens aystem induces »
photoolectric absorption event in the surroundiog electron cloud,

Although the indvecing radiation is incident en the electren cloud from
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tho inside insteoad of from the ountside, the processes iavolved are
very similar. Forrell [55] has taken advantage of this similarity to

relate tho Aunger rate ELG{uﬂ to tho radlative transition rate GLD {w}

{z-1)
and the photo—sbsorption cross soction e ()

{r-i
faslw) " ®

s 12915 o

I1.3-18)

wheare

q;-tﬁne*}fiad‘c*l is the Thomson crossg seetion.

Tho redistive rate provides an estimate of the strength of the
indocing potential. The photoelectric oross soction gives an estimate
of theo rute at which an lnoident radiwticn [ield will indoce oelectren
excitations in s neutral {Z-1) atom, A sipple dorivation of Ferrell's

formule is incloded as an appendix by Leon and Seki [56].

Tho derivation of {I1.3-1B) wsttmes that aelectron depletion
effocts are oot important. it in also limited o the dipole
approximation, which is walid if the hadren-nuclens system is much
amaller than the eolectronic E-zhell radinas. Exotic atoms inp the

radiative phase usually satisfy both of theser regoirements.

Severzl meesuroments and caleculaticns of photoelectric cross
sccticona have been reported. Storm and 1Israel [57}, selecting
calcolations which best matech azperimentz]l resnlts, have tabulated
theose Cross secticns for Ivl to 100 over the onergy Tange
(1 ko¥V —=3100 MeV¥). Their rogults are expocted to be accurate to

withio approximately three porcent.
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1.4 Ipitisl Distributiop

Yory little ix knowh experimentwlly about the distributlen in
aegaler momentim of o pxotlc atom in & specifie atate of principal
gquantum number o, lIm certwilno cases, intensities of I-ray transitions
from atates of cquzl n but having .f valucr which diifer by one may be
tsolated (See Figure 2, o.g.:tranaitions ¢, and 7],). In practice,
these transitions are measurable only for atstes of maximum £ which
lie well within tho radiative xzope {(i.o,.well within the electronic
K—shell radias). Throoghout this radietive xone both radiative and
Auger transitions favor magiwal changeszs in n bot limit ﬂ,P tn +f+1.
The initial distritutien in f ls thus shifted drustically towerd
largsr valoex of ! by the time the hadron resches the isnner part of
the radistive rone, and few details of the lnitial distribution

survive tn an identifiable form,

Barring asy furthor informaticn. the tlmplest asswumption for an
initlsl distribution in § etems from the statisilcal dlstributioa in
which owach state (njw) is sccorded gquel welght iodependent of J  and
B. Since there are 2]+1 such states for each level (m,J), this gives
w diseribution f{o,J)oc {25+41) which 1is ftrequently approzimated by
fin, P =¥ . Calculations based on the Fermi-Teller [5B] model of
atomic csptore conflem o distribotion approxzimately proportionml to f
immedistely after capture whon the bkadron Lls still high io the

electron clond [56]. Also sccording to the Fermi-Teller model, the
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distribution in f does not change sigoificantly as the hsdron de-

oxcites throogh the electron clood,

Computer slmplations of tho quantum-mecheanlen]l cascade af &
hadronic atom geperslly start with an assomzd dpitial distribution in
.P er | at tho radius of the cle¢ctronic E-shell and then propagate
this distyibution to the Jower-lying states yis the Auoger and
radiative procosses which dominate In the radiative zone. Since the
transltien from the conditlons of large hedron-eleotron cverlup where
the Form{~-Teller wode]l 1s applicable to the conditions of minimal
hadron-electroc overlap which characterize the radiative zone is
wotnally rather gradusl, the Acger apnd radiative processes {which
shift the hadronic distributioo towardas larger values of F ) have had
at lenst some effect by the time the hadron reaches = rediue  ama})
enough that the hadroo—walectron overlap may be ignored. Thoe initial
distribution sssumed for xuch a computer simolation of the goantum-
mechani¢eal part of tho cascede thos cennot be strictly proportionmal to
) . predictod by the Formi-Toellar model, but must already show some

shift towards larger values of Jf.

It has boen found empiricaliy from such computer simulmtions [59,
elso BSectlen II1.9 of this work]l that the eifects of Auger and
radiative processcs on & hadronic distribuiion in ,f pmay be well-
approximated by a factor :df. whore & is gonorslly posltive and
depends on the prinocipal gquantuw number n as well as on the particular

hadren—nucleus systen under consideration, The initial Hhedran

distribation at the radiue of the eloctronic E-shall is thus
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ok
fregnoantly assumed to have n form ,Fuq'g or {(2f+1)e  or [2.]+1]eqr,
and the parameter 4 is then wmdjusted so that the prodicted X-ray
yields match the ezporimontally moasored yilelds us cloasly as s

posslble.

A different approach is takes by Leon wnd Miller [60], who bLave
developed s quantum-mechenical oxtension of the aemi-claesical Fermi-
Teller model. In its simplesat form, thelr fursy Fermi-Teller model
yleclds rosults in most weays very similar to those of the Ferml-Teller
model, It pormite, hewever, the ipelugion of an sffective Fammi
energy vwhich peodifios the hadron—olectron intéeraction at hnedron
cenergies just below zxero. The mnet resolt 4x s shift of the
distribution toward lower ! which can. for rather extreme values of
tho Fermi encrgy. produce intensity fluotostione of the megnitude
observed by Wiegnnd and Godfrey [5%]. The form of the distributlien in
§ at the electroaic K-shell given by thiz furzy Fermi-Tellsr mndel is
sti1ll] rooghly lipear in f, but now with reduced slope and & noo—zero
(positive) valua at f =0 (See Figure 13}, Thare are: many emall
fluctoations away from this essentially linear form, ot they are
expsctod to ba averaged oot in the radiativye phese of the cascade and
thould have no significant effect on the observed J-ray intensitics.
It is nonclear whether these fluctuations Ip  the f -distribution are
phyaical In natore or are & manifestintion of tho calcalation process

eaployed by Leon and Miller.
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The indtinl distribotions msed ion this asanalysis combine these

linoar modificetions to the statisticel distribption with the more
usoal factor nt!, witk the resaltis

fin, 1) o [b{2{+1-n}+n] exp(el) for apin=0

1.4-1}
f{a,]) o [b(2j-n)4n+l] expla ) for spin=1/2

Here b and @ are free parsmetoars which may be adjugted to provide the
best apreoement betwoen calcolation and saperiment. Typical velues of
b ars alightly less than one, while 4 1¢ generally din the range

0 <a ¢ 0.2



Page 42

I.5 Strope Interectjons

The strong ilnteraction dilffers tn several lmportant wayr from any
othor interactlon coasldercd previously in this exposition. Since it
ls yvery short-ranged ipn onatore (~1 fm), its effects are limited
entirely to the neighborhood of the noclens. For K~ and &, the
strong intersction is thought to act independently between the hadron
sand aach aseleon. Thics 12 not the genaral case, st plons interact

mainly with nocleon prirs.

In addition to exerting forces. the strong Interaction can
wediate itransformetions of & bhadron-noclecn system into some other
system of particles as long as the appropriate comservation laws
(isotoplc spin, okarge, parity, sngolar momentum, energy, baryon
nomber, strangoness) are obeyed. The interaction channels which

fulfill those conditions are:

I1.5-1} Lp —/— ﬁ!'.'i'ﬂ.ﬂ

— £ oe'n 2t e
3 A

En 3 €5 €% An
£p—— . An

£"n ——3 Mo channals available



Pagn 43

It is gonerally mocepted that strong—isnteraction effecets in K
and £ atoms msy be adoguately doacribed by tho inclusion of & complex
Iocal pssudopotential io the Ilein~Gordon or DMrec sguation for the
orbiting hedroe [£1.562]. The real part of this peendopotential
describos the stroog loteraction forces sxorted botween the kBadron and
scne timo—averaged madel of the nucleon distribution {stetic
approzimation). The imaginery part doscribes the absorption of the
hadron by this timo—averaged mnucloar model! tkroogh the rirong
intersction chunnels (I.5~1) listed above. The incluslon of s complex
pseundopotentinl xosoltes dn twoe Immedisnte changes to the system of
elyensoluoticons. Firstly., oormelization is no Jlonger conzxerved and,
agpondly,. tho ensrgy olgenvalve takes on ap imeginary component.
Connccting these two facts by wey of tha Hamiltonlan equuticn
Erll=ik{8/3t}, 4t 13 found that the pormalization incegrel of an
vigonstate having complex onergy EoE ~il'f2 decreases exponontially in

timo with oharacteristic time T =h/P.

The most commen form vsed for the strong—intersction

pseudopotential isx proportional to the nuclear matter distribution:
1.5-2)  WE) = ~(nk’ 72p) (emily) (G, p V4T, P(ED)

wheres HH is the nucleon mats, p is the redoced mass of the hadron-
nacleus systom, ", sod & are streagth parameters and /PPI.':-] and fg{rl
are proton and neutron matter distributions normalirzred, respoctivly,
te Z2 and N. Since the poorly-known nentron distribmiion is usuelly

assumed to be the seme ns the proton distributicn, egquation {(I.3=-2) is

asually simplifled to
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1.§-3}  V(F) = —(4nk /20) (L4m/n) TP

here & = (Z/AVR ¢+ (N/A)E,

and ﬁ{f} -}3{?1 +}Jr£1
n

Such & potentis]l rosults from the first-order optical potentizl
in BHorz appreximation [63], and is usuelly justified by the short
range of the strong intersction relative to the dimensiens of the

auclaur.

Doloff and Lawr [64] have foldod an explicit fialte-range
K -nocleon potential into the “Ha oetier dlstribution and fit the
resolting differentlisl cross asection to experimental]l dats. Thelr
result for the LADgES of the I -nocleosn interaction is
lodistinguwishabile from the proton charge radius, sopporting the use of
the charge distribution rather than tho matter distribution {eor the

functional form of the L -nocleos potential,

In the most general casme, tho strength paramoters ir und iﬁ in
eguations {I.5-2) and (I.5-3) are frec parameters ta be {it to the
datsa. They may be interpreted as effoctive K —p and K -n scattering
longths within the =neclear wmeadim. In the commonly-used ilmpulse
spproximation, they are replaced by the [free scosttering lengths

extrapolated to threshold, ‘p and & Calcolatlons based cocn the

ne
impulse approximation [65,566) are unable to repreduce adeguately tho

eiporimentslly—observed skhiftc in kaonic culiune [67]1,
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Tho stromg coorgy dependence of the scattering lengihs below
thresbold [68,69] due to the J\ {1405} rosonence has prompted Bardeen
and Torlgoe [70.71] to develop an energy—-aveoraging techoigoe which
greatly improves the agrecment betweon theory and osxiperiment.
Alternately, a dovolopement by Doloff [72] within the framework of
Watson's multiple scattering theory [T73] rosulis tn & simple

rclationshlp betwoen the free and effective scattering lengthe

a
F.h

1+{lﬁ"1hq1

where bg is & range Darameter approximately ogual to 1.0 fm for most
knonic cames. This genernl relation aveids the impunlie epprozimation
by impoasipg the less radical cobherent, or rigid, poclent wpproximation
for which nunclear excitations and polarization due to the L -nucleon
interaction are ignored. Since the kmson reasts =meinly wilth the
periphery of tho coclewr distribution, this approximation is sxpocted
te be guite good [71]. The specific cases calcolated by Bardeen and
Torlgoe are reproduced to within roughly 20 percent by equmtion

(1-5_4} -

Nost of the optical-model theory develeped for kaonic atoms  dis
¢xpected to carry aver to £7 atoms. Thore 45 some evldence
(62, Table 5], Iargely inconcluosive, that the range parmmeter bg for
the £ ~nocleoon 4ntersction may bp a&s emall as 0.57 fn. & boson
exchange model of the & -nucleon Interaction [74] predicts saturation
of the imaginary part of the potential at ﬁ-ﬂ.?ﬂ{ﬂ]. This is

oxpected to be enimportant for low— to moderate~Z % atoms since the
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£ -puclous overlap function poaks far onteide of the nocleus for all
but the hoaviest £~ atoms. The same model predicts aov significent

nonlinaar offccts for the real part of the € ~nucleon potential.

The paeuvdopotentinl of equation (I.5-3) may be incorporated isote
the Klelp—Gordon or Dirsc oguation as either o sacalar added to the
mass torm or as the time compoanent of a relativistic foonr-vector added
to the Coolamb interaction ternm, Calcolatione by this anthor and
others [T1] show no sigajlicant difference botween the two casen for
taonic and £ atoms, Since the potential is proportional to the
charge distribution, it is assumed to bs the time cowponent of &

four-vector for this anslysis.
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EXPERIMENTAL METIIOD

The datz osed in this anxlyxis wore collected during tha courie
of Experiment 723 which was porformed douring parts of 1982, 1983 and
19B4 at the Alternating Gradlent Synchrotron facllity of 8rcokhaven
Haticonal Laborstory. The mein purpose of Ezxperiment 7213 was to
determine the megnetic moment of tho 21 hyperon from measursmsnte of
the fine structure of the X reys emitted by high-Z ¥~ atoms. The
ciperimental sotup was thos designed to produce and identify ¥ atoms

and then measure the resulting de-excieation I rave,

Since ¥ particles ure too shart-lived to survive trahsport over
pore than a few contimeters, they must be produced with = low kinetic
onorgy at or nesar where tho stoms are to be formed., This 13 uoeoally
sccomplishod by sllowing K- particles to interact wlth the mnclel of
tho target atoms. An iptermediate prodoct of this reaction 1s  the

prodoction of many keonic atoms and thelr de-excitation X rays,

The magnetic moment analysis requires knowledge of the relative
populaticns of the individonl levels involved in the fine-structure
multiplets which ware unsed for the determinstions. It was thus
necessary to meagures azs many ae pesslhle of the transftions leading
into the multiplets. A relative officlency—vs-onergy callbreation of
the X-ray dotecticn system was obtained so that the relstive

47T
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intecnsiticn of thosec transitioos conld he determined,

Since the fino-structore spliteting 15 grenter for transitions
involving lower prinoipal quantom noober n, the energy region over
which X rays wore messured incloded the fioal few transitions before
tho orbiting £~ was absorbod {into the mnuclens by ihe stronmg
interaction. Those finm]l tranasitions are where stong dioteraction
offects arc most apparent in  the etomic cascade. Tho same energy
reglon aleo covers the fioal few translonse in the kaonic atomic

cascade,

Thus tho basic requirements of the maghetlc moment eszperiment
provided wt tho same time an excellent opportunity to study strong
interaction effects on the do-excitation X rays of kaonic wnd £7

atoms.
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I1.1 Homm line

In slow cxtracted mede the ENL AGS required approximately 2
seconds to fill its ripg with Jvlﬂ! protons sod accolerate them to a
momentun of 1B Ge¥Vfc. Once the protons were brought op to  speed and
acceleration was discontinued, the s$low extraction process diverted
tha pretons down the boam lipes te the preoduction tergets io & roughly

wniform flow lasting from 600 to 1000 meec,

Figure 4 shows s diagram of prodoction target C and the C4 bosnm
line. At the C-Target Station, the boam of 28 Ge¥/c protons was
focused sv that a portion of them struck & two inch thick prodoetion
target of elther Cu or Pt, Tho remainder of the proton boam contipued
to other targot statious. The interactlon of the iocldent protons
witk the nuoclel of the production target prodoced a wide spray of
particles which for the xost part continuvad Ln the ssme peoeral
diraction as the proton boaw, Incluoded 1o this spray were hadrons
such as the A, £, X, p, & and 7 az well us Joptons such as =muons and

glectroas.

Bending dipole D1 was situsted a3 ¢losely ss was possible to the
remaloder of the preton beam io order to ateor the most Intense part
of the particle spray down the C4 boam line. Quadruopole magnets 0l
and Q2 ¢ontrallod vertical and horizontal focusing, mnd were adjusted
to collimate the beam of particles ontering D2, Bipole ©bender D2

stoored the boam inte the scparstor. It could be turned off to wllow
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the beam to cogtinoe dnto a beam dowmp, This roduced radiation levels
at the C4 cxporimontal station to levels safe for avcess while the

rest of C—line was delivoring boam to the other cxporimental astations,

Rhen D2 was turned oo it steored the beam Iinto the separmtor,
deflecting more those particles with o lesser momentum so that there
was & horizontsl disperalon of momentum, In the sepurmtor, s vertical
electrie field was combipod with a herizontal magnotic fleld so that
any particles having wvoloclty different from E/B werc deflected

vertioally, resultlng In a werticml disporsion of veolocity.

Quadropoles Q3 and Q4 [ocoscd the beaw onto the mass and momentunm
slits. At the mass slit, thick horirontal jaws placed apltably In the
vortically dispersed bomm permitted trsnsmizsion of any particles
baving velocity within aboot O0.1% of the ocentral veloclity. The
tlectric and magpetic fleld strongths in the separator determined the
contral velocity, The width of the mass a2lit oponing determined the
allowed wpresd of velocities. In a similer manner, sdjvetments of D2
and of the vertical momentom jewe determisiod the contral momeptum and

the spread of momenta which were passed through the beemline,

Goadrupeles QF and Q6 snd dipole D3 sorvod to transport the beam
and ro—focus it at the experimental statlion. D3 and Q6 head two
pmounting positions designed to provide beam to sither the C-2 or the
C-4 station. Oply ooe of these statlons at a time couold recelve beoam.
Figure 4 shows the configoration for dJdelivoring beam to the -4

station.
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For Experiment 723, the boam ]lins was tuned to tressport
negatively charged particles with moments of GB0 KeVW/o +/~ 2%, The
sepurator B-field was adjosted to pass particles baviog velocities
charactoristic of &80 NeV/c knons. The mass 2lit width was adjuaced
to exclude we much a8 possible veloclities characteristic of 680 MeV/c
pions, A typleal tune of tho boarm 1lipe showing the beamline alemenis,
physical wvalnes and control ayetom setpolots 1e glven in Table I, PFor
4 X lﬂhlprntun: striking the C prodoction targot doring s slngle 400
maec boum spill, abont 6 X 164 £ were delivered to a polnt
approximately 1 meter downstroam of Q6. The predominant conteminants
wore n, which oatnumbered the I by aboot 10:1. In iight of the fact
that pions were produced much more coplowsly than were kaons and that
only ono kaon ont of 19 sorvived decay whille itraversiog the 15 mpeoiers

from the prodoction targot to the [inel focus, this is considered good

separntiocn.

Q5 and QF were adjustod to focox the beam into a tpot
approximately 1.5 ce horizontal by 1.0 oo verticsl (size extracted
from a Monte—-Carlo culoulation) wt a point 1.3 meters downstiream [from
the oxit window of @5, In the process of paselng throogh 14 cm of Cu
moderator pricr to fooua, this spot slzc was smoared to approzimately
5.5 em horizontal by 4.5 co verticel as moasured at the hodoscope H

{see Soctlopn II.2.2}.
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———— g —

Table 1

C4 Deam Line Elements and Settings for 6B0 MeVic K

——— — e ———

I ——————— i e = T T — ——————

Element Sot Point Current/Opening
Dipole 2000 1999.0 A
GQuasderupole 1E16 1B26.0 A
UQusdrapole 410 351.8 A
Dipole 1950 1217.0 A
Separater Dipole 1&80 53B.7 A
Quadrvpole 1568 1598.0 A
{duzdropole 1568 275.0 A
Upstresm Jaw 2440 OPEN
Mace 51it Opening 2245 1.5 mem
Wass 51it Rotxticon 2746 64" from boam
Masx 51it Holght 2050 =1.0 sm
Dosnstream Jaw 2128 OPEN
fuadrupol e 1BEEB 889.2 A
Dipoke 1474 1477.0 A

GQosdrapole 144B

1B85.0 A

——— — . . - = " B B BT o —— —— . e R . = " T T T e T T T . ok e e o o e e
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11.2 Tarast, Counters ppd Goometry

A view from ahove of the exporimental arrapngesent for Experiment
723 i shown in Fignre 5. For purposes of discusition the srrangement
i3 divided Inte four functional groups: laminar target, KSTOP

tdontification, plon spactrometer and X-ray spectroscopy system,

The lamigar target, composcd of thinp metal pluates sosponded in
ligquid hydrogen, was dosigned to cptimize both the production of £~
atoms subsequent to the stopping of a 7 within the target volume and

the detection of the subsoguent X rays by the spociroscepy system.

The ISTOP idontiflcation system ldentified those beam particles
which had charactcristics of K stopplng within the target volume. It
also provided a tipe-—mark signal for entrance of beam particles into

the front face of the lamiaar target.

Tho plon spectrometer was dosignod to dotect and identify the n°

resclting from £~ prodoctios within the tsrgot veolume, with a bilas
towarde those [or which tke £1° formed an exotic stom in the high-Z

eaterial of the laminar target.

The XZ-ray spectroscopy system measured the conergy of X rays
emerging from the bottom of the laminsr target. It also provided a

time-mark sigoal for the I-ray event,
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I11.2.1 Laninar Target

In previous £ stom experiments the £ have boen produced by the

reaction

E°Z (at rest) —3 £ a* (Z-1)
within the target material. For Lhigh-7 atoms, caleulations predict
that this vresction bhas only s 5% branching ratio [75). The
comparable reaction {in liguid hydrogen,

L p (at rest) — £ n
kus a branching ratio of 44%. Experiment 7T23 therefore employed &
novel approach to the target design. Thin sheets of the high-2Z
material (Pb, W, or U) wore suspoended vertically In liquid hydrogen
and turned adgewise to the beam. Thko beam ling was fine tuned to
maximize K~ stops In the liguld hydrogen, thus mezimiziog £

producidon.

Since the lnitie] state for £ productiosn lo hydrogen isx & two
body state at rest, the £ mnd 1 so produced worc momoenergetic and
had equal but cpposite moments of 173 MoV/c, The %~ worc produoced
with s kinetic energy of 11.4 WeV wnd hed & range in liquid hydrogen
{assuming no decay) of 0.95 cm, Many of thesc £ which were produced
in the liquid Eydrogen trsveled to and stopped in s sheet of target
materinl. The n' were produced with » kinotic energy of 82.6 MHeV and

usoally exited the targot volume,
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A Monte—Carlo simnlation was nDaed to opilmize the pearumeters in
the targcot doslgn, Tho sheet size, thicknoss and spacipg were chosen
to saximize the prodeet of tho probabilities that an ingident K7 wounld
stop im 1liquld bhydregen, that = ¥ produced in liguid hydrogen wonld
reach & sheet of target materinl o form an satom, wnd that the
restlilng X rays which tfravelled in the direcction of the I-rny
speciroscopy s¥ysten woold omerge from the target nnabscrbed, Figore &
shows side and esud wviews of the resvleting target. The sheoets were
apaced 0.48 co spart and were 15 cm long. Thelr bRkeight ranged from
6.5 co to 10.%5 cm and their thickneas was 0.035 cm for Pb, 0.020 cm

for ¥ and 0.018 com for U,

The target mnssembly weas encaced In w cylindrical container of
stailnless steel ©0.08 cm thick which was filled with liguid hydrogen.
This in torz wes spspended io & rectangolear vscoum jJacket conetructed
of 0.55 em thick salominuwm, A 0.I7 cm thick window was milled intoc the
front face of this vacoum jackel to wllow the baam to enter with the
ienst npoxsible hindrance. A 0.33 c¢m thick window war milled into the
bottom face 0f tho vecoum jscket in order to reduce the material
betwaoern the laminar target wnd the I-ray spoctroscopy system,
Meochenical design, construction and muintensnce of the lamioar targots

uscd by Exp 713 was provided by the Hydrogen Target Group at DML,

For the resulting design, a Monte—-Curlo simulation predicted that
40+/-9% of the ¥, prodoced in liquid hydrogern would travel in the
proper direction and would survive docay or absorpticn for the time

reqolred to reach a target sheet and form an atow.
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11,2.2 ESTOP Identiffcation

Data simulxtions during the planning stages of the experiment
domenstrated that maximiring the signal-to—nolse ratio of the £ atom
X rays was of parsmount importance to the determination of the
magnoetic moment. Since £~ atoms were formed only sucbseguent (o the
interaction of o K ic the laminar target, groat care was Ltaken to
deslgn an ¢aporimental arrangemeont that was capable of differentinting
betwoon steopping keons wnd the more noeercus besm plone, which
generally wore far too energotic to be broaght to s stop within the
target volume, These boazm pions produced many boam—colpeident ¥ and X
rays vwhich could contribute to the radiantion backgroand ip the energy
region of the £ atom X rayx., Table II gives u listing of the bheao—

defining connters and thedr dimensions.

Coonter Z, located just downstroam of the maes slit, provided a
time mark as far ouopstream as wact possible, nfortunstely, dosigo
constralnts for m counter which wonld function in this high radiation
onvironment limited this coonter to ne wmore than 75 officliency,

making it usefnl only as a dlagnostic tool,

Partfclee cxiting Q5 were dotected by a coincldence botwern
counters 31 and 82, Next, counter E. a vyolocity—soloctive Chercakov
counter of the Fitch type [T6], differentiated botwoon the Cherenkov
light of B0 MeV/o pions and kaons by detecting the Aifferonco 1o the

angle of dispoersion of the light. Light from the transit of a Lkason
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wag totally dnteraomslly reflected to a bank of six phototobes (BCA
BB50), Light from & ploun trensli bhad a larger angle of disporsion due
to the greater plen volcclty, snd so missed the critical angle for
reflection. At & beam momentwn of 680 MeV/c, bost porformance of thia
counter was chtazloed when a coinoidonce between any four or more of
the s$iz photoivpbes was required bofore » slgnal was pgeneorated, In
this mede of operation, tests Indicated a Encn detection efflciency of

94% and s pilon rejection ratio of grester than 5D:1,

Following the Cherecnkov counter E. counter 53 detected particles
entering the wmoderater. The wmoderator was a 14 co thickpeass of Cu
coverfing a 10 cm X 10 cm ares. This was sorrounded on the left,
righe, top., and bottom by 4 tumne]l veto acintillator ?1 designed to
detect any beam particles ¢r their roaction products which exited the
goderator in a4 direction divergent {rom the beam path. Monte Carlo
eimulntions predicted that about S50+/-2% of the X~ enterlng the

moderator wonld decay or Interact withio its volums,

Foliowing the moderster, bhodoscope 4 was need to measaore the
position and sire of the beam spot. This hodoscope concisted of three
vertical and four horizontsl strips of 0.32 ¢m thick plastic
scintilletor overlapped to provide w spatlial resolotion of 5 bins
horirontally and 7 binas vwertically over the 10 em X 10 ¢cm ares of the
moderntor’'s downstream [ace. A bit reglater wasz uwaed tn record the
firing pattern of these ooonters, and this pettern was rococrdead as

part of the eveni information.
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The bhodoscope wae followed immodiately by two thick plastic
scintillators labeled 1o Figure 5 as 54 and 55. Counter 54 wae viewed
by two opposing phototohes connected to w mean—time clrcolt 1o order
to provide thke bast possible determination of the translt time of a
beam partiole, Whenever timing signals were {ormed including =
coltnoidance with 54, the leading odge of the S4 signel triggered the
output so that the 54 wignal! set the time merk for the ontire
oxperimontal Arrangemant. Combined with the early timeo-mnrk
inforpation from the Z-connter this gave time—of-flight information
which generally provided the least amblguoos differentinticn between
680 NeV/c pilons and kaons. When the slgnal from the Z-coonter was
avaliluble itz time rolation to the S84 signal was digitized snd

recorded ax part of the event informatjon.

The kacns which passed through 54 and 85 had boen slowed by iho
noderator ta an AVEOTRED momenton of 280 MeV/c (Monte-Carlo
calcalation) with = rather broau spread [rom 180 to 360 MeY/c. At
this momeptuvm. the kaons deposited muoh more onergy per onlt length
then did ths pions, which were only slowed to & momentum ofF 457D MeV/e
end were thus astil]l =minimewm—1lonlzing, The phototube pulse hoights
from connters S4 snd 55 were digiticed end included wus part of the
avent Information. As can be seepn in Figure 7. no clenr seoparation wus
found beatween the signals from plons and thoee from kaons, A hardware
discriminator threshold on S5 was set to 300 myv 25 indlcated in Flgure
7. Comparisons of the amplitudes of the 54 and S5 signals with the
time—of-flight information when 1i wasx available showed that this

thresheld represented o 0% kacopn Jdotection wefficiency and a pion
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rojection ratio of 5.5:1.

Az s furthor test that the ksoo exiting the degrader asctually
stopped in the target, vetc counter ¥y locsted approximmtely one meter
downstreanm of the target was used to exclude particles which continued
more or less atreight throogh the target without atopping. Monte-—
Carle calculations show that appproximately 100% of the beam picons and
loss than 1% of the stopping keons triggered this coonter. The finnl
E-stop signature wes

§1-52.€+83.V, - 54 .55(high) -V,
Figure B shows o dingram of tho [zat logic vaed to genmerate this stop
slgpatore, which was approximately B85% officient apd had a plon

rojoction ratic of at loaxt 250:1.
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e . o . . iy S T ——————— T — " T o -_—

TABLE 11

Boam~Dofining Telescope Counters

" — ——— 1 " o o o o o B . ks e e e B

—— T e L e e —————— T ——— —

——— ———— . -— -_— ————— ——————— —

Saintillwtion Counter Dimengiopns (ep)
51 10,2 x 12.7 z D.635
82 14.2 = 12,7 x D.635
53 10.2 = 10.2 z ©O.635%
B i¢.0 x 10,0
{Hodoscope) {5 blaos herdz x 7 bins vert)
54 10.2 =z 10.2 x 0.635
55 10.2 x 10.2 x 1.270
¥, (4 sides) 10.2 x 15.2 x O0.4635
v, 30.5 x 30.5 x 0,635
Cogepkov Coppter Dimepsicpns {gm}

v
C (lucite) 3.9 digmeter x 1.27 thick

e e e e o e e o . L. - B T o T g T~ W T . . B T —— " e S 2 B e e e e



Puoge 61

11.2.3 Pion Spectrometers

Az shown In Figure 5. & et of se¢intillation coonters and
alomipum moderatots wes positionod on elther zide of the lamipnr
target in an offort to detect the xn' following ¥  production in
hydrogen. There arrays are labeled as the left and right pion
spectrometers. The following discossion applles only to the left plon
spoctrometer. The right spoctrometer lsz identical. A listing of the
relevant clemonts and their dimensiaons is given in TFable JIII. The
scsoclated olectronics is shown in Figure 9, with a listing of the

mejor legic signals and thelr composition in Table IV,

. A s e . A . ——— — —— A ——————— e = R e e

TABLE 11}

Plon Spectrometer Ele¢ments

e P e — - B T . . T . . B . e 7 e e e

— —— - ——— e v ——— T T2 o o ———

Elenont Dimepsions (em)
Coonter LI 25.4 = 25.4 2 0,315
Alupninmme Degrader 45.7T = 45.7 x 4.13
Counter L2 45.7T x 45.7 x 0.635
Counter L3A 45,7 2 45.7 x 2.540
Countey L3R 45,7 x 45.7 © 2.540
Counter L3C 45.1 x 45,7 x 2.540
Counter L4 45.7 x 45.7 x 0.835

. . L S S = L S .y T T S T T ey i T S —— T T L By . e s o B e
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———— ———— —

TABLE IV

Left Pion Spectrometer Logie Signals

Ak v ——————— —— ———— —— e — T 8 e — T - - o F— S e

————— A . e S T ———— . T - ——— e e e ot —

_11_!'_1 Name Logical C ion
Plon nals —
L"A ES+{L1)-{L2)+{L3A)-{L3D)
(Opens 10 prec LHAlItEJ
L, K5+ (L1) - (L2) ~{L3A) « (L3B} - (LIT)
{Qpens 1D paec Lnague]
L, KS (L1) (L2) (L3A) UIB) (L3¢) (LA)
{Oposns 10 psec La gate)
Ln {Lnﬁlﬂr(Lﬂnloranc}
L_B;‘ Siarnls
Lo* A, (Lm, gate) (L2} + {LIA) (13D}
Lo' &, (Ln, gate) -(L3A) - (L3D)-{L2)
Le' A, {Ln, gate) - (L3D)+~(LIC)-{L3A}
Le h,' {Ln‘pu}-tm&%g
Ls, (Le' A JortLe"A Jor(Le' A doriLa™ A )
+
Leg
L' B, (Lnggate) - (L3A). (L3R} - {LSL‘}
Leth, (L, peate}.{LIB)« (L3C) - (LIA)
La' B, {Lﬂhlltﬂl «{L2) - (L3A)-(L3DB)
L' B, (Lnggate) -(L3C)-(14) - (13T}
Le' B, (Lnaptei-n.aﬂ_.?,r}

Lo, (L&' B, Jor(La D, )or{Le B, }or{Le" I, Jor{Ld B,)
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Lﬁ; Bignals

Le* €, (Ln gate) - (L3R) -(L3IC}- (L)

Let C, {Ln. gate) - {L3C)- (L4} « {L3B}

Lo' C, {Lr_gute) {L3A)}- {L3B} (L3C)}

Le* C, (Lnc gnte}-{13C, )

Let {Lé" €, Jor{Le’ €, Jor(Le" C dor(La' C,)
Any Lo (Lo, Jor (Log or (Lo} )

Bight Pion Spocirometer elgnals are e#gqoivalent

—_— —— T T L g e e L B S . o B T e S B T B o ey i e i

Whon cocater L3A was poziticned 36 cm from the beab center line
the left plon spectrometer packagé sobtended a so0lid asngle of
mpprozimately 9% as vilewed from the conter of Lhe luminar farget. In
oporation, mn-stop asigoels Lﬂﬁ, LrtH and an indicated that particles
origineting Ino the lawinar target im coincldence with a ESTOP
signaturc passed throogh the aluminum moderntor to stop ip cCounter
L3A, L30, or L3C. During setup of the expsrimental apparatus, the
thickness of the alominum moderster wes chosen to mazimize the rate
per ESTOP of delayed Let signala following & n-stop ip counter L3N0,
¥With 4.13 ce thicknots of alominum moderstor in posjtion, plons which
exited thse sidas of the lamipar terget wiih kinetlc energy raoges of
(55-63), {63-TD) and {70-T7) MeV stopped in counters L3IA, LIB and LiC.
The nt from £ production ezit the laminar target with kinetic

enorgles raoging froem 65 to 79 MeV., depending on the production

location within the target volume.
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A survey of resactions resulting from stopping X~ showed thst the
particles most likely to be confnsed by the plon spectrometers with a

#* accompanylng % production were the xn~ from the conplementary

+

prodoction remction K~ p —3 %' 1~ and the n' and 1~ from the £ deceys

Iﬂi ~— n + ¥ . Monte-Carlo calculations showed that the »* from the
docay £ — n+ exited the sidde of the laminar target with
kinetic oporgles ranging frem 77 to 90 MHeV. The pion speciromelers

woere thas [eirly effective at distinguishing betwoen these n' and the

a7 sccompanying £ producticn.

Signals charmcteristic of & delsyed posltron from the

¥ and n”

ﬁ*-—aﬁ*-a+é' decay chain were osed to dfstinguiah botween n
whick stoppod in the plon spectromatere. If the stopped particle was
g 7, it almost immegdintsly formed s pionic atom and wae absorbed into
the mucleus. If tho stopped particle was a ', it remained in the

interatcmic spaces while it proceeded throogh the decay chaln

0w — hoM

I—-—) & Yo I

The p' itz thie reaction is produced with s kinetic energy of only
4.1 MeV and thux has a raoge of only 0.15 om In the scintillator
material. The light pulses prodoced by the p+ generally wore not
woll-separated in time from those produced by the stoppisng n', which

has & mean lifs of only 26.030%X0.023 nsec [T7].
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The p* has & moan 1ife of 2.19734%0.00007 psec [78]. The
delayad et from  the docay of a ﬁf is produced with kinetic energies
rangiog from 00 to 51 NeV, distributed in s Hichel spectrom [79], The
Lot legle signels 1listed in Table 1V wore designed to detect these
delayed positrons. Those signals were coabled for ten psec following
a n-stop signel. Aoy secondsry ESTOP signatures which occurred during
this ten pacc goete generated a 50 nsec blanking <clrceoit which
inkhiblted the o tigoals, This circuit aerved to protect against
boam-coincident resction fragmeonts scatiering inte the sather large
maln oounters L3A, L3B and L3IC of tho plon specirometer, thereby

producing falae ot sigonals.

Aoy time o gated é* siannl]l was jenerated, a bit regleter wes set
to Indicate the spociromcier firing pattern. The time relationship of
the o signal relative to tho n~stop signal which opened the gate was
digitized. The times and bit-register information were recorded ws
part of Lthe e¢vent information. Filgure 10 shows a semple histogrem
extracted from the tlme relationship date. A least—-agneares fit of
those dats te u functicael fotm coosisting of s decreasing esxpopential
and a flat background yields a lifetime of (2.26%0.10) psec,

+

confimming thet the ¢ loglc signals wre indesd mostly the resuit of

p+ decays.
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II.3 X Ray Spectroycopy System

I1.3.1 Solid—~State Doceetor Crystals

The {ine—-struoture splitting of tho {ipal few X-ray trepsiticns
in £ -Pb npd £ -¥ astoms ranges from 300 to 1000 e¥. Bent—crystal
speciromaters are capeble of resolving doublet separations of Icss
than one eV, ©bot thedr vory low inherent detection efficlency makeos
their use for the measnrement of ¥ atem X ravs impractical. Solid-
state JX-ray dotectors can have absolote officiencies of op to 20% and
are capable of resolving doublets having separations of thoe game order

21 the £ -Pb and £ -¥ fipe-strocture splitting.

Silicon and goermaninm are two types of somicondocter materials
which wmay be need for the constiruction of n solid-state XI-ray
deteotor. Both meterianls are ﬁ:u;lly doped., or drifted., with =»
apdform distribotion of trece impurities which ects to improve the
semiconductor performance, Gormaniom of sefficlently bhigh purity
{less than l:lﬂu Impuritiesr) wmay ghow gond semicoonductor behavior
with no need for ths sddition of impurities. High-purity germanium
will generally have either slightly p-type or =lightly n-type
seml conducter properties, For Ezperiment 723, bhlgh-pority n-type
gormanium was chosrn ase the semiconductor meterial, both for its high
photo—sbsorption efficiency relative to sllicop da the 100 te 700 keV

energy region end for its potential of lmproved reajstance to, and
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recovery from, radiation dapags.

The static olegtrical configorstion of o wolid-state X-ray
deteator 1x  that of 1 reverse~bimsod diode [B0]. A semiconductor
Junction it Fesmed in the detector materisl, wnd u blasing veltage i
applied with the polarity which tnrps the junctlon off. This results
in 2 dend regicn at the semicondoecteor junction where any free charge
cerrriots wre swept Lo one of the other xide by strong eleciric fields,

Thit doad region it the active volome for X-ray detection.

A constant fraction of the onergy of & photen absorbed in the
semiconductor material (ag detorminsd by the Fano factor of the
snterinl [81]) goes into the production of electroen—hole palrs, Those
pair: which are produced within the active volume are separated by the
strong alectric fields therein with a wminimel amcoupt of charge
recomblopation, and the two types of cherge carriers arc transported
rapidly to opposite sldes of the Junction. A chargo—sensitlve
maplifier senses the momentary flow of current, integrating over some
time interval which, ideally, i¢ longer than the longest transit time

experienced by any single charge carrier.

Inperfections in the orystal structure of ths semiconductor
muterial, such a: the digplacement of atoms out of their lattice
sitos, can canee 8 temporary trapping of othorwlse mobile charge
carriers, Svch imperfactions can be camsed by & dlrect collision of
an poergotic measzive particle with a2 nucleus of one of the atoms o
the crystal. A large pwmbor of energetic noutrons sod pileons waa

produced by intersctioms within the moderator and the laminwr terget,
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Thus, thke socljid—-state dotectors osed in this experiment were sbbject

to radiaticon damage of the cryatal structore.

Extraction of filne~structore information from the £ -Fb and £7-¥
X-ray spoctra woollected with solid-state X-ray detectors {nvolves a
detxiled aanly¥eis of n complex licoshape sinoe the fine-struciure
componenls are pot fully resalved. Suck an analyeis reguires
noderately high statisties 1o order to distingnish between small
differonces in the complex Llinoshape. The deotector response Lo a
nonoehnergetic F—ray transition should. ma muoh as is possible, romaln
ianvariant over the duoration of the dats ocollecticn so that the dmta
may bo combined to achisve the nececsary statistics. The oexpected
tutio of onergotic massive particles to £ atom X-rays produced by
Exporiment 723 was large snoogh to canse werjous degradation of the
linoshaps over the course of the experiment for sny normal solid-state

I-ray dotector,

A novel reversod-electrode cosxixl configeration which has been
shown to boe mp to 2B times [82) ws resistant to radistioo-dummge
iopduced lineshape degradation s: normal gonfigurations was adopted for
the X-ray detectors. In this couflgoration. an electrical contact is
placed in a hole drilled aleng the axis of & cylindricelly-shaped
plece of high-purity n-type permanliom soch that the entire surface
whick was sxposed by the drillipg is maintalned st constunt potential.
This contact is connectad to the Ilnptt of »n charge-seneltive amplifier
and its potential is meinteined near wslectrical ground, The

temperature of the crystal 1: malnteined at T7E {as 1a mocossary for
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gocd nperation of any goermanlom detecteor) and negative high voltage 13
applied to tho outer surfmge, which hes beern implanted with acceptor-
type imporities to form a thio layer of p-type materianl. This ix
kpowy was & reverse-slectrode configuration since moest solid-state
detectors have the charge—sensitive amplifier conaected to the p-type
bolk semlconductor and positive high veltage applied to the n—type

Inplanted layer, The term coszxial refers to the cylindrical geometry.

The superior radiation-demage reslctance of the reverse-elecirode
coazin] configeration oan be attributed to the fact thet electrons are
less suaceptible to charge trapping at lattice dofects than are the
effectively more massive electrop holes, and to the fact that most of
the active charge-callection volmme 1% located nearer the outer
{negative) termipal., where the electron holes mre collected, rather
than to the positive terminal, whoere the wmwore xobile electrons are
collocted, Although the crystal structore l1tself 1s no  less
susceptible to radistion damzge, ¢ohurge collection, and thus the
dotector linpahape response, is wuch lens wonsitive to the presence of
the trappiog sites cannnd by redintion damege. This reverss—clectrode
coufiguration can be achieved only with an n-typec semiconductor
material soch as high-pority s-type germanium, An added adventage of
osing a high-purity (i,e., undrifted) semiconductor materinl iz that
the radintion damage of the crystal structure may be largely repaired
by acnesling the cryetal aboeve 100 C, where incrcased mobility of the
atoms sllows the crystal lattice somewhat to reform d1tself. Prifted
semiconductor materinls camnot be sucossfuolly rlnnunlnd, as the

impurities tend to migrate to the surfacoes.
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There It an inverse reolationship batween rescintion and
efficiency in the design of solid~state X-ray deteotors. Evon at
liguid nitrogen tempperatures, the thermal vibrations of the crystal
lattice can cauze the occational production of an electran—hole pair.
These froed charge carriers are swept oot of the acklve charpe-
collection volume by the biasing voltage, rosulting in a flow of
leakage current. Larger active volumes result in more of this leakage
current, which ¢an bocome s large contributton to the nolse level in
the charge—senxitive amplifier. Tho magnitude of the charge signal
resuliting from w photon—convercion event 1s relativaly independent of
the crystal sliec as long &5 the crystal wvolmme Iz much larger than the
clond of electron-hole patrs produced in the neighborhood of the
event, Hasolution, u function of the szigonal-to-nolee zxatio 1in the

charge—useansitive amplifier, ts thus better for smeller active volumes,

In contrast, the absolute officlency for detection of photons
increpses with active volume, Increasing the active thickoess in the
direction of phuton preopagation dincreeses the probability that an
iccident photon will fully depesit 1ts energy within the charge
collection volume. Increasing the active ares normal to the direction
of photon propmgetion idincreases the so0lid angle subtepded by the
active velome as viewed [rom the seurce, thus increasing the chance
that a pheton leaviang the polnt szonrce ln & rendom directicn will

intertect the active volume at some point.
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The rosolution-ve—efflclency tradeof{ wasz welghed very carefuolly
iz the design of the I-ray doteotors for Erxperiment 723. Fits of
sipulzted datnsets were uvied to compare the relative merits of
impreved resolotion aod of increased statlstics in the determipation
of the magpetic moment. After lengthy consulteations with the
denigners of the detector system {Luwrence Borkeley Laboratories and
BGAG Ortec)., » dosign was chosen which consisted of three coaxial
bigh-pority ({(intrinsic) gormaniwvm detecterc, depoted hereafter as
dotectors A, B and C, mounted in a reverse—e¢lecotrode configuratiea on
# common cryostatic c¢old finger acsembly as ashown in Figore 11. The
pbysical cherscteristics of the threos germaniom crystals are listed in
Takle ¥. The difforent radit refleqot the extremes of the antlcipated
reglon of optimization. The cylindrical sxes of the crystals were
oriented wvertically and the woonting sssenbly wes dosigned to lenve
the wupper cryatal faces exposed for best detectlon of phetons
impioging on the cryetals frem  above, An alominum vacuum jecket
¢nclosad the entire three-crystml assembly. ¥Windows ©O,015 idnches
thick were milled into the top face of the vacuum Jacket to minimize

the smount of materinl traversed by an entoering photon,

Tha datwssts collected Lo 1982 showed thet detector C's lurger
crystal alze did not wctowlly provide better statistics, as the bigher
rates in the larper actlve vplume resulted in a larger percentage of
dead time 1o the signal-processlng electronics., The total amount of
dats collected from each of the three detectors was approxlmately
equal, rogardiess of crystal size. PFollowing the 1982 run, dotector

C's erystal was machinod to the same dimonslons ms those of detectoers
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A and B, Subsequent te the 1982 and I983 runs all three aryatals were
anncaled in an effort tu repair the lattice displacvementt doe to

radistion damage. Eocovery o©of the ariginal Iinoshapes was almost

complote,
TAULE ¥
I-ray Dotector Crystal Speciflcations
Sorfnl ber Dpteotor Diameter Lopgth Operating Bjss
T01a A 47 mm 26 =m =2600 Yolts
701k B 47 mm 24 mm -3600 Voles
108c c

{1982} 57 =m 26 mm ~4000 Volts
{19B1-192B5) 47 mm 26 =m —4000 Yolts

——— —— —— o —— A e ———— i ———— L
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I1.3.2 Bigna) Processing

Signal processing for the solid-statec I-ray detectors employed in
Experiment 723 wes dividod into thres functiopal parts, as is osunlly
the caze fuor solid-state detector aystens!: churge-sensitive
preamplifior, shaping amplifier wnd wmnmlog-to-digitzl cooversion

{ADC}.

Chargo-Sensjtive Prosmplifier

A block diagram of one of tho chearge—sensitive preamplifiors nsed
in Exporiment 723 is shown in Figore 12, An ootpot voltage
proportional to the charge present at polnt P 1x geperated by s high-
anle inverting smplifier conpected in 1 capacitive-feedbrck
configuration. In normal operation, reset transister T d¢ turaed off.
The leskage current of tho deteéctor crystal and the charges deposited
by radiaticon events within the cryatal result in & draining of
(positive) charge from pofnt P to the negative high-voltage snpply.
The resulting drop in voltage at poiot P drives the amplifier output
voltuge high, thus iInjocting charge dnte peint P through feedback

capaclitor C,

For tho idoalized case of apn wmplifier A baving freguency-

indepepdent gain -,
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11.3-1) ¥, . =aq /(T +al} and v, =q HC, +aC)

where Cp ls tho offective capaclitance of point P relative to ground,
In tho idoal caze of p—3wa, Yo =4 /C and 'fr-ﬂ. saking point P u
virtual grouad. Io prectice, C, mey bo mush larger than C and a2 may

|
be omly of the order of 10 so that the approximation a— = Ji not

applicable,

Tho chargo—to-voltage conversion factor —af{(C,+aC} shounld be
mrimfzred to provide best tranamissjon of the sigoals from radiaticon
evecnis throwogh any noise Jloherent In the prewmplifier, the shaping
anplifier or the ADC, An overriding considerstion in wany dotector
desiges 1s thus to minimize C, and €. Toward this end, and also to
provide true charge sensitivity, o very high impedmnoce fleld-effect
transistor (FET) ia generally uosed as the ipput device for the

preamplifier.

For the configuration shown Ip Figure 12, the preamplifier ootpot
isx a constantly-lncreasing volteage ramp (due to the detector leaXage
cerrent} mpon which is saperimposed n aeries of positive step changes
{lcex than 200 neee rise time for Experiment 723) which are induced by
radistion events, The amplituvde of each step is proporticnml to the
etieryy deposited by the ipdueing radiation event., The cotput of
amplifior A has some finite dynemic range within which the ovtput
yoltage is approximately proportional to the inpot voltage. Some
provision must bo made to doposit oharge at polnt P in oprder to

maintala  ostpot voltages within this dysamic range. Besistive
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foodback was osed Iin sprly solld-atate detectors to ostablisth some
steble DC opersting point., but such systems hbave difflecolties
meintaining this operating peint at high rates. For most modern
sclid-state dotectors, a puolsed-optical feedback system Is used in
which a light-emitting diode {LED) shines on the gate function of the
inpat FET to stimulate corrent {low {photodlode affcct} whenever the
preanplifier ontput roschas some pre-determined wupper dlscriminstor
level. The gate ovrrent thus geoerated resolts lo w rapid re~charging
of peint P, with n corresponding repid fal] in the presmplifler ocutput
voltiage, Once a pre-determined lower dlacrimisator level is rosched,
the LED is turned of{f and normal opeéerstion resvmes. A logic sianal
indicuting that w reosot is fn progress is uwsoally usced to disable the

downstream signe]l processing electronlcs daring rescts.

Buch o poulsed-vptical reoset system adds no extre capaclimnce or
notse to the charge—sensitive stuge and gonorally has good high—rate
performance, It also may have several drawbecks, In certain cases,
the FET may show somc ringlng after the LED is awltched off. If the
spsten 1o allowed to tecover fully bofore signal processing is again
enabled then dend times of 100 psec or more per reset may be
introduced. Alxo, switching of the leurge currents (10's of wA) needed
te drive the LEDs makes crosstalk a problem if soveral pulsed-optical
reset detectors are to beo mounted closely together in a single package

&2 in Eaperiment 7123.
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With the proper cholce of & reset transistor (l,e,, winloum
collecior capacitsnce, =mmong othsr preopertiss) the transistor reset
system shown in Figore 12 can be & ressonable cholce for large coxzial
detectors ian whick the inpot cepacitance iz alroady rathor lazge.
Deposition of the reset charge by a separate transistor eliminates
long—term asfter-affescte to the FET, Bosei dend-times may thus be
shortened {Jfor soperlor high-rete performancs, In addition, a
transistor roaset aystem awitches only n few pA of corrent. When
soveral detector assemblics are moonted closely together in &  comman
cryostat, this decreases the chance that & resot lo one detector will

genermte s spurious sigoal in one of the other detecctors.

The charge—sensitive preamplifiers caed In Experimont 7T23 wore
constrncted by Lawrence BHorkoley Laboratory {model number 21X5911 P-1}
and incoarporated a transistor resct system as doncribed in Reference
[83]. The nuppor-level discriminator was set [ar enoogh below the
upper limit of the preamplifier’s dynemic range that events as  lurge
ad 1.5 MoV in enpergy could be processed properly when superimposed on
ap ocutput voltage ramp which was slzresdy near the cpper discriminetor
level. Tho deolay In triggerlag tho reset {effected by the delay one-
shot in Figure 11) once the wopper level discrimipestor hed been
activated insured that tho ovent which triggered the resot could still
be processzcd, thos preventing a bias ageainst events having larger

encergies.
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Shpping Agplifipr

Solid-state I-ray detectors heve twe principal asocurces of
frequency-depondent nooise [B8l1]. Delts noise is concentrated at high
frequnencies. Its effects may be decressed by averaging ({integrating)
the idinput aignel over some time interval,. Incrensing this time
interval decrensos the effecte of this delta noise. Step noise 1
concentrated nt low frequencies. At tho iIntegration time is
iocreansed, the contriboticn of astep noisc incresses, Thore thus
oxlats for all wolld-stwite dotectors some optimum amplifier shaping
time for whick the silgoal-to-nolse retlo La maximized. This time i
vapally much longer thep the time reguired for charge ocollection

withino the deteactor cryatal.

Many differont designs are possible for the asheping amplifier.
The shapirg amplifiers osed in Experiment 723 (LIL Model 11XB481 P-5)
employ a Ganssian shaper conslsting of o single RC differentiator
followed bty wuoltiple BC Iotoegrators. Tho same EC timo constant is
weod for haoth the differeatiator wnd for &1l of the integrators, The
rosponse to a step fnput of such a sheper haviog H atages of

integraticn i a pulse of the {orm
N
I1.3-2) ¥Yit) = {t/RC) exp IN(1-t/RC)]

This pulse shapo has the advaotage of being rather broadly peaked
while still retourning to the sigoal beaeline rather rapldly sfter the
pesk. The broad maxioum helpa redoce sensitivity to f{lucteoations in
rollection times. The fmast return to baseline mllows seguential

pulses to be provossed with s winimum of iAnterference. For the
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shapiog timos employed in Exzperiment T13, the output of the Gaussian
sheaper peraked nine peoc after the input step (rise time} and retoraned

to baseline within 14 psec after the peak (full time},

An additiennl functice of the shaping amplifler was to woniter
the timo separation of the input pulse traiz to prevent tho processing
of events which occorred closcly enough in timo to interfere with pach
other. The shaping ampliflers oaed in Exzperiment 723 locorporated
pulae-pilenp rejoction circultry which included & fast timing channel
sud loglc olemonts which inhibited tho slow-shaping channel [or any
polses which were preceded by 14 pasc or loxs (one fall time)} by
apother vpulse or which was suocoeded by another pulese bofore the

Gavssian polse-shapo had remched iis maxioum.

A peak-dotoct clrcpit monftored the Gaussian—-shaped pulse,
activationg a streotcher woplifiler when m poak was doteoted and no pulse
pilenp ar reset inhibitions were in offect. A ¥nlid Ouvi signal,
sotivated at the same time as the strotcher amplifier, gated the
stored voltage to the finel ootput for two psec, providing the nsual

fiat-topped pulse to tha ADC,

Somc refining polnts of the shaping amplifier {noluded n baseline
restorer which insored that the strotcher amplifiler ootpot returned
properly to groond inm the guiescent stete and aom offeet hbiax which
conld be applicd to the ootput gate. The overall gain of the shaping
amplifier was dJdistributed into aseveral wmoderate galn astuges for
improved overload recovery. Guain switching wast effected at saveral

points throughout tho serjes of gain stages for optimum algonsl-to-
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nolse performeznce,

Anplog-to-Dikital Conversion

Analog-to—digital conversion of the I-ray deotector signals =
Erperiment 723 wasz wis LaCroy CAHAC ADCs (Model 3511), These 13-bit
ADCs converted input voltage pulses ranging from O to 8 wvolts in
amplituds to dipgltal binoary nombers rwnging from 0 to 8000 by & method
of sucoessiveo spproximwatlons whereio the cutput of a4 13-bit digital-
to-analog converter (DAC) 1s compared to the iomput vyoltage and the
binary inpat to the DAC 1s sdjusted cne bit at o time (starting with
the most significant bit) to provide ¢the best posslble agrcement
between the wvoltage ioput to the ADC and the woltage outpwt of the
DAC., Suck » method requireos only ooe aampling per bit decislon and is
capable of very rapld convernlon. Tho LeCroy 3511 ADC performs a full
80C0-chanoel cooversicn o only 5 psec. By comparison, as moch aa BO
paee §s roquired for ADCs of the Wilkipsop rua-down design when
inoorporating a 100 MH: run-down clock, For the eovent ratces
antipipated in Biperimeont T23, the repid cooversion times permitted by

tho socessive—approzimntion method were esscotial.

Typlcally for ADCx of either the sucosslvo-approrimation or of
the Wilkinson ruadown Jdosigns, the dnput voltage 1z held in a
stretcher amplifisar whille conoversion takes place. Such voltage
storege dovices are never perfect. This, coupled with the fact thet
the conversion timoe of an ADC of the Wilkiason roo—down deslgn i3
roughly proportional to the signal amplitudes, can resalt Iln sericus

integral pnon-linearitics for ADCs of thie design. The conversion time
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of o svecessivo-spproximetion ADC soch as the LeCroy 3511 i
indepondont of the 3igpal mwplitouds, resultinmg In  superior fntegral
lipearity characteristics, Mifereptial non-linearitios (bin-teo-bin
fluctuations in the blowidth) are more of o problem for socessive-
approzimation ADCs. The LeCroy 3511 uses & bin-avorsging techonique to
Brontly dmprove the differential Ilinesrity response. A digital-to-
annlog converter (DALY converts the content of an offset register to w
voltage which is addeg linearly to the ADC input before digitizaticon,
The conversion grin of the DAC is wdjuosted sp that one lesst-—
signifiemnt-bit change of ths content of the offset rogister rosults
fn a 0.5 m¥ change 1in the DAC ontput woltage. This correspoods to
one~half of a bin af tho ADC ogutput, After digitizatiozn, the content
of the offset register 1s Jdivided by two and sobtrected from the
result of ths sucessive-mpproximation digitization pro¢edore by ihe
interan]l legic of the ADC, It is then incremented by cne and, if
groater than 383, reset. This resulis in wmn aversging of the ADC
responee over 191 successive bine, a procedure which mooths oot most
diffarential non—-Iinesrities present in the socecasivo-approxzimation

ADC.

Severe) modificatione were made to the Hodel 3511 ADRCs used in
Ezperimont T23. The ~woltage referencs for the wirtual ground
cestablishoed by the bi-polar power supplies of the linear inpot stage
was derived from the shleld of the coaxial] cable carrying slgnels from
the shaping wmplifier rather then from the CAMAC ground iz the logic
ssotion of the ADC, This technlque oliminasted ground-loop plckup of

the 60 Hz magnetic flelds produced by ncarby power supply
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tranaformers., Bypass capacitors shunted any high-freqouency transients
on this virtoal ground to the CAMAC groopd in the logic sectlon of the
ADC, A omroful scrvey of the logic functions porformod within the
3511 ADC revealed several caszes in which loglc lorvels changed
unnecessarily daring the converslon procedurc. Suvech level transitions
were found to canse some severc difforentis]l pon-linearity which could
not be satisfactorily romoved by the offaset reglster system. Sone
portions of tho legie eircoitry which were unuacd in the application
¢f Experiment 723 were disabled and some logic clrcoitry which was
et1sontial for Experimont 723 wore wmodifled sc  that there was oo
unnecessary switching of logic levels doring the converslon procedure.
Finally, en emitter—follower corront amplifieor was added to tho oatput
stage of the DAC gxed for the offsot roglater converslon, redoclng the
sengitivity to switching transients dorlng o¢ooverslon and further
improving thke differential linearity. The zesnlting differential
#on—linonrities for the ADCs used in Experimont 723 were less than

0.5 % when tho offeot rogisier systom was enabled,
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I1.3.3 Intercopnections and Operatjopn

An interconnection diagram fer the various components of one of
the I-ray dotector systens usod in EBxperiment 723 iz shown in Figure
13, The gated ontput of the ehaplng amplifier head o rather slow
cxponentinl rise time. The ¥alid ©Onpt atgnal from the shaping
anplifier was usecd to switch the iopne track-and-hold stage of the ADC
from track to hold on2 peec after the start of the twe-paec long
output pulas. Thie insnred that the woltage to be converted was

always smmpled from the same point on the gated octpot pulse shepe.

The terminating resistor st the ispput of the shaping amplifler
waz changed so that the combined loads of the timing fllter umplificr
{TFA - Ortec Model 4354) asd of the shaping amplifier resclted In
groper termination of the signal cable from the proawmplifier. The
cotpnt ©f the TFA was monitored by a constant-frastion discriminstor
(CFDI - Ortee Model 473a) which provided u timo mark with spproximately
10 nsec stability relative to the Ainducing radistion event (Soe
Figure 14}, Coincidences within 40 nsec of this tipe-mark signal
with the KSTOP sigoature from the boam-dofining counter telescope
(EVEMT GATE) wexrc nsad to enable the gate generstor which controlled
the ADC conversion atrobe, An additional condliticn on theae onabling
sigonls was & puSY pignal from the date scquisition system, ifndicating

that the system was ready to sccept an event,
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The detector assembly, inclodinzg detector crystals, oharge-
sensitive prespplifiers, cryoststic cold finger and liquid nitrogen
dowar, was located io sn enclosed. insuleted and thermally ocontrelled
bousing bensath the laminar target, Tho remainder of the electronics
shown in Figure I3 was housed in & weparate temperatore~cantrolled
environment approzimately elght meters to ope slde of the besxm line.
The digital ootputs of the ANy wore transmitted to the experimental

trailer on a standard 104t ft long CAMAC brench bhighway,

Daspite the e¢laborate temperature controls employed in Experiment
723, the data oollected in the 1982 run  showed a disappointing
dependence on the ambiesnt temporatnre In the eaperimental area, Tho
problem was fowmnd to be im  the signal eables conpnscting the
presmplifiers to the shaping amplifiers. Thoss cables were of 2 type
exhibiting nuonsually Lkigk DC  resistunce for the elght-meter length
employed. This resictance, forming & voltage divlider with the
terminuting reslstor at the loput of the shaping amplifiar, wes pronc
to vary with fluctuations iz the amblent temperature, In subsequesnt
runs (19B3 nmnd 1984), these olght-mater asignal cables were replaced
with cables mude of the less rosistive HGSBU and were rooted throogh »o
1.25 inch inner diameter pipe wrappod with fiborgiass Insulation, Air
from thes temperature controlled onvirooment housing the sheplng
amplifierc and ADCs was forcoed slong the length of the pipe and vented
just short of the tamperatore—controlled bhousing for the detectior
azgembly. The data collected in thesc subsoquont runs were found to

be muck lees sensitivo to fluctuations in the amblent temperatare,
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I1.4 Date Acgumlueition

Merscorement devicesx conferming to the CAMAC englnesring stendard
[B4) were nuwaed for dats mcguisition in Experiment 723. The various
devices were mounted in threo standerd CAHAC crates providing power
and connecilons to o local data-bos. Esck of these local dats buses
was interfmcod to a standard CAMAC branch highway by means of a  type

A-1 cruate controller., A listing nf the device configuration for each

crate is given in Table VI.

Operaticns on the CAMAC bresch highweay were overseen by m Hulil-
programmable DBranch Driver (MDD} [85]. Thias MBD was coonected with
direct menory access to the Unibus of a Piglital Equipment Corperation
PDP-11f34 computer which scrved to initialize, downlosd mnd contsol
tko MHDY, cvorsoe the writimg of dsta tapos, and perform anline data

analysls for diagoostic purposes,
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TADLE vl

CAMAC Crate Configueation

e o ——— T —————— e e S . T = o ———— T T & g o o T T — T T = - " S — T

S ——— ——— — " — e e o T T —— - o —— — -_— P p———

Crate  Modolcs Function
1 Y™ Trigger Modole DA Synchronlzation
Fattern Bit Reglster Event Docoding
Pattern BOit Register Nodoscope Pattern
TBC {100 naec) K5-Y time/E TOF
Charge Sopnsitive ADC dEfAI (54 .55)
Patterno Blt Boglster L&' decey pattern
Patters Bit Register Re' decay pattern
TDHC (10 psec) IS-)e' time
Charge Sensitive ADC et energy
2 Scalers {48 in 10 units) Scale inputs/LAM on overflow
a Spoctroscopy ADCs (3) Energy in detectore A, B or C

e ———— e ——— T ——— — k. ————————— A 1L g T —— e ——— .

The [undsmentsl dats opit in  this experiment, whother from w
hardware or from n software porspective, was referred to as an event,
A bhardware ovent oocorred whencvetr the dats acguisition system waa
ready to accept an event and o radiation polse occurred in one of the
three I-ray dotectors, in colngidence with one of three conditions
(Sae Figure 15):

1., E-stop - Anh 8O0-nsec gate cpened by the ESTOP signal.
Propagution delay: were adjoeted £0 that the peak of the
ESTOP-to-¥ timing distribution cccorred 30 nsec into the gatce
(5ee Figure 14).

2. Boepp-p - A 1.0~-to-1.3 peec gate (varied with the celibration
aouroes) opened by a signal characteristic of beam picns

pansing through the entire beam counter telcrcope without
stopping.
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3. Beawoff - A contloncuos cofincidence with a signal from the AGS
control room which indicated that no beoam wae belng
delivered,

HBardware events wore olassifjed as KSY , BeamOn or Beam-0ff dopending
orn the coincidence condition, Al]l gdatwe events wore classified as ES¥

events, The Boam—0On znd Heam-0ff ovents wore uased for calibratien

purposce only.

Noderute-tntensity ¢~1 pC) sources of ¥ rays of well-known
onargles [B6,87] were opositioned on the bottowm fuce of the alomioum
vacoum jacket which honsed the laminar target. The sourcos employed
here and the energles of thelr deminant photon emissions are given in
Table ¥II, The sources wore szelected to provide calibration 1Iinos
close to the £ stom tranaitions uscd Iin tko magoetlc moment mnzlysis

withoot interfering with any of the £ atom or ksonic atom X rays,
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Table YII

Callbration !—rsy Source Energlea

e e P Ly - S Ty ———— — T . T————

Souree Y-ray Enerpy (ke¥) Uped with Taraet{s}
5700 » 122.063 * 0.003 Ph, W, U
136.476 + 0.003
133
Bn ® 276,397 = 0.012 Pb
302,839 & 0,008
3s6.005 + 0.017
383.8351 ¥ 0,020
11z
ir =» 205.7954%+ 0,00007 Y

295 95825+ 0,00001
308.45689 % 0 .00001
316 50789 2 0,00001
468.07147 2 0.00027

N}

Ay ww 411 .BD441* 0 _00001 u
Slgr »e 320.076 % 0.006 U
1370e se £61.661 £ 0,003 Pb, W, T

——— — e

¢ Rofleronce [R7]
** Wolghted menn of valoos from Reference [BE]

— —r——— ——————— - - —— PR ——

The probability that & photon from one of these calibration
sourcos woold make an mecideontal coloeldence with the ISTOP signal was
rathor mmall owing to the short dmration (B0 nsec) of the KS-§
coincidance Eate. There wasx thus little Ioak-throongh of the
calibratior lines into the dets spoctra, Dotector events which made a

colpcidence with the BEAM-n gate lncluded some backgroood events which
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were indocod by the triggering beam pion and some reodom coincjdences
of calibration photoos with tho rathor wide {1.5 pusc) gate. Those
Boam-0n calibration dats were ased to monitor the energy coalibration
and dotector 1lineshape under besgm conditicns. Datector events which
wade # colocldence with the BEAN-OFF gate were almost exclosively
calibraticn photons, These cvenots ware used to wmonltoar the
temperature stability of tho I-ray spectroscopy aystem In & sofiware—
implemonted two-poiat stebilization schome which wasz incorporsted into

the dats tape playback (See secticn ITI.2).

Diaprams of the event—sclection loglc and the evont gating are
shown in Figures 15 and 16. The Trigger Modole shown in Figore 16 was
a spacinlly fabricated CAMAC unit responsible for the synochronization

pl hardware and software eleéments of the data acquisition system.

¥hen the system was resdy to mccept an event the logic level BUSY was
asjorted. The next velid svent pulse triggered the module which thon
impeodiately do-—asmarted ﬁﬁgﬁ. disabling the further acceptance of
ovents, After a delay of approximately 15 paec {dosigned to allow
preper zignnl shaping and ADC conversion in the X-ray apectroscopy
system), the Trigger Module lsstod a Look At Mg (LAN) to the KBD which

then responded by processing the event.

After the MBD had finiched processiag the event and the
spactroscopy ADCe had been clearsd by CANAC control, the data
acquisition eoftware residont in the HOD jssued a CAMAC Flé command to
the Trigper Module which responded by generating o NIM-standard pulse

from the CLEAR ontput. This pulse war digtributed to the EXTERMNAL



FPage 8%

CLEAR inputs of all of the other CAMAC units mounted in Crate #1,
Filoally, the svent-processing rontine reset the Trigger Module ({(re-

nssorting tho BUSY ountput level) and retorned to s golcscent state

until re-activated by ancther LAM,

In the 1533 and 1994 runs o LAM iohibit lnput was added to the
Trigper Hodule, The BUSY outputs of the spectroscopy ANCs were
combined to hold the LAW inhibited conless ope or more of the ADCs  was
sonverting & pulse withio its valid ioput range. At the end of the 15
psec LAM delny period the Trigger Module sampled the 1logic level at
the inhiblt toput and issuved either a LAM to the MBD or » CLEAR to the
fast-clear fanout unit., If no LAM was lssuod. the truiling edge of
the QLEAR pulsc was nsed to re-asseri the BUSY ootput of the Trigger
MHodole, re—oosbling event aoceptance., This modificetiion wee foond to
improve overall aystem throuwghput sloce xmany of ths beam-indvoced
radiaticn ovents generated very large puolees from the passage of
chargod particles through the cryetal volome, Such e¢vents could
trigger the data asoguisition syetem even thoogh thelr epergy was far
atove the upper limit for converzion by the ADCs. FEnch of thase {nlse
triggore introdoced at least 35 peec dead time while the acquizition
sofitware decided that the svent was oot valld end oxecuted its reset

proocdore,

Once the LAM-driven HOD-resident event procexsing software was
activated, fts first actlon was to rend the event pattern nnit shown
in Figure 16, One of aeveral options war sslected for the event-

bandling procedure, depending cno the bit patterrs [cond in this unde,
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£5'% ovents and Beam-Dz ¢veonts were handled io approxrimately the same
EanDer; aamely, o onumbor of CAMAC units wore reoad and » softwere
event, conslstiog af o header and s nmber of dats words, was
constructed and appended to & buifer resident In the wemory cof the
PDP-11. The event hesder contalped, in additicon to informeation on the
total nmmber of data words comprising the event, ar event nomber which
differentinted among types of ovents wms  shown 1o Takle VIII. The
CAMAC onits road and incloded in sach cless of event are shown in
Tabkle IX. The Multiple event types rshown iIin these tables occurred
when, within a given E-STOP ccincidence gate (KS fanoot, Figure 135},
ovents were dotected ln more then one of tho detector crystals or both
plon spectrometers teogistered a stopping plom. In thiz case, all of
the CAMAC onits were rend and their ontpubs recorded. A considerable
portion (up to 25%) of the dwuts scquisition system's capabilities went
into processing those Moltiple events, which were sobaequently {oond
to contuln alwmost a0 mseful date. The date acqelsiticon software was
thuve modified folowing the 1982 ron so  that the occorrepee af w
Muliiple event triggered a fast roset of all CAMAC units, with no

informaticn being zresd or recorded.
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Table YIII

Software Event Types

e . . e e A T T " T ————— - ——— - —

Eyent Number Event Type Trigeer

70 ON.A BEAM-ON

80 0. B BEAM- O

90 i T BEAN-ON

1400 RAW . A ES-¥,

110 RA¥ .D ES-¥,

120 RAW.C KS-¥.

130 CLEAN, A KS-%-Ln,

131 CLEAN. A LS -l -Lu,

132 CLEAN A KS=Js-Ln,

133 CLEAN. A L5 -3, -En,

134 CLEAN. A kS - L, - R,

135 CLEAN . A KS - §, -Rn_

{and zimilarly)

140~145 CLEAN,B K5 - ¥3+{Ln, —¥Rn, )
150-155 (LEAN.C ES - ) +(Lnm, —Rn_)
160-165 TAG.A KS - ¥ ¢ {Ln, ~—3EBn_ }-e'
170-175 TAG. B KS - ¥ -(Ln, —En, }"’1
180-185 TAG.C IS - o -(Ln, —=RBn )-e

190 Moltiple ¥S+(>one ¥) or IS-5- (»one n)

— ———— —— - - ————
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Table 1X

Event Informetion

- —r——— —— [— -— —— —— ———

Bvopt Type Rogorded Information

TAGGED 1) Event Hoador

2} Dotector Energy
3) Hodoacope Pattern
4) X5-¥ timing

5) dE/41 54 {A+D}

&} AE/JAX 55

1} Kaon TOF

B} ¢ Decay Pattern
9} X5 — o timing
10) ot Energy

CLEAN 1-7 above

RAW 1-7 above
WULTIFLE Hoader + all CAMAC worids

Beax-0On 1-2 ahove

— ———— B v —— ———— ——— e [t S o S T T T o —————— T A o T T T . e

I1f n Bosaw-Off ovent was lndicated by the event pattern onit, then
anly the appropristec spoctroscopy ADC (as indicated by tha A B, C bits
of the event pattorn onit) wat read. The resulting numbey was used to
increment one of slx Homm—0Off histograms residsant in the memory of the
MID. Ewsch of those hictograms, two for esch detsctor, was 60 bins

T

wido and was rospectively centered on the 122 keV line of Co and on

tho 662 ka¥ line of JJ?C:. The gain and offset of the I-ray
spoctroscopy systenm were adjusted 20 that these 1ines fell

approximately at channels 500 and &504 of the spectroscopy ADC's BOODO-



Page %3

thannepl oonversion Tangse. For the 1983 apd 1984 rons the ovpper
histogran for eack detector was bianed by two by the WBD software =a

thet an offective interval of 120 channels of the ADD cotpot range was

monitared,

Pericdically (osuslly once every ten wminutea}, the PIP-11 gat a
Flush Pending flag in the MBD memory. The neaxt time that & Deam—Off
cvent was processed and sufficient boffer space remmined in the memory
af the PDP-11, s JSeam-0ff sofiware oveént {event noumber 50} weas
sppeénded toc the dute stream. This event consisted of o honder and the
coptents of the six windowed Boam—Off histograms. The first channoel
of each bistogram was oveorwritien with the ADC cotpot valuoe which had
cansed that first channel to be Incremented. This offsct valoe could
be changed by commands: from the data acqgmisition control software.
Upon successful transfer of the Boawm-0ff histograms to tho bufier in

the POP-1]1, the NBD clearad the histogram arce io its interpnal memory

and reset the Flush Ponding flag.

The data boffer in PDP memory was 409§ (16-bit)} words long. Once
this boffer wns filled, the MBD igsued wna AST-level interropt
{Aaynchroncns Service Trap) to the PDP-11 and went iato a dormant
state, The intorropt aoctiveted an AST service routine installed in
the POP-11 which transferrod tho deta baffer to tape and re-activated
tha MBI, initleliszing its boffer poloter to dndicate a2 fresh buoffer.
The AST service runtine mleo passed the first 1024 words of the data

buffer to the anmlysis scftwere for onlino disgnostlc anelyeicn.
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Two simllarly~configored PDP-11/34 computers were Installed for
Experiment 723, Ench consisted of u CPU, & hardware flosting-point
processor, 128K words of RAM, soveral 2.2 Megabyte—-capacity RED3S bhard
disk drives, one or more tape drives, o conscle printer, a Tektronixz
4010 graphics terminal, and severnl additional CHT-display terminals,
One of the PDP-11's was used for data acgunisition and the other wa:z
naed for immedlate offline analysis of datn tapes. Additlonml devices
connecied to the deats-acquisition computer i1ncloded the HHD and a

bardcopy dovice for ths graphics terminal.

The standurd program used for dats manlpulation on eithor
computer was & cuttomired installation of the WULTI [BE] data analysis
syster runniog In ap RSX-11M [B9] multi-pser operating syEtem
envirooment . On the deata-acquisitior computer, MULTI was responsible
for tnitializing the AST-level rootime vweed for tape handling, for
overseaing the opersticn of the MED, for construction of real-time
histograms, and for the interpretation of keyboard commapds te the
date scguizition system. On the cffline copputer, WULTI roand back
dats tapes and constructed histograms wccording to a neser-defined

analysl: protocol,

The data-scquisition MILTI aysten was also responsible for
lssuing requests for the HBD to flosh the Deam-Off histograms 1o the
dats boffer. Once these histegrams were received, HMULTI called &
vaer-written program UMOFIT which performed least-squaros fits to cach
of the six Borw-0Off histograms and printed the £fit results to a

dedicated prioter port and to & spoul file.
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DATA AMALYSIS

II11.1 Dats Sats

Dats for Experiment 723 were collected cver the course of severpal
running poriods from 1982 to 1984. In addition, a Backproond siudy
was conducted in the spring of 1985, A sommary of these rons i given
in Table X. In so far as was possible, the experimental arrapgement
was the same for all datw rwons except for changes in the hardeere
event trigger as discossed in Section II.4., The background stody used
a almplified experimontal arrangoment which cxcluded the pion

spectromaters and the tempersture controls,

The kaon boum delivered by the AGS during the 1%E3 runniog period
war feound to bhave a strong time microstrocture, reosclting in s pevere
degradation io perforpance of both the plot spectrometers and  the
I-ray apeciroacopy system. All data collected 1n 1583 werc

subsegnently fonnd to be of very poor quxlity and were discarded.

95
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TABLE X

Data Collectlcen Pericds

————— ———— o e e e e . —————

—— —— e —— gt

Bypn Date Iapes Iarget Commenis
1 3/16/82 1 to 91 Pb Initial Setup
to 4/6/8B2
A 4715782 22 to 182 u Gepd Ph Data
2B to 430782 183 to 234
3 5/10/82 235 to 3113 ¥ ‘014" ¥ Data
te 5717782
4 4/11/83 1001 to 1022 ¥ Pper Boam Cuality
to 4719743
5 4/21/83 1025 to 1047 U Foor Hesm Cuallity
to §73/83
[ 5f20/ 84 2001 to 2022 L J ‘Hew' ¥ Data
to 5/30/ B4
7 5/31/B4 2023 to 2048 Li] Poor Caltbration
to EF17/84
B S5/t4/B5 No tapes L] Stopping Plons

13 Disk files {background study)

e e o o o —— ——— - - —
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I11.2 Plavback

Data tapes were played back cn the twa PDPF 11-34 computer systems
using the NULTI data acquisitior software package in playbeck mede,
The TAGGED svents (those K87 evonts followed by a delayed Py signal -
see Section 11.2.3) aeand BeamOff ovents wore sorted {rom the data
tapes and recorded separately on psred-down tapes to facilitate the
TAGGED pleyback. Photon snergles recverded in TAGGED svents were
histogrammed iepto apectirn TAG.A, TAG.B and TAG.TC, depending upon which
detector absérved the X ray. The full onergy ranmge of 77 to 730 keV

wasz covered in tho TAGGED spectrea.

The X-ray energies of those ES+Y events not followed by =2 delayed
¢ slgne] were histogramsmed in spectra denoted BAW. A, BAW.E and RAW.C,

each of which covered the ful]l energy range of 77 te 750 keV,

The photon ¢ncrgies recorded svbsequent to s Beam-0n  event ({see
section I1II.4) wore osed to form hilstoprems which covered only narrow
enorgy regions bracketing the culibration lines. The namos of those
histograms depended on the particular line or set of linos covered,
{Example: ONCO.A covered the 122 keV 1line of *"Co recorded by
dotector A.) As » group. these histograms are referred to as the CALON

apoctra.

All three types of spectra (CALON, RAW and TAGGED) wore sunbjected
te & software two-point stabilizetion procedunre on playback. Whenever
2 Beam-0{{ software ovent (consisting of theo six Beam-Off histograms -
see Section JI.4) was encountered io the playbhack svent etream, the

nrecessing of events by HULTI was temporarily suspended while a 2et of



Page 98

necr programs (FITTER wnd DMOSEF) performod the following sequence of

steps:

1) Fit oach of tho silxz Beam-0ff histograms by leest—equares Lo
a Gansslan-plas—linsar functional form.

2) Use tho resulting ceniroids apd the known enerpies of the
calibration lines to flod the offset and galn, mveraged over
the data recorded sloge the last Bewn-Off event. of each of
the three I-ray detoctor systems.

3) Open & sumflle. For esch histogram stored in this file

Jn) read in the bistogram from the sumfiile.

db} find a matching histogram itmme Iin MWULTI’s playback
Aaren,

3c) uasing the gein und offset of the playback histegrem
{as doterminod dn step 1} amd that of the sumfile
histogzam (ns datermined by the histogram hesder),
gainshift the playbeck histogram to match the sumfile
histogram and sdd the two.

3d) ro-write the iIpcremecoted aumfile hisztogram to the

sunfile,
o) clear thea playback histogram in NULTI's playback ares.

4} When finished with all hiatograms, close tho smmfile and re-
activate MULTE for farther playback.

The offset and gadin of the histogreams ino the sumfile were chosen
50 & to lIccate tho centrold of the 127 keV¥ line of *Tto in channel

500 snd that of the 662 keV line of '>'Cs in channnel 6500.

Doring playback of the 19B2 data, esmmfilez were genperated for
cach set of approzimately iten dats tapes. As a test of the software
stabilizantion procedure, the centrolds of the Boam—-0ff calibration
¥-ray lines (122 keV 1lino of “7Co and 662 keV line of '*7Ca) wore
fitted in the CALOMN apectra of ecach ten-tmpe group. Severzl of these
tape sets wore found to have CALON gentroids inconsistent with the
majority of the data., Thosze same subsots of the CALON duta exhibited
n signal-to-nolaec ratio at lenst an order of magnitode grester than

that of the majority of the date. This soggests that there mey have
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been a problem with tho Boam—n gate {shown in Figore §5) which could
hive allowed photons having no partionler time correlatjon with the
arrivel o©of Leam particles to trigger Beam-0Oz calibretion ovents. The
deta sets oxhibitinog abonormally lerge signal-to-npisc ratios in the
CALON spectra were thos coasidered to be unrelisble and were excloded
from the moalysis, The remaining datazets were summed to fOrm master

stm f[iles as shown io Table II.

Of the data collected in 1%84, those on tapes 200! throogh 2007
were found ¢o havye problems stemming from a maladjusiment of the
presmplifiers of the I-ray spocroscopy system and so wore discarded,
Tupes 2008 through 20221 were played back with gainshifting and summed

into mester files BAYWO.SUM and TAGW(}.SUM ss shown in Table XI.

The uranicvm data {tapes 2023 throwgh 204B) wore discarded becaose
of a combination of the poor quality of the calibration dets and the
difftculeies of calcenlating effects on the tnerpy cigenctates due to

dysamic quadrupole mixing.
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TABLE XI

Sommed Dats Filos
Filongme Contents Taphes
EPR2AD . S1M RAY and CALON gpoctire 92-1E2 excluvding
TPB2AD .50 TAGGED spectra Det C from 1D02-112
BPB2BO . 5TM RA¥ and CALON spoctra 183-203
TPB2EO. SUN TAGGED gpectra and 224-234
EWQ ., SUN RAW and CALON xpoctra 235-313
IO, S0M TAGGED apectroa
RAWWO BAY and CALON epectra 2008-2022
TAGWD TAGGED spoctra

T T 11y T T . B o . S . S o . o . - T B . e B

Fignres 17.18,19 and 20 show the principal dats spectra collected

during tha

conree of Experiment 723.

The improvement to the signal-

to-nolse ratios of the < I-ray lines oan be seon in Figure 21, which

shows the {12—>11) transition of % -Pb snd the {%—8} transition of

E -Pb %s recorded in both tho RA¥ and the TAGGED spocirs.
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IIT.3 Fjtting Alaorithm

II1.3.1 Datr Flis

Fite of ithe dain to verious fanctiooal forme were mado by the
sothod of meximom 1ikeliheod [50], usumlly referred to as the mothod
of loast—eguaros for bhistorical roascns. Histograms which conteined
no ckapnels having fewer than 30 gooots were fitted under the
sssuvaptlon that the pomber of coonts in n given channel was doscribed
by a Genasian parent distribatioxn, If & datassot ¥j is sxsumed to
derive from & fonctional form ¥ = f{:‘;::; V. then It ix oasily shown,
for Cacesiap atatistics, that tha most Pikely walnox of the parametors
&, are those for which the X

x
n Ly, - Elx;5a.)]

111.3-1) X = £
=1

ot
yi

is minimized. If the ¥; in equaticn IIT1.3-1 are the ocmbers of
directly observed events ilno n acuating oxzporieent, then the sssomption
of Gausglen etatistics provides the connectlion o')'; - rj ¢ mnd the ):Li

becomes

X
o= HIJ-::E}]

n [
mr.a-2y X' = £
J=1 ¥:

J
Fregquently, as in the ceae of Experiment 723, the Y,‘ represent
the output of some pre-prooessing algorithm (geinshifting, smoothing,

otc,) which takes the form
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III.3. - .

where the dy reprosent tho observed number of events of class K and

the hm are some constent coeflficientsy ohmracieristic of the

algerithm. In this case, qjt = dh and
K

a x + I
111.3-4) a = b. - b od
T AP T AN

The gainshifiing salgorithm employed duriog playbeck of the dats of
Experiment 7123 provided for sach channel of the owtput hlstogrem:z the

sums III.3-3 apnd II1.3-4,

An 1terative approximetior mothod was used to determine the
values of the prramoters LH for which tholxﬁ was pinimired., The
functicn f{%;;lil in ogoation IIN . 3~1 wwat roplaced by its lincar
expaniico aboot some dinitial point EE in the parsmeter space.
Domeandiog that the derivatives QIﬁQli nll vanizh rexolts thon ido &
syatem of 1lipear egoations for the paramoters L. Thic system of
equations may he solved by stapndard wmatrizs mothods to obteain an
approzipation for the values of the paramoters L for which thu'xf ia

minimixred. REopoatad applications of this procedure noasumlly converge

rapidly.

The asstumpiion of Geossian astetistic: iz the high-statistics
o > 30} limit of the Polsson distribution, which is more generally
rogerded as the proper description of a coonting experiment.
Following a mothed devised by Aweks [91], 4t 1x foond that the

eazimuar-likelibocd wvaloes for the perameterse whick describe [
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gatnshifted dataset having some or all of ite chanoel valuess lessg than
30 arec the velnes for which the parsmcter

n
111.3-5) G = ;.::,’ [y, 1ntitx;:0.0) - flx;i0) )N

s maximired., Heore Ty is the averaged valoe af Hﬁ for the j'th

channel of the gpinzshifted detesct.

<7 b, d

111.3-6) - i) Je 3
£,
'

g?
e

The chapngos in dispersion effocted by the gainshifting slgorithm uxed
in the playback of tho data from Exporimont 723 were less than D.2% in
wagnitode, In this case, TQ is & slowly varying function of J, and so
san <casily be approzimated by takiog the ratio 1éf3i and smooathing it

over & few {usvally five} channels to minimize the effects of

stactistionl floctuaticos.

The parameter G may be maximizred by o method similar to that used
to minimize the X'. Substituting a linear expansion of the faonction
I(x;-li} inte eoqoatfon JI11.3-5 and demanding that the partial
derivatives wvanish resulis 1o & system of linoar equetions for the
prrmeters a; which masy be solved by standard patrixz metheds. Repeoated
applicntions of this procedure convorgo rapidly to the values of the
paxrameters for which G, wnd thus the likelihood, is marimized. Any
dataseis which contained one or more chaonelas having fewer than 30
connts were fitted by this method. In addition, s=everal high-
statistics datasets wore filtted ovsing both thiz method apd the more

usoal mathod aof }? minimization, No significant diffarence war foond
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betwoen the results, althoogh considerably wmore computation time wax

roqoired for the Polason-stetistics Fite.

111.3.2  Paramoter Fits

It was f{regquently docossary in this analysizx to fit = et of
statistion]ly-determinod e¢stimates of one variahble to zome genermlired
function of apother variakle, The goneralized functien chesen for
this snalysin wax a suw of Legendre polynomisle. Sipnce Legendre
polyoonlals are definod only over the reglon [~1 —3 +1], the walnes
of the ipdepoondent variable were limitod to s finite region which was

mapped oato the reglon [-1 —> +1] wjp « linosar trapeformation.

Uplike the fite of Section II1.3.1, the detazets to be fitted to
pelynomials freguently had wuncertainties in the values of botk the
dependent and the independent vwariables, The waacertainty 1n ke
independent wariable nt vach point wasx multiplied by the slope of the
Fieted functicn (or the current bost estimate thereof} at that pelint
in crder to convert to an oqoivalent wncertalnty in the dopcodent
variable. 'This eguivalsnt oneeriainty was aguared snd wdded to  the
aguare of the oncertainty io the depeodent varinble, The result was
usod as the welghting factor q;' o equation III.3-I, wa&d the
resulting }(1 wvas then mipimized a8 1o Sectjopn ITI.3.1. It wns
assumed thay the values y; in equation II1.3-1 obeyed Gaussian

statisticas for all parameter fits,
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Whea the pelynomlal function which had been fitted to 5
particnlar detssct was ovaluated for some arbitrary valuo s of thes
indepondent varisble B;. tho uncertaipty sesigoed to the value of the

function was ¢alculated by the relntionship

I11.3-7) q = £, {P}{€}[P) : whoere (F) =

all
elements 4

oo
ome
oo

is a diagonsl matriz constructed from the valoes of the Legendre

polynomials et a-=n apd (€] 1s the error matrixz [90]).
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I11.4 Mop-Gaussinn Petector Bestponspg Fupctjons

As discussed in section I7.3, optimization of thoe CHECEY
resoluation of the IXI-ray speéctroscopy system wat of paraooont
impertance to this exporiment. Durlng initfial tosting and setup of
the detector array, grest care wss taken to ilnsure that ihe best
rossible energy resolution was obtainod subject to the design
construints of the eiperimoental arvapgement. Such an oprimization
roagiwen roguired that resoluotions obtalned with different dotector

configorutions be compared for small differences.

Io order to measure small effects on the resclution., mono-

133 Bar) wore

anergetic § rays [(vecally from the JO03 ke¥ 1lips of
chbeorved and the digitlzed photon energies were histogrummed. The
resalting intensity—vs-onergy spectra were then fitted by the method
of lcast—sguares to o functiconal form consisting of s Gacizian pesl on
a8 linear bsckpround. The foll-width st half-maximum (FWHH) of the
Gacsslan was takeno as a definition of the energy resolotion. The
statistical uncortainty in this parameter decrensed spproricately aus
the iaverse wsgoere roet of the nmber &f =monoenergetic photons
obsorved,. A typicel datwaet pgathared for porposes of resolution
testing contained on the order of 10 events in the peak, sllowing the

FXHIM {typlcally 930 to 1050 o¥} to be measured to within approzimately

one aV.

Thare was &t first some difficelty with o Jack of reproducibllity
of thoe F¥HM from dataset to Jdetaset where the dats ware collected

under identical cacnditions, Furthor investigation led to the
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discovery of peveral charsoteristics of these relatively high-
statistics {i,e¢,.large numbor of oObserved photons) detasets whick
afifocted the rosoloticn-momsurement procedore. The fitited walue of
tho FWON wns foond to be rather sensitive (10 to 25 eo¥) to the ecnergy
region fncluded in the fit. PFor this resscn, resclutico-determinaticn
fits which were to be compared werc made over the rame energy reglon
of approximmtely 7 ke¥ range centered abont the centroldd of ths penk.
The fittod valun of tho FWIKM was sleo somewhat sensitive to the number
of cocnts in the poak, so0 that only dutasets conteldning & comparable
number of statistics could be compared. The normalired }ti Farametlers
of tho Ieast-aquarss fits to thoso datmsots wore nsoally rather poor
2 te 12 X/»), indicatiog that the repponse of the X-ray spectroscopy

systen to & monoepergetic Y—ray line was non-Gausclan in form,

Overlald plots of tho deta and the Gaussian function whick was
fitted to the dats (Sea Figure 212} dpndicated that the low-energy wing
of the detector response function should decroase leas rcapidly than
doss o Gaossiap frooction. Previoos aunthors heve atitompted to
accommodate snch a oon-Gausslan response fonctien by metcking anm
ezponentisl tail to the Ganssfan [92] or by wdding n second Gauvsslan,
having s width parameter soveral times that of the maip posak, to the
backgroond term [93], Neither of these methods was fvund to account
satlsfnotorily for the non—-Gausslat detectoer rtospoase Ip the high-
statistics datasets ocollected doring detector optimizstion. The
dooble-~Gansslsn form did result in an improvepent ino the normalized X
parameter simply by virtoe of admitting m Scoo-symmetrlic gcomponent to

tho fantional form, However, the low—onergy tails of the pesaks in
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those datasats secemed to be wore nearly exponential in patuore than
could be obitained with & dooble-Gaoeslan form, whickh wsuffered the
additional dissdvantege of requiring three more paramsters than did »
simple Gangedian form. The matched—exponential form gave improvements
to the normelized ?ft parameter beyond those doe to the vee of =
double-Genasian form, While enly one more parameier was required {or
this form than for the simple Gaoasian form, the fitted value of the
additional parapetsr was f(owund to be stroomgly dependent on the ommber
of photont obsorved. on the energy raglon included in the fit, sod on

statistical fluptusticns from dataset Lo dataset.

Additional cloes to the form of tho oDon-Ganasian detector
response (unctlon were found scbsegoent to the 1982 rupn when a failure
of the Iiguid nltrogen dowar cameed the temperature of the radlation-
damaged detector crystals to risc somewhat sbove 77E. Such a partial
warning allows the oryatal lattice in the aoeighborhood of wtomic
displacenent xites to doform, thus gEroeatly increasing the
effectivencss of those damage altes din tenmporarily trapping charge
cartlers. The offevt on the doeteotor response was a severe loss of
resolution, with obvious teils soveral ko¥ in oxtent mppoaring on the
low—energy side of the 3—:.3 Peaka. Fits to datusets which were
collected under these copdltions wand which were restricted to
csscentlally the nunpper helf of the peaks were consistenti with a
Gauasian of FWHOM of about one keV. Fits to the same datasets, but
rostricted to ossontially the lower third of the poaks, showed a form
which was very nearly oxponential in oetore, Datesets ware collected

for each detector in this radistion-damaged state over a wide range of
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operating biasos. The lengths of the exponential twills were fonnd to

docresas with inoreanaing blas v¥oltages,

From these observations, a model of the detector response vwas
formulntad, At different «tuges of the response process, the
probability distribeticons iovolved wil]l have as iodependant warianbles
the initial photon energy., ths photon energy doposited within the
dotector crystal, the charge generated by thic energy deposition, the
charge actually ¢ollocted by the signal-processging syetem, the woltage
ountput hy the signal processing swystem. mod (inslly the chemne] ommber
ootput of the ADC. The relationship among theze warimbles i3 very
noarly linear. Asscming oxact lipearity over looal regions {for the
derivation of the respoase model onlyl), ooe may zelate any of the
variables to the ADD channel aumber by 2 lincar transformation which
amopots ossentlelly to s cholce of ascale, For caleulatioosl and
notational convenience, all variables arc oxpressod in the same units,

apgtumed to be ADNC chanmnels, in the discoeslon that follows.

I1T.4.1 Charge Produgtiop and Colloctjon

The probability distribotion C{Q:EDJ for the smount of charge O
predooed by tho depositicon of an enmergy B, within the dotector crystal
wizs azsumed to have & Cavsstan form as  governed by the charge-

prodoction statistics [El].

1 (a-E, ¥
II1.4-1)  C{Q%E ,0°) = exp |- ————
o In r .

Thls distributicon was then convoloted with & chaerge-collection
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probabllity distribution ¥{Q.;Q) which represented the probabilicy
{averaged over the mctive volwne of the doteetor) that s oharge O
prodocod within the active volume wonld result iz a ocharge Q.
collected at the input of the charge—setositive prepmplifier within the
shaping time of the polse—processing syatem. Since no more charge can
bo collectod than wwas produced, ¥(Q_;Q) is identically zere for Q.

greater then Q.

In & demage—-froe dotector crystal, whare charge trapping is st =
micimum., there iz only a very smull probability that large amounts of
charge will bo deolayed or lost, so thet ¥(Q.;Q) decresses rapldly as
G. decreascs bolow O, In the rather onrealistic limit of no trapping,
VG, ;) bocomes a Dirac-delte function in the variable AQG=0_-Q and the
convolation with the OGavsxlan charge-production distribotion vields
the Gaossian form which ir uauwlly mssmmed as the dotestor responce

funciion,

In a heavily radiaticon-damaged detector ecrystal., where
considerable portions of the produced charge may not be collected,
¥(0Q.:Q) may bo much widor than the charge-prodection distribotion
ClA:E,.o0 ). The convolntion then takes on the dominant Festures of
¥{0Q.:Q}, so that the resolt is rather insencitive to the strocture of

C{ﬂ;En.r}.

The fits to the dataacts collecited followiog the partial warmup

of the detector ¢rystale led to the trial form
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IIT.4-2)  v(Q_:Q,h) = [1/A] expl(a.-Q)/4) 8()(0-Q.))

where the stop foactian 8(A{G-Q.)) 1s used to limit ¥(Q.:Q.X) to the
domming (O, < Q) for A 3 0 and (Q_.> @) for A ¢ 0. The resulting
coovolnotion of v[ﬂ::ﬂ.ll and E(Q;Eb.d'} yields the detector zesponse

function

III-"_J} Eitat;ED'r'A} - D{QC;ED-G'-A}

¥ ¥
where D{QC;ED,G'.A} = Sign{y) oxp [y + —--] orfg [Si;n{yl (— + r)]
2z z
L -]
1 -1t
orfgiz} = sxp | — | dx 5 Signtxdex/lxl
-12n A 2

snd  y = (Q -E )/} H 2 = (G -E )/o

This unit—-ares detecter rosponse distribotion heas, for ) 3 0, a tail
af charscteristic oxponential length A on tke low—cnergy side of the
peak. Ax h decroaaes towards zero the distribotion approaches a
Gaussian form. This doefinition may casily be extended to negative
valuss of ;\ » Fesulting in a tai]l structore on the high-onergy side of
the peak. Plots of represcentative functions ¥, C and H1 arc showp iz

Figure 23-u.

Losst—squares fits of the functional form R, to high-statistics
datasets collected during detector optimization showed a dramatic
improvement in the values of the normalized Y over those obtained
frem Fits using aoy of the previously discussed functionsl forms. The
fitted value of the characteristic length )\ was found to be guite

insensltive to tho energy reglon and to atatistical fluctumtions mmong
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differont datesets vollected nonder similar condlitions, Wich this
functionel ferm, reskcoable fits could be obtaloned to almost all of
tho datssols collected subsequent to the partiasl warmup. These
tadintion-damaged datwsets were also fitted to o linoar combloation of
UEQE:ED.I:I' +A) and a Gmussian Glﬂc;Eu,d"}, with the results that the

Gaussinp term was nearly always foopnd to be swperfluoouos,

The numerical evaluation of Dfu¢=ED-ﬂ‘-ll and its derivatives, ws
required for the appliceticn of a least—-sguarcs f£it algorithm, is
sonawhnt complicated by the erfgiz) terms lovclved., An slgorithm was
developed which calcnlated erfgi{z) to sn scocuvracy of 12 or more digics
over moet of Its ajignificant range. Dopooding on the wvalwue of the
argument z, this algorithm employed either & power serles expansion.
a8 oxzpansion In gontinwed {ractioms, or interpolation between
tubulated valnoes vig o direct oomerfcal integration of the appropriate
Goossisan [anction. The techanlgque was chosen which would provide tha
desired wnconrecy with the ienst mmount of calculmtdion, The resulting
glgoritha was sufficicntly efficlent to make leasi—-agquares fits 1to
functiona! forms based on DIQE;ED.U'.A} s reallstic option in the

nhalysis.

IIT.4.2 Soall-Angle Comptopn Sceatiering

With functlonal forma besed con Dtﬂc:Ep.U'.Al to fit ths datwicts
collegtod for resoletion testing and the CALON dats from the 1982 ruon,
soveral fuorther dovistions of the date from the espeoted forem were
observed, The backgropod ooderpesth some of the lower—onergy peaks

snch as the 122 keV line of “'Co was found to have a higher valus on
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the low-onergy side of the poak thar on the high-energy side., Therc
wazx rarely aty significant difference hatween the slopes of the
backgrounds o©n the two sides. Datassts ¢ollocted spacifically to
stody this effsct abowed thet this step-function effect in the
backgroond canld be incroased drwmatically by thoe addition of a thin
t¢heet of aluminum batwoen the photon soorce and the X-ray detector.
This effect was wisomed to be due to small-angle Compton scatteriog of
thke photons in the materis] botweean the wsource and the detector,
resulting in the loss of only mmall awpounts of the photon encrgy. The
Elein~Nishioa fermula [94] for the angnlar dependonce of the Compton
scettering oroesg section was tsed to genorate a probablliity
distribution for the final onporgy E‘:l of Compton—scattered photons
criginating from # wmonoesnergetic sowrco aof energy Ey. This
distribntion was found to be nearly indepcndont of epergy for mall
enorgy losses, and coold be closely spproximeted for energles within a
fow poercent of the ipltial photon onergy Ef by a step function
P(Eb—E‘] - P E(EI_ED}' The cnergy distribution of photons azrriving =t

the detector cryetal from & monoenergetic source thos has the feorm
I11.4-4) I{ED:EIJHI - S{ED-EI} +T{GIEI—ED}

wshere 7| may be interpreted aa tho observod intensitly per unlt onergy

per unscattered photon of Comptop-scattered photons.

The OCaueslsn form of the charge production distribntion
CIQ:;E,.o-) is based on the assumption thet photons produocing the
charge all have tho same onergy. The charge-production distribution

resulting from the ccaversion of photons obeying sn iotensity
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distribution I{En=EI:ﬂJ is (1 convolation of this intensity
distribution with the monconergetic producticn distribntion ClQ:E, .o )

s¢ that the detector response fonction bevomes
IT1.4-5) R, (Q;E .o ,AM) = ¥(Q.;Q,A) * C{QE .00 ) * I(E :E N

Plots of represcntative functions I and E, are shown in Figure 23-b.

I11.4.3 Pnlap Pileup

Ancther deviation of the datw from the ozpocted form was = small
amplitode taill of one or tvo ke¥ width which appeared on the high-
onergy side of the poaks in the CALON dateaets and, +0 a lesser
extent, in those resoluotion-test detasets which were collected at kigh
rates, These high-side tails were not cbrerved in detnsets collected
under low rate conditions, and were assmmod to bo cansed by pulse

pilaounp.

Pulss pileop cccurs when the peak of a pulses sxiting the shaplng
amplifier {soe Soction II.3.2} 1s insufficient]ly soparated in time
from preceding or soceeding pesks to prevent interference. Each IDL
amplifior system contadsed o fast disgriminator (200 nsee time
rorolotion) which hed its threshold set just sbove the noise level. A
logic clrenit in the awpliffer mwonitored the outpot of this
discriminator and rejected polsos which showed an ipnspfficient time

soparation.
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Thare Is sno inverse relatiooship Dbetween the time and esncrgy
resclettons of any mmplifier which processes the output of a solid-
state detoctor crystel. Thus, any discriminsator which has & time
tesolotion considerably shorter than that of the shaping smpliflier
will consequently have mn energy resolutlen which 15 constderably
poorer than that of the shaplog amplifler. The discriminatoer
threahold must be set at least opne width of its energy resclotion
sbove the opolze 1level in order to avold fulse triggers, snd polece
which fall bolow this threshold {or which arc separsted {rom the puolse
of ioterest by less than the time rescluticon of the discriminator) are

oot detected.

The probability that s puolse which falls below this fast
discriminator threstiold will ocenr withio the timo rapge that o pnlse
of interest is sosceptihle to interference lacreases with ipcreasing
rate of low—-epergy phoiops. Thos, poaks In high-rate detasets, and
especially those collected wunder boam <onditions doring which
bremestrahlung snd Compton scattering prodoce many seft I rays, can be
erpocted to have high—slde talls. Tho epergies of those tails rapge
above the controld by up toc one or two times the energy resoluilon of
the fast discrimloater and their amplitudes increase with rate. The
formz and smplitodes of these imils showld be independent of the

enorgy of the I ray of interest.

Polse plienp may be Incorporsted into the wmodel of detector
response by tho introcduction of » plleop probabiitty distribotioz

P{A;0.) which represents the probability that o pulss having mmplitude
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Q. in the absence of intorfering pulses will be altored in the
preosence of pulse pileup such that d{te effective suplitode 1a A, The
LEL amplifiers oasetd for Experiment 723 employed unipolsr (Ganesian)
pulse shapers mo that all soch contribuifons from pulse piloop had the
effect of inecressing the spparent peak onergy. P{A;Q.) 15 thos zero
for A ¢ Q. and docrossos rapidly to =xero for A > Q.. Since most
pulses wre mnot suwbject to plleop, most of thoe lotegrated arem of
P{A;Q.) will be concentratod in a Dirac~delts function term tf(ﬁ-ﬂcl.

For this sanlysis, s form
IT1.4-6) P{A:0_,q.¥) = S{A-Q.) + qlexp((A-Q.)/¥) B{¥(Q -A)I/I¥]

i» wesumed, whore q 1s the portlon of events subject to pilenp and ¥

iz the charsoteristic length of tho exponsntianlliy-sheped pilenp tall.
Thiz form is calculationally convenient end was fouwnd to be sufficient
to dascribse the observed highalde tails, The detector responen
function thﬂc;Er,U'.A;ﬂ} previcosly dordived may be convoloted with
Plh;ﬂc.q.xl tp glve the eaxpected rosponse funcition with pilleup

included.
IT14-7)  Ra(A:E, .o AT a,¥) = P(A:Q,.q.¥) * B,(QE .0 .0 1)
Plots of reprcsentative functicon: P and 23 are shown in Figonre 23-c.

I11.4.4 Awmp)ifjer apd ADC Nolse

A detatlod study both of an experimenotsl and & MNonte-Carlo
sinulatioon natore showed that the ADC response over localixed regions

of inpot voltego had tho effect of smearing the voltage by & Gaunssian



Page 117

of F¥OM of aboot 0.5 channels. The order of the convolutlons in
ogquation III.4-7 may bo commuted. Rathor than coovolnting Ry by the
ADC  rosaponse function, the ADC reaponse function wmay be first
convoloted with the Ganssian charge-prodaction diastribution
C[Q;Eh.d']. Thise rosalts ino o 2light incorease of the effective value
of o . Ie an idontical manner, the nolse in the amplifier systom  was
azsatmed to have w Gaoselzn form (¢confirmed by pulser tests}, and so
pay be incloded in the effeceive valwe of o, Since only the
effoctive walus of o is actvally observabkle in tho I-rsy date, the
anplifisr nofse and ADC respocse fonctlons wre not included cxplicitly

in this model uvf the detector responsse.

I1T1.4.5 Functiopa]l Form

A gonglderable matbhomatical aimplification results If the order
of the convolaotjons in ocqguoation IJI.4-7 are commuted so that
RadF‘?'C‘I bocomen EBHC‘EP'?'I]. This sjmplification is due to the
fact that & coovelntlon of two truncated exponentials ic & linesr
combinaticon of thoso wume tronosted oxponentials. Since the step
fonetion & ds the long-tail 1imit of & troocated exponentisl, the
final detecter rosponse function E3(5;EE.0‘.h.ﬂJq.¥} may thus be
exprotsed as a linoar combinsmtion of tecrms based on the ciponentinl-
Gaussian cooveolation Bth;Er.u‘,ﬂJ in which tho allowed valuos of p are
A, ¥, and some rathor arbltrary but vory largo positive number i,
taken for this snslysds to bo ogousl to lxlﬁs. The teaulting form of

the detector rosponse function is:
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III-‘_EJ 23- ',J, Dt-ﬁ;EI;ﬂ-“l]’ + -"" D{ﬁiﬂi.ﬁ'-!'] + ll-IJ‘ D{ﬁ;E’lmw}

s R e e e
where &) =1 + + +
A —w 3 -3_ A-w||A-¥
ay [ ¥ i
(A-1¥} {w-¥)

i

e kil

., = -1

{A-w) Lt¥-uw
final ootput variable
contreld parameter
Gaussinn width parameter {cffective)
charge trapping peramoter {taj] length}
plleup tai]l amplituodo
pilecp tail length
Comptorn shelfl maplitude
2210" = Compton shelf ‘length’

and

£ A wa >qm>
O B A

This functional form is normalized to u tota]l ares A=<(1l+jw)il+g),
with 8 portion {1l+g) due {0 the maln peak with pileup sand a portion
T (1+q) doe to the Compton shell with plleup. The experimental date
vore fleted to foactiomel forme {={Amplitvde)R,. An arems of
{Amplitude) {1+g} waa attributed to the poak for the purposes of

oxtracting yields from the data.
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IT1.5 Farsmoterization of the Petegetor Eosponse Fancijon

The response of the X-ray dotector syster to =monconergetic
photons was oot sssumed to be a1 constant from run to run, although it
wat nyscmed that there were no sigonificant differonces botween the
responses as recorded ln the CALON., BAW, and TAGGED apectrm of n given
run. The soquence of stops used to cxtract & DPearamcoteriratton of the
detector rosponse as a fonction of enoergy wens motivated by the
chservation that the different non—Gaovasian parmmeters sffected the
fonctional form Ip different roglons, The Comptoo—-shelf parameter -
affected slmost oxclestlvely tho backgronnd on the low—energy side of
the pesk. The chargo-trapping parmmecter A affected primarily the
contral part of tho duta poak mpnd, to a lewsor extent, its low-cnergy
wing. The pulse plleap parmmeters g and ¥ affected privarily the
high—¢ncrgy wing and, to a moch lesser extent, the central part of the
dats pesk. Thos, parmmeterizations as & functioo of the centroid
channel number M, were first found for T, then for q and ¥, then for
A, and then for tho Gaussian width o~. Finally, the centrold channel

number N, was parameterized as a function of energy.

The normalized X* of the polypomial fits used to extract these
paramcteorizations {rogquently exhlblited oither asbhnormally large or
abnormally swmall values. This was found to be dne 1Ipn part to the
uheven spacing {n onergy of the calibraticn X rays. A commonly
chaerved ¢asc was that of a dataset conteaining s wobset of threes or
more polints which were closely spaced in enerpy, one of which differed
significantly in ordioste wvalwe [from the athers. The Legendre

polynomials conld not accommodate such rapld varistions ac & fuction



of the independent varlable, and the Xf suffered badly wms & result.

of the independent varlable, and the I? saffered badly ms & result.
In avery omse of this type, o polynomial fitted to the datasei with
the wingle troublewome peinot exeluded did not differ siguificantly
from the polynomial fitted to the entire data set. As & precaution,
tho srror barzs of all parameterization fltc ware acsled by — XV

whengver )fEP was jreater tkan one,

Anothor commonly obsorved case wes that of & dataset coptalniog m
snbact of three or more polots, oloscely apacod In encrgy. having
ardinate waloes which Jdiffered by considerably lesz than thelr
stztistloal]  unoertainties. This rosulted in shoormally small values
of ]f} In these oasen, the oncortalntics were representative more of
tho dnsensitivity to the parameter valuoes of the date fits from which
they ware dorived rather than of any actual varistions from point to

pelat of the parameter valuoes.

I1Y.5.1 Coeptop—Sholf{ Parpmoter

In ordoer to extract s paramoterization for?| from a given CAL(N
spectrum, tho method of least—sgoares was naed te fit wll the
cexlibration pasks in that spectrum with the non-Geaussian fepctionsl
form eomplete with Compton scattezing and pulse pilenp. When all the
fitted paramoters were nllowed to vary simultanecusly. several of the
calibration poaks secmcd to cause unstable behavior 1o the fltting
algorithn even wheo tho parameter stepsfze was severoly restricted in
an eaffort to preveant osclllations, These particulsr peaks were
excludeod from the enalysis Ino this first step. Fer the data of robs

2A and 2D, the velves of the Compton-shelf parmmecter 7] obtained from
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the remalning posks formad a smmooth amrve apd could be filtted to
Logendre polyncmials of uvp to second order in log{N,), where N, is the
centrold parameter of the filta. The resolts of those filts are shown
in Table IIT, For the dutse of rons 3 and 6, the valwoes of the
Compton-shelfl parsmeter 7 did not form & xmooth corve when piotted s
# function of N, . This parwncter was thos ineluded ae a free variabie
in nll sobseguent fite to the CALOW dats of rune 3 and 6. Tt was not
fecessary t0 dnclode w Compton-skell term Lln any of the fits to the
RAY und TAGGED datz cwing to thelr lower statistlcs and to the poorer

signal-to—nolee ratic of these datasots ar compared to the CALON

datasets.
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TABLE III

Compten-shelf Parumoteriimtion

-_— — . . . ., L o S e M B T _——— T " L g = = —— T - ——

-_ o — ———— T — T T S i o T T . T - —— e T A e

N = [20 F (X} + al P (I) + a2 P (X)]/w

whore I[tog{H. }=1og(3500] N, = Channel number
I and s
{log(6600)-log {400} ] w = 2x10

Data Seot Norp X* ad al x2

BFP2 A0, SUH

Detector A 0.5143 115.7 £ 5.0 -104.8 * 4.9 23.5 ¥ 7.1

Detector B 0. 0095 99.8 + 4.8 -120.3 X 4.6 56.9 £ 6.5

Dotector C 0.0463 61.5 £ 3.9 -69.1 £ 4.0 22.3 £ 5.4

RPB2 BO . SUM

Detector A O.46E8 123.1 + 6.1 -113.2 + 6.8 ——————————

Detector B 0.0024 137.5 £ 8.0 -101.5 + 8.6 —_——————————

Dotector C 0,2619 $1.3 £ 6.5 -51.9 £ 7.7 37.2 £ 10.2

- - —————— ——— —— o —— —— ———— - ——

I11.5.2 Frlse Pileop Paramoters

NMext, all of the calibration data peaks were fittsd with valuoes
for the Compton-shell parameter 7] fized to the welups determined {rom
the parumeterization shown in Table XEI, All calibratlon peaks which
still exhihited unstable behavior were again excluded, and the
remaining fits were then nsed to obtein a parameterigation of the
pulse pilenp parmmeters q and Y. Those paramaters wore fltted to

Legondre polynomials of up to second order in N . The results of



theses [iits are shown 1o Tebles XIJI and IIV.

TABLE XIIXI

Puolse Plleup Amplitude Paramoterization
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q = [a0 F (X) + a1l F, (X) + a2 P_{X}}/100

| ¥

—————— e g -

-3.68 + 0.15

——— . g e . S

-0.85 ¢+ 0.30
-0.54 £ o.20

e ey o .
———— o  ———

————— e v

where 2{N_-3500]
I = and H‘ = Channel nomber
[6500-400]
Dets pot Nogm X™ __ap al
BPR2AD, SUK
Datector A 0.0471 4.33 £ 0.08 0.10 £ 0.11
Botector B 0.2972 4 .28 £ p.13 0.15 2 0.15
Dotector C 4,.832% 5.09 & g,12 -0.42 £ p.11
EPPR2ZRD . SOM
Detector A 1.5509 4.73 £ 0,24 0.50 £ 0.29
Dotector B 0.141E 4 85 £ 0.24 0.32 £ 0.2%
Datoctor C 0.3482 4.65 £ 0,16 -0.31 £ 0.18
EXD, 5UM
Detector A 0.4549 3.6 £ 0.13 0.1% £ 0,14
Dotector B 0.657T2 3.98 + 0.11 0.24 + 0.11
Dotector C J.BI64 4.24 £ p 11 -0.52 £ 0.11
BAYYO , SUM
Detector A 0.73E0 8.51 x1.22 -1.94 1 1.31
Datectoer B D.9880 8.57 £ 0.92 -1.04 4 1.14
Botector C 0.9987 §.48 4 1,09 -1.35 +£1.31

—— e L ey T T Tt T g g e e e T T - —— T B e T T T ——— T - -
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TABLE IIY¥
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Pulea Piloup Length Parameterization

e e =

———

Y =80 B (X) + x1 B (X) + a2 B (X)

where 2[N_ ~3500)
I and Hﬂ = Channe] snomber
[6600-400]
Dats sot Norm X a0 sl a2
RPFBIAC, S1M
Deteotor A 0.55317 ~16.0B £ 0.52 0,11 £ 0.64
Detector B 1.0502 -11.83 + 0.50 1.67 + 0,59 -1.33 £ 0.66
Detector C 4.4192 -11.72 £ 4.31 -3.20 £ 0.39 —_—————————
BPH2HO . ST
Deteotor A 0.B756 -12.96 + 0.75 3.53 £ 0.98 —————— e =
Datector B 0.9750 =-11.31 £ (.6% -0.72 & 0.90
Datector C 0.1%14 -13.60 £ 0,58 -1.67 £ 0,72 1.60 + 0.81
EWQ , 51UM
Dotector A 00,0662 -7.4%5 &+ 2.34 -0.9% + 0.87 -&.01 + 2.60
Dotector B 0.9470 —B.3%8 4 1.4% -2.75 £ 1.18 -7.72 4 1 .68
Datector 0,1958 ~0 .62 £ 1,068 -3.92 + 1.08 -3.52 £ 1.18
BAWWO . SUM
Detector A &.0813 -7.17 + 0.84 ~3.42 + 1,17 ———— e ———
Datector B 0.5240 -7.45 ¥ 0.62 -1.9% + 0.79 ———————————
Datector C 0.0009 -6.04 £ 0,80 ~1.28 &+ 1,00 —_——————r————

— e

T T 1 1 o T T T T R e = [ T T J = —



Page 125

IT1.5.3 Charge Trapping Parmmeter

In the next step, all the culibratjon peaks were aguin fitted,
this time with both the Compton-shelf and the pulse piloup paramaters
fized to valoes taken from their rospective parameterizations, At
this poiot, steble fits were chbtained to all the calibration peaks.

Those fits wore wsed to parameterize the charge—trapping parameter li

Several of tho calibration poaks cellected by dotector A
cxhibited negative valwnes for A, A set of simulations was carried
out in which functicoal forms heving smell valuos of A of elther zigno
(lA| ¢ o /4) werc nused to genorate psendo-randomizred datasets which
were then fitted by least—aguares to the same form, The maps of
Xz-XIfA genorated by those fits were found to have two minima, one
for each sign of the fitted value af A . It was foond that
statistical [fIluctuztions could sometimes cavse the proper minimum In
tha X’ map to be spoothed oot to the extent that the spurious wminimum
woold be selected by the fitiing mlgorithm, In these caszes, 1t was
not posslble to rocover the inpat waloe of M. If the proper minimun
wans solected hy the fitting algorithm, the simolations: showed that the
fitted valoo of A was no more sensitive to statistical fluctoations
than war indiceted by the sppropriante element of the error matriz of
the fit, Thore¢ mre strong theoretical grounds for expecting A to be
everywhere positive ({sea sectioo II11.4.1). This was, ipn fact, the
case for mll buik a few onlibration poaks., These sxceptional data sets
wore all collacted by detector A, which consistently showed the
szallest valuos of {4 1. All fits, tharefore, which resnlied in

negative wvaluoes of A wore cxcloded as input to the parameterization



of ).

The walunos of l wore flttod to Logendre

second order in N,.

e e s e . . et S o S . S o . o . g S = B D . T
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TABLE IV
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polyoomlalas of wmp te

The resalts of those fits wre sthowo ino Teble XV.

Charge Trapping Parsmeterizetion

T o 8. o B T T o e S S ———— T ——— - e S A T T —————

A =20 P (X) + al P (X) + a2 B, (1}
whoere [N, -1500]
X = and N, = Chappoel nomber
[6600-400]
Dats sot Nogn X* 20 5l Y]
RPR2AD, SOM
Detcctor A 0.3746 1.346 £+ 0.053 0,736 + 0.076 ——————————
Dotector B 2.6799 2.605% 0.021 1.486 4+ 0.023 -0,152 + 0.027
Detector C 2.0270 1.835 %+ 0,025 1.07% £ 0.026 0.064 + 0.032
RPB2EO , SUM
Dotector A 0.14B8 1.422 1 0,084 1,145 &£ 0.108 _—
Dotector B 1,4228 2.547 4+ 0.030 1.425% + 0.037 -0.111 4 0.040
Detector C 0.5947 1.%60+ 0.03% 1.176 + 0,036 0.190 + 0.04B
BWQ , S[IH
Dﬂtﬂctnr -ﬁ D-Hals 11:817 i ﬂ.zﬂs 1&0?3 ‘J'_ 0.215 et
Dotecter B 40,6317 2.445 + 0,021 1.351 & 0.022 === mrmee———
Dotector C 0.9356 2.493 + 0.024 1.635 + 0,025 e T
RAWYD  SOM
Detector A 0.211E 1.676 £ 0,097 0.193 L+ 0.149 —————— et —
Datecter B 3.1%E4 2.40% + 0.052 1.007 + 0.06R -—
Dotector C 1.32313 1.462 £ 0,089 0.0%3 £ 0,142 —————————

e e i T
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111.5.4 Gpaysian Width Parppeics

The Gausslan width parsmeter o was parameterized by fittinog all
the calibration d<datas peaks with all of the non-Genssian parameters
(AM,q,Y) fized at thelr parameterirzed valuas. Tho rosulting values
of o were [ltted to Logendre polynomials of up te second order in N,..

The roeanlts of those fits arec shown in Table XVI.



TABLE XVI
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e e e o T T ——

Gatuksian Width Parameterization

A e e ———— —————

o~ = ab P (I} + a1 Pl {I) + a2 P (X)
where
2[N, -3500}
I = and N, = Channel rpumber
[650D0-400]
Dats got Nogm X* ap _al 22
RPPR2AD . SUM

Detector A 2.0964 4.709 £ 0.004 1,234 +
Detector B 2.18E5 4.501 + 0,004 1.152 ¢
Detector C 10.6142 4.932 + 0.003 1.3561

RPR2BO , SUM

e

Doteoctor A B_1554 4,719 + 0.006 1.148B +
Detector B 6.11B7 4.5%1 4+ 0,007 1.190
PBatector C 2.5424 5,011 + 0.008 1.371 +
RWQ . 5UM

Dotector A 0.2872 4.779 & 0.017 1,286 1
Detector B 1.0990 4.650 4+ 0,020 1.253 »
Detector 3.459% 5.031 & 0.D12 1.412 4
RAYYD . 5TIH

Datector A 1.5681 4.737 £ 0.010 1.485 4+
Dotector B B.3343 4.7T8 + 0.010 1.335 ¢
Detecior C 1.1210 4.779 4 0.00F8 1.449 £

0.005 -0.097 £ 0.004
D.005 -0.053 + 0.005
0.004 ~0.111 + 0,004

0.008 -0.124 + 0.008
0,009 -0.072 1 0.009
0.007 -0.,182 + 0.007

- 0.005 -0.12% + D.019%

0.005 -0.102 2 0.022
0,003 -0.108 + 0.013

0.014 -0.067 + 0.016
0.012 -0.0%% 1 0.014
Diull -04069 i ﬂ.ﬂlz

-— —— — e e ——— T T T L T S —— — T T e {r T . S T T T R A
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ITI.5.% EBoorpy Calibrsation

Finally, all the calibration dats poaks were fitted with tho
Gaussisgn width o end al] non-Gauasian parameters (A.%,q,¥) fized at
thair parameterized valoos, The resulting values of the centreid
parwmcter N, were fitted to Legendre polynomials of up to fonrth order
in spergy, providing an etnergy calibratlon for emch of the TALONW

hictograms., The results of these [fits are shown in Table IVII,
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TABLE IVII

Energy Parameterization

1

o v i ————— T — e o 5 = B . T L T B S

—— T T L e = T .} S - S T

2[Energy - 400 keV)

[700 keV - 100 koV]

vherao
I-
RPR2AQ, SUH Dotector A
Morm X7 1.0212
20 3594.610 £ p.011
al 3336.,347 £ 0.019
a2 -0.657 + 0.023
a3 -0.314 £+ 0.029
ad
EPR2 B0, SUM Detector A
Norm X° 0.6530
al 3594.709 + 0.014
al 3336.843 = 0.025
a2 ~0.753 + 0.028
2l -0.521 + 0.041
nd - -
E¥0D  SUM Detector A
Norm X' 4.3394
a0 3594,982 + 0.013
al 3336.816 + 9,021
nl ~0.520 % 0.026
a3 -0.416 £ 0.034
nd 0.09% + 0.053
BAWWO , SUM Detector A
Norm X7 4 .BA£90
a0 3592 .046 £+ 0,019
al 3336.464 + D.0D28
] 0.247 + G.029
a3 -0.,437 + 0,032
ad 1.936 + 0,130

Dotpotoxr B
0.6363
3%95.415 + 0.013
3337.442 + 0.021
~0.844 £ 0.D25
-0.,225 + 0.031
0.%500 4 0.058

Datector 0
0.5339
1595.277 & G.018
3337 .385 £ 0.027
-0.6B3 ¢ 0.032
-0.321 1+ 0.045
0.673 4 0,088

0.77
3595.157 +
3337.307 £

-D.604 +
-D.216 %
0.909

Detector B
1.,8924

3593.5%533 + 0.017
3337.003 ¥+ D.026
~0.806 £ 0.027
-0.07¢ & 0.029
1.017 + 0.1135

—— e

N, = 20 B (X) + al P‘IIJ + a2 P, {I) + a3 Pjtll + ad P*{ll

Detectior C
1.8724
3504.129 = 0.012
3337.012 + 0.020
0.033 + 0.024
-0.492 + 0,030
0.311 4+ 0.0%52

Detector C
0.0436
3594.195 + 0.016
4337.132 + 0.025
0.207 + 0,029
-0,406 + 0.041
0.627 + 0.073
Dotectop €
11.0663

3594.818 + 0.013
3337.761 & 0.02]
-0.205F £ 0,024
-.704 1 0.032
0.396  0.052

Datentor €
3,295%
3%591.813 1+ 0,D1%
3335.8B63 4 0.025
-0.,302 £ 0.026
-0.519 4+ 0,028
0.456 + 0,112

e T —— ——— e s = i S L . T LA W T e = e e e ok e —— T T . B I B B s e e . i B B o . . . e A
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111.6 petermipmtion of Potector Relstive Efficiency

Doring the swmmer following the 1982 ronning period, omllbration
datasets were collected §n an attempt to measure tke relstive
detectiocn efficieocy as & function of photon energy of esch of the
three I-ray apectroscopy sysiems, Spectra were collected from a
number of !-rty sgarces ITFSu. '3331, HI"I'::'u.. nilr} centered 12 cm
above the upper Imce of tha vagoum jacket sarroundiog the detector
array. Ewach scurce emitted seovoral r—rny lipes covering a range of
eonergies. The intensity of ench lipe From w glvon source relative to
tho othor linos from tho same source was avellable from the literatcre
[8&6]. Taa relative dotector efficliencies at the ensrgies of the

source lipes ccold thus be determined for esach sovrco, with one [res

normalization paramoter for the offi¢icocy set of cach monrce.

133p, efficlency set was arbitrarily

The normallization of the
chos¢n w0 that tho efflciency at the 356 ko¥ line was mnity. The
porcalizatlons of tho othor ¢fficloncy sots were allowed to vary as
froe paramoters Iin a fit of the combined efficioncy sets to the form
ln{c)»polysomlal in chenrel number. Tha results of those (its are
shown 4o Table X¥VIII. Flgure 14 shows & plot of 1 represcntative

efffcicncy curve {that of detector B) and the dsta points from which

it 1s derived.
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TABLE IVIII

Dotector Reletive Efflciency Parwmeterization

lo{€) = a0t B, (X) + al F, (X} + a1 F, {X)

where 2[Encrgy - 400 koV]
I~

(B0O0 keV - 400 koV]

B e P

Dats spt M a a] a2

Datector A 1.3958 -0.183 % 0.014 -—1.171 % 0.028 0.336 = 0.0:7
Detector B 1,2584 -0.147T % 0,013 -1.092 % 0.026 0.373 + 0.01%
Detector €  2.0171 -0.170 £ 0.013 -1.124 * 0.02% 0,337 % 0.016

L i T—— T = 7 = ok
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II1.7 Dotermjnnilop of Tarxet Irsnsmission

I11.7.1 Neasvroment of Tapget Trapsmisgjo

Althoogh several attempls were made over the spmmer of 19B12, no
good genoral mothed could be fonnd to measzure egxporimentally the
average attenumticn of I-ray fintensities doe to photon absorption
within the target assembly, The most convincing wttempt resulted when
a roplica of tho lend target wan positioned above the detector ipn a
re—creatieon of the experimontal goometry. The source: used for the
moasurencent of tho detector relative efficiency (see Section III.6)
wore sapdwiched ooe at a tixe between two mmall pleces of lesd foil
having thicknesscs oauch cne-helf that of the target shects. The edges
of this source sapdwlch were crimped closed to timblste m souree of X

rays Originatiog from witkin a target shoet.

An ecnergy spoctrum wac collected for each offlclency-calibration
source with the source-foil sandwich positioned at 4 nomber of points
scattered throoghout the interfoll]l spaces of the replicmn target, The
colloction time at each soorce Jocaticn was chosen tu simulate the
distribution of E- stopping within the target, as Jdetermined by
Monte-Cxrlo calcolation. With the proper choice of narmalization, the
ratio of the relnative efficiency measured with the moek target In
pesition to that wmoacored with no intervenling material] (as g Section
IT1.6) agreed within the errors of the messurement with tho
transmission corve calcolated by a Honte-Carlo computer simulation of

the X-ray productios and detection process.
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Since tungsten is too britile to be formed into a  sandeich
sonrce, Gthe analysis of the tungston deiz relied on ths Monte-Carlo
calcnlaticn of target trasnamiszslon. For consistency io the aoalysis,
the caxporimental memsurement of the lead transmission corves described
above wore regarded as » check oo the Monte-Carlo calculstion, Only
the transmirsion curves determined by the Mopte~Carlo calculation ware

actoally wveed in the anaslysis,
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11r1.7.1 Calcolatiopn of Target Trapsmispjon

Tho calcalation of the target transmission was brokena into three
soparate steps, omch of which was carried out by a Woote-Carlo method,
Firstly, the distribution of K~ stopping in the target was calcolated
for dpncident K~ <charsceeristic of the boam delivored to the C4
cxporimental station. Socondly, the distribution wes calcolated of
thosse = which were prodoced by thke stopping ksonz asd which
subsequently ewme to rost ip one of the target folls. Finally, ¢the
distributions of thosse K~ and £ which stopped in target folls were
takon s gource distribotions for isotropic X-ray emiagion, and the
probability thar p given photon would arrive unabsorbed at one of the
three I-ray dotectors war calcolated s o fonction of energy and then

averzged over the soorce distribuntion.

Tha Wonte-Carlo method of calculstlion rellos heavily on  the
generation of & peeudo-random sequenceé of humhers, An algorithm for a
32-bit congruence generator [95] was tested and found to have no
slgnificant nDon-random behavior over a wide range of initial seed
valoos. This single algorithe was nsed for wll prsendo-randomization
hrocedores carried oot within the various Monte-Carlo caleplations.
In the discussion that follows, the generation by this algarithm of &
panedo-random perturbation to one of the agtwte constants is referred

to as a randomitation, with tho prefilxr 'psende-" ilmplied.

All three ateps of the calculstion used the same representation
of the experimentsl arrangement wherein the volume of the experimentel

args was divided into & nember of homogeneous rectilinear wvolume
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elements corresponding tn the varlous experimontal components. The
stopping distribotions were enlculated with the help of » computer
subiroutine called GEOM which simulated the passago of encrgetic
tharged particles through s hompgoneoos materin] moditm, wnd which
included  randomized troatments  of lateratl drift, transverasc
scatioring, energy loas mad siraggling, particle decay, and inelastic
nuclear renctions botween the particle and the nuwclei of the material

madinms.,

A gemoral method of simulating the wabsorption or decay of «a
particle waz dovised which was thon ounstowized for those particles
rocogalzed by the Monte—-Carlo software puckage which ondergo such
reacticos Iﬂi. ﬁt, E*, ﬂi ). This resulted in o wet of sobroutines,
ons for each ty¥pe of particle, which aslected nt raodem wsn outcome
from the possible roactlon products. The statistical weipht of each
ootcome was determinod by the branching ratlo of the process involved

[717].

All of the processes portinent te those Monte—Carlo rcelculations
hud two-body £[inal states oicept for the three-body docay of muons.
In the ¢nse of o two-body finel stste, the total conter—of-mass onorgy
avallable tc the reaction wes divided between the reactlon products

sccording to the kinematical relationships [77]:

B, = (E +m,-m. ) /2E
I11.7-1) 2 5, s where E = EI + E,
E, = (E +5,-m,)/2E

The moments thus dotermined for the reaction products woare assigned
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oppoaite diroctions in a random orientation within the CM frams,

The thres-body case of mpon decey  was tronted somewhat
differently. In the OM frame, the enargy of the decay E* or & wae
scleoted randomly from m Jdistribotlon repressootative of the Michel
spectrum  [96). The resulting momentmm of thae e+ or ¢ vwai aspigned a
rabdom direction. The remalping two particles, being neoirinps, were
undostected in the experiment and 30 were ignored by the Monte—Carln
sofiware, In bothk the two-body and the thres-hody cases, the conorgy-
momentum foor-voctors of all opertineat reaction products were
transformed back to the laboratory frame and then were azcd to

initialize the wppropriate four-momentum varjables io the Mopte—Carlc

software package.

In order to oalculate the distribotions of ¥ end £ which
stopped dno the target foils, sobrovtine GEOM was ansed to project the
path through the ezpsrimental arrangement of a randomlzed diatribution
nf incldent K~ representative of the beam delivered by the AGS
facility. The locations of those K which stopped in a foll of the
high-Z target material were tabolated., In addition, the reaction-
simolating algorithn was applied ton timos at the location of ecach K~
which siopped within the target volems., For cach application which
restulted i the simulated producticn of 1 £, subroutioe GEOM was
rsed to preject the path of the £ throogh the target assembly., The
locations of those £ which stoppod 1o a fell of the high-Z target

materis]l were tabolated.
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The transmissloan probabillty corve for a given stopping
distribotion was calculeted by choosing 40 random directions,
distriboted lsotropically, for cach of the locations rocorded ms  part
of the dictribution. Projectlons vwore made along the rave so0 defined
tc determine whethor or not they wonld fntersect the active volwme of
ene ©f the three X-gray detector crystals. The types aod thicknesses
of al] materinl traversed were tabolated for thoese rays which did

intersect & detector crystal,

Por each detector, & Blatogram was defined which had two renl-
vzloed bins, one for valoes and one for the sgumeres of the values.
Each bin palr wes wssigned an energy range determinod by the bin index
and by the biowidth and offset stored In the histogram heeder. The
trangmisslon probability for ewmch photen path which dntersected a
detector crystal wes calculated nt cach enexrgy of the grid defired by
the histeogrum for that particolar detector. The photon mABE-
atienastion constants oeed for this calcnlation were iaterpolated from
veloes tabnlated at key energles for each materinl [97], The
resulting tranamission probabilities and their sguares were smmmed to
the value end squared-valoo bins of the histogrem For the approprinte

detecector.

This procedure was ropeated for all locaticns recorded 1o the
stopping distribontion, wssd the reosplting summed valoe and squered-
valoe bing wore used te calculate the moar and variance of the
transmisaion histograms wt each point of their rospective energy

grids. Beprescotatives of the resulting curves of relative
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transmmission-ya-encrgy are shown in Flgure 15.

Doring the deveolopment and initial testing of the transmission-
calculation Monto-Caxrlo software, it was foond that the shapes of the
transmisslcn porves {but not their oversl] normalizations) were very
inaensitive to swall {one or two cm) changes in the locations of the
dotector crystalsz relative to tho target assembly, Other variables
which were foond to Linve little or no effect on the shapes were the
assumod spot slre, divergooce, horizontal steering, and contral
mementum of tho keon beasm. Only the vertical beam steoring showed

signiflcant effect on the shapos of the transmission cunrves.
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III.8  Epersy Calculstions

The initinl values assumed in this snalysis for tho masses of the

E” and = ware [17]

m 453 66T +/- D015 HeV

I“_.

Be- = 11987.34 +/— 0.05 MoV
A dotailod analysis for the purpose of extracting tho masses [12] has

sbown thst the Jdets of Experimaent 723 are conzistent with these

valoas.,

I11.4.1 Cplenistion of Fetentjale

Calgulstions of the encrgy oigenvalues were made ¥js nomerical
integreation of either the Dirac or the Klein-Gordon egusticn {see
Soctlon I.1}, This required the calc¢ulation of & nomber of hadron-
noclews potential functione on a grid (l,e,:at sach of a series of
equally spaced radil} mbout the nucleos, The grid Ffor each hadron-
nucleus aystom was chosen with a sofficiently small grid step sirze and
B sufficiently large maximim radics to accommodate all of the states
ef that parficular hadron-ouclens syitem for which energy oigenvalnes
were to be calconlated. The potentials thus needed to bte calculated
only onc¢e. and wore then stored in disk files for later nze. The
potentianl fonctions calcolated in this manner for each of the systems

K™-Pb, £ -Pb, I =¥, and % -¥ are 1listed in Table XIIX,
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TABLE IIX

Fotentials Calcnlated for Each Hadron-Nucleus Sysiem

Entry Potential

1) Point-nocleus electrostatic {(Couvlomb) poatential

2} Finite—nucleous slectrostatic potentilial

3) Finjte—nncleausy o{{Zt(} vacoum polarization potentinl

4] Flnite—nuclens uf}zn<1 vacuem polarizwtion potential

5) Fintte—nucleaus n{[ZD(]J’S’? vachuem polarizatlon potentlinl
&) Electron tcreoning potential

7) Finite—nuclens tetal olectrodynamic poteatial

{Smm of entries 2 — 7)

B Farturbation potentlal (Entry 1 minus Entry 7)

s e ] ——— - o —r ——— —— . T . T B % T . 7 T T e o

The {time-aversged} nuclear charge distriboticon was assumed to
follow the Forml distribution, with radlus and skio thickness
parmmeter valors for each isotope taken from Reference [2]. The
values of the dsotoplc messes were takenm from Refeorense [98].
Weighted means of those masses and charge distribution parameters were
calculated for ench hadroa-nuclous syetem, in which tho natural
abundance [98) of eack isptope was takon as the welghtlog factor. it
was these wolghtecd menn waloes, listod in Table XX, which were nsed in

the olgonvelue calculastlions.
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TAOLE IX

Weighted Moans of Nuclear Paramoters

Topasicn Load
Mass Number {A) 183.8904 207.2426
Atomic Wassa 183 .6415 207.1185
Forml Badiue {c} §.501 fm 6.61%4 fn
Skin Thickness {x) 0.541 Im 0.3%3473 Im

Tho algorithm for the finite—nocleus Covlemb potentinl first
calculated the noclear distribotion, nmmerically ovalnated itz volme
integral, and re-normallred the distribution to insture a total pnoclear
charge egual o Zo. Next, the integrated charge withio n sphere of
tadivs r centered at the origin (center of the ruclenz) was eovaluated
Lor onch waloe of r on the grid which fell within the nuclesr charge
distribotion. Ganss® Ilww wae applled at these interior grid points to
derive at eoach one the radinl derivative of the electrosistic
potentinl, The potential fitself was ovalumted at ench of the ilaterior
grid points by a nomerical integraticn of this radial derivative [rom
o polot potside of the nucleus. Coulomb’s law was nged to evalunte
the potential and itz radial derivative at all grid points extericr to

the nuclear charge distribution.
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¥alues fur the vlectros apreconlng potentinl were ioterpolated
from the tabunlated vyelues of Yogel {1]. The constant part of this
potential wae chosen so thmt the potential vapished st the orlgin {Sec

Sectien I.2.1).

Two different mothods wore used to calculate the vacumm
polarizationo poteatials, deponding on the radius st which they were in
be eveloated. At redii less then foor times the Formi (half{-mazimuym)
radics of tho nouclear charpe distribution, the oL{Zw=) apd u-(ﬂ'(zc-{]
vacnom polarizatiop potentinls of a finite nucliena wore calcouleted by
eonvolutiong opomerically those doe to w poini source over tho ooclear
rhargo distribution. This was sccompllahed with the aid of the
patameterizations of the indefinite integrals of the point-source
potentlals doe to Follerton and Rinker [33] (see Section I.2.2}). At
radii grester then foor times the Formi radius, this conveolotion was
approximated by sn oxpensicn in terms of the First [fow radial moments
of tho charge distribution. 7The waloes of the polnt-sovrce potential
acd its radial dorivetives required for this oxpansion were also
calculated by paramcterizaticns duve to Funllorton and Rinker (33]. The
zoroth, wesecond and foorth radial mements were retaloed 1o the
expansion ¢f tho of{Z™) potentiel. DBocause of the spherical symmetry
of the nuclevs, odd momeats vanish. Only the zreroth {normellzation)

moment was retelned for the higher—order potentials,

3,57
As discusszed in secticn I,2.2, the [inlte-naoclens of(Zal)
petentinls at moderate rxdil can differ signiftcantly {rom the

copyolaotion of the point-source potentisls over the noelear <charge
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distribotion [34]. Appeodiz A describes in some detail &
parameterization derived in the course of this wpalyeie which, whesn
convaluted over the toclear chargn distribution, gives an
spprosimation to the finite-nucleus Eitzn<f§%? potentinls which is
good for moxt of the redil scocossible to hadrons crbiting noclef with
Z¢80. All calculstions In thice analysis which reguired the finjite-
nucleuns M{Zﬁ(ja’sﬂ vacoum polarization potentials ax Inoputs were

carried oot with tho aild of this parameterizwntion.

IT1.8.2 Jptegrption of the Mave Equontiop

For a given set of goaptum numbers and a1 givon ascomed atate
enorgy., the wave functions were ohtalned by nmmorical integration
veing s fourth-order Buppe-Kuttn algorithm [24] which was costomizod
for s system of two simultancous {irst—order partial differential
equntione. The second—order Klein-Gordon oguation was comverted to
systom of two [firet—order eqoations so0 that the same ilnotegration
algorithm counld be osed for elthor egoaticm. Tho slgorithm was
injtislized as discussed In sectioe 1,1 at the grid point noarest to,
ot not celineident with, the orlgin and at the latrgost redins which
cccnrrod fn  the particular subeet of thoe grid ochosen for the
pigonstate under conelderation, The values of the spherical Bessel
fonctions noeded for this fInltlalizstion were calculated by a
combipation ¢f power series oxpansions, coptinued fractlon ezpansions,
and rocursfon rolations [24). The integretion of the wave function
was porformed ocutwards from the corigio and inwards from the periphery

to some mld-point radins, where the two solotion halves wore matched.
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As discuased in ssotions I1.1.} and 1.1.3, the sclution pairs of
tha Dirac and Kleipn-Gorden eguatlons for n sphorically symmetrical
aystem may be esxpresscd at very lergo and at vary small madli io  sueh
a way thet one soluotlon of each sclotion pair ie excloded by the
beond-state reguirement of w Jlooalized, finitely nootrmelired wave
function, The e¢zoluoded solutions are » rapldly decressing function of
radius noar the origio and a repldly ilporessing functicn of radius at
vory large radii. The desired zolutions show a rapid increase with
increasing radios near the crigio and & repld docreass with incroasiog
radios at wery large radil. The techolque of Eintegrating froo the
extremitios of radius to some mid-point thos wids in reducing the
offacts of trupngation and discretization errors on the nomerical
integrstion algorithm [20F. Aoy BrIOTS introdoced near the
extremities (whore the radisl bobhavior of the wave functlon iz the
most radienl) are of nocoscsity of the form of a alight wedmiztore of
the oxclnded solotion., The relstivo amonnt of this admixiure which 1
proepagated away froe the extremities townrds the matchling polnt 15
vory small, wipee in both cases the doaired coaponent increases
rapldly with forther Integration whkile tho nowanted admixtore

sisultancpusly decreases rapidiy.

I111.8.3 Dotermipntjon of Eigenvalues

Dotermination of u particular energy ¢igenvaloe ptarted with the
fategration of the governing eqoation ws describsd in se¢tion ITI.E.2
for somec assumed initial coergy and agmin for another eonergy which

differed by only approzimately 100 eV. In the case of a complex
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potentinl, the second energy was chosen sc that Both its real and
imaginary components differed {rom those of the inftial energy. A

matching parametier

Gour Gyy
y=— - - for the Drac eguation or
F i
PUT N
teR, ) (R )
Foe y - . foer tha Kleln-Gordon equation
(rB, ;) {IRIH}

was defined at thoe mid-polnt where the inner and ooter splotion helves
wore jolned, The {possibly complex) wvalues of this parmmeter us
evalvoated for the two onergies were need to catablish spn  assumed
linear rolstlonship bBotween the valuos of the metching parmmeter and
those of the state epergy. The waloeo of the state epergy for which
this linenr parsmsterization of the matching paramoter vaplahed was
taken as the mext trial encrgy. replacling the one of the original two
trial octergles which differed the wxmost from the pow trisl energy.
This proecedore was repented antil & convergeoce eriterion of two
snccoesxive iteratlons where neither component of the trisl energy

changed by more than one o¥ waa met.

JIT.B.4 Girid Select]on

The point most copmonly chosen for matching the lopner and outer
wave fupctions 4o this analysis was the wmost contrally located
antinode in oither OG(r} (Dirac oquation) cr in the derivative
dirBir})/dr (Xletn-Gordon equation). For some of the calculations

involving the strong-interaction potential, the innermost antinpde was
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chosen mo  thet the mmall step sizes neoded for the ipner portion of
tke wave fonction celculation would not incresse the calenlation time

ary moreo than was nocoksary.

During the dovelogment of the elgenvalos sonrch software, a
peremeteritation wazs derived smpirically for tho minimue integration
itepsize noeded to achieve & glven precislon in the cigenvaluoe
sclotiong, For this analyaie, the stepelre wasx chosen wia thiw
parameterization o that the expecied precision of the eigenvaloe
solotions was coe oV or less. For esch of the two reglons {inner and
ooter) of integration, this stepsize was calcoleted and rounded down
to an Integral wultiple of the spaclng of the potential grid. The
exact radius of the matchlog polet was then adjusted to full an exact

multiple of the Iinner stepsize wway from the inpner initimlizstion

radlus.

The minimve radios st which the outer portion of the wave
fonction cepnld be reliably inltinlized was also parameterized. This
exact value of the opter Jonltlalization radivs was found by adjusting
the wvalpnes from this parameteriration upwards so that the radios fell
an exact multiple of the outer stepsize boyond the matching paint.
This twniloring of the pre-dofinad potentlal grid to a giveno state

insured the most ¢fficient possible calcolation of the eipgesvaluoes.

IT1.8.5 C ctjcps
The effects of electron acreening and vacoum polsrization on the

cnergy of & particular elgonstate were calcolated by incluoding the
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rolovant potentials in the nomerical eigenvelos solotion, Tho effectc
of nuclear reccil, static polsrizability., aod intrinsic opoclear
moltipole moments wore evaluated by first—order perturbatlon theory
once Lthe energy and the wave function of the state had been
calculated, Huclear rocoll oeffoscts were calcoleted wxilx equation
1.3-2. Effocta of static polarirability of the nuclens and hadron
weret calcalated via eqguation J1.3-8 and I.3-10, with an assumed hadron

¥ fd% The cembloed effects of noclesr recolil

polarirability of 9 X 10
and atwtle polarizability are less than 3D +/- T oV for all
trapsitions in £ -Pt and £ - exotle atoms except for the final
(10—9) transition 1in = ~Pb, where the cozbloed effect of

80 +/— 20 oV s the largett source of mocertsinty io the calculaticon

of the transition energy.

Oyperfine splitting due to fntrinsie nuclesr multipele @poments
was calcolsted yis equetion I.3-12 for 57 and 1.3-16 for £ . The only
isotope of Ph which hag n non-pero intrinsic HI moment is zg?Ph, which
has 2 natursl sbundance of 22.6%., The €9,8) level of £~ ““'Pb has
byperfine splitting of only +/~ T e¥. BSimilarly, tho only lsotope of
¥ which bhas & oon-zero iotrinsic M1 moment is "7 W, which hss «
natural sbundance of 14.4%. The {9.B) level of 1§LIJ3' is split by
only +/- 1 eV¥. Higher-lyipng states show oven less of an effect, The
hyperfine structore of the spoctrs of sligma-hyperonic atomz was thus

igpored in thiszs snnlysis.
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By contrust. tho (8,7} level of XK - 'Pb s split by

spproximately +/— 105 eV, indicsting that bhyperfine effscts would noed

to bo incluoded in any critioal apalysis of the speotrn of kaonic Ph

]
¥

atoms f{or stroog-ioteraction widths. Tho same (8,7) levesl in K -
ig split by only +f— 14 e¥. This eFfect can he fignnred in all but the
most caritical 1inoshape wnalyels of kaonlc atoms formed in natuoral
tvogates becanse of the low natural sbundencs (14.4%) of the isotepe
ujl. No K -¥ transitions below the (10—39) were included in this

aoalysis. Hyperfine splitting of ksonic atom anergy levels was thus

igonored.

111.8.6  Scguppce of Calculations

Eigenvalnes for most stetes were calcolated for a number of
spocinl CLIOE. The =oquence of elgenvalue c¢aloonletions for &
partioolar state was chowen for the greantest possible calcoleational
af ficiency, The DMruc or Kloin-Gordon spergy for a point nnclens with
no slectrodynamic corrections was ngually taken st the starting point.
The point-nucleas Conlomb potential was inserted into the wave
equation, which was then integrated at this onergy. The tresulting
polot-nucleus wATH function was used to estimate the vacoum
polariration, slectron screenlng,. wnd finlte-pocleus corrections to
the Dirac or Kleoin-Gordon energy vian & first-ordor perturbation
caleoletion, This ostimate was wdded to the Dirac or Kleln-Goprdon
enargy, which was thon taken as the inliisl energy of a numerical

olgenvalos meanrch as described in section IJI.A.3.
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Thoe potepntials ingluded in thix firast oelgonvalue soarch were
those due to tho filolte—-puncleus Conlomb interaction, slectron
screoning, and vacoum polarization, The resulting eigenvalue was
corréocted for ooclear rocoil and static polarizabllity effects to give

the state onergy for the assmmption of no strong intersctions,

The uncorrected finlte-nucleoos olgeavelue and 1ts corresponding
waye fonction were msed to sstimate the effectes of 8 complex strong—
interwction opticel potential via ] first-order pertorbeation
calculation. The rosulting ostimate of the onergy of & state subject
to strong—interaction effects was oeed to ftnitialire znother nemerieal
clgenvalune aecarch. The potentials lncluded in this search were the
samoe as in the {iret, with the addition of & complex strong-
interaction optical potentianl. The resuliting complex sigenvaloe was
corrected for muclenr rocoll and static polarieability effecis to give
the fully corrected state wsnergy in the presence of strong

interactions.
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II1.9 Cascpdp Simulations

ITI.?.1 JInitie) Approzimstions

Sovernl simplifyiang assmmptions were made ip the initial
simulations of the hadronie—stomic cascade. Electric guadropole (E2)
and magnetic dipole (M1) transition zates from a pgiver state were
fonod to be four to ten orders of magnitvds smaller than the electric
dipole {E1) transition rates from tho samo state, and sp were ignored.
The EI rates were calenlated by inserting equatjon 1I.3-6 dnto
eqouations I,3-9 and I.3-10 for & or into eqoation 1.3-B) for K.
Those #quetions were then evaluated with the help of eguation I.3-15.
The resolting matrix element was inserted inoto eqguation 1.3-2, soxned

ax ilndicated by eoquations I.3-5 and I.3-16, and muoltiplied by E" (sen

oquation I.3-4} to give a valwe for the ohservable transition rate,

Initially, the point—-nncleos Dirme (or Elein—-Gordon}! valons from
aguatien I.1-19 {or eguation I.1-7} was umed [for the energy in
oquation 1.3-2, The radial eatriz elements of eqoatioe I1,3-% for
equation I.3-B} wore initinlly evalaated ¥ip the Gordeoo APpProxzimation
(eguation I.3-17). Absorpticn dme to the stromg inieraction was
initially spprozieasted by first—order pertorbation, taking sz ths set
of basjs stutes tho [inlte-nociens wave [onctions with ne strong

interactian.

The sensitivity of the entire set of calcnlated ylelds to the
imaginary component (width) of tho energy efgonvalus of a state {(a, i}

docroases very rapidly with decreasing §f for a given valus of =o.
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Thiz ia n reswlt of the concontration of the hedron population towards
statos having lurger valnos of Ff (seo Section I.4). At tho same
time. the widthk of = atate {n.]) (Iargely & function of tho hadron-
nocleos overlap) decrcacses rapldly with increasing X Theres thos
exiasts an nma; above which there are no obsorvable strong intermction
effocts on the c¢mlenlated yiolds, Studles of the fonctional
dependence of the width on n and on f indicated a very gradual
dependonce on n for a given valoe of [ . It was dotermined
emplrically that no salgnificant ochanges occurred in tho calculated

yiolds when the widths of ull states {(n> & I,f} wore replaced by that

el

of the state {nmu.ﬂi. Since tho calculation of the exact width
rupidly becomes more difficolt as o iocresses, this resnlted in &

significant savings of compuotation time.

For valuss of n whore tho cascade ia significantly effeocted by
the stroog interaction, there s an abrupt decresse in the hadren
populstion density as [ docreases to some characteristic value Pmﬂ} .
This is caused both by the stremgth of the strong—interactjon
absorpticn and by its rapid inorease with decreasing f. As » result,
the widthe of staiecea having wvaluoes of f lens than ﬂﬂhi' although
quite large, have no observable offect oo the calculmted yields. Duoe

te the pradonl depondence of the width on m, fﬁ was found tao he

)
independent of n, Similarly. the rapld decresnae of the width with

increasing J insores that there aeaxists some beyond which the

Pmd'l'-

widths are offectivoly zxera. iji , like J , was fooand to be

mit;

independent of . The valuex of n and 'ﬁﬁh determingd

may " Emui'

tmpirically for each hadron-nocleus syetem considered in this anslysis
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ara listed in Table XXI.

I111.9.2 Optimization of Calecolationn] Teohnigue

For eaach of the hadreo—oucleus systems considered ipn  this
anulysis, tho final fow trapsitions of tho cascade were 50 severely
affected by flolte-noclear and strong—internction offects chat the
Gordon wpproximation {egquatlon I.,3-17) failed adequately to represent
the radial matriz cloments of equaticas 1,3-8 and I.3-%, The wave
frenctions assocliated with the flopite—nucleus coaplex caergy
elgenvalcos were integrated numerically to calcolate the radia]l matrix
clements for thoso final few transitions. The energles veed in
sgquaticn I.3-2 for these tranmitions were derived from the resl

component of tho fimile-nuclens complex clgeonvalues.

Similarly, flrst-order perturbation calculations failed to give
adeqoate precislion when vsed te ovaluate the stroog-intersction widths
of tho laset fow astztesr dnvolved 1in the cascade. The imwglaary
component of the flpite—-anclens complex elpeonvaloe weas osed to
calculate tho stropng-fnteraciion absorption ont of these last fow

states,

The ranges of validity of the Gordon approximmtion and of the
firzst—erder perturbarion calcnlation were determined empliricelily for
cach hadron-nocleos system qonsidered in this mnalyels. For each of
the last fow transitions, the spproximated valoas of the rates snd
widths were replaced by the cxact wvaloos and the cascado was re-

calcolated. Any such substitutions which reanlted in a change of 1%
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or more In the calculsted yields were retaloed in al)l ferther
calculaticons, The states and transitlions for which exact width and

rate onlounlaticns wore pecessary are ]Jisted io Table IXI.

———— s I ————————— T e = T A —— ——. " T T

TABLE IX1

Optimization Parameters for the Cascade Simulation

calcalation

x"-w I K -Fb £ -x £ -rb
| | [
noo II 15 = 15 } 16 = 18
Row | - I s 1 12 1 12
. 6 6 8 8
T
| | } |
— el L B ] L. l ———
| | | |
Traositions reguiring | (1—¥6) | (7—36)} |(11— 10} | (11— 1D}
oxact rate caleculating I = :uu-—m: } (10— 9)
| e | - | -
i | [ !
Stutes roguiring | ! I |
ozact width |l n=12 | n=s12 | ms12 | n<12
| | | |
| [ | i

e e — ————————

I1Y.9.3 Duterminatjon of Initjimtiop Parsmeters

The vuloas of the initisl distributicer paremeters for each
badrop-nuclena asystem weére dotermined from those transitioas which
were relatively unaffected hy the strong interaction, These

transitions wore determinod by running the simuletion of esach cascade
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with an essomed value for the strong—intersctlion offective scettering
length @ takon from Reference [25] and sgain with & spt aqusl to zsro.
Any transitions for which the total culcoleted yield chaoged by more
than 2% were excluded from the snalyeis of the initial distribution

paramosters.

The remmining transitions were [ltted to a functione]l form which
included all ocmponents of the X-ray moltiplet haviog expected yields
preater then 0,1% of the yleld of the strongest cosponent. The
tvparations of the wvariouns components were fixzed to valoes derived
from the wanergy elgenvalue calcolations of Section Ii1.8 as
ioterproted by the onergy calibration of Sectjon IJI.5. The limoshape
FArameters o , A « 4, and ¥ (soo Section IIT.4) were fized to values
taken from the paramcterizaticns of Section III.S5. The Compton-shelf
paramater T was significent only for high-statistics datsgscts having
& good sigonal-toe—noise ratlic, acd so was omitted from these fits. The
amplitude ratios of the varlous compeonents wore flxed st values
dotermined by folding the oeflevts of detector efficiency {Soction
II11.6} and target tranmsmission {Section IYI.T7.2) into the yields
caleolated by the cascade slmulation with the cuorrently asstmed valuo
of 8, The only fre¢ parameters in those fits were the controld of the
circular component

(o, f={n-1}) — {(a-1}.0w(n-2)})

sod its sroa, plus sny backgroond parameters,
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In tho case of % transitions whore there are two circular
components {one apin-up and one spio-down}, the spim—down {i.e.,
J-.?—lfzi componsnt wais chosen for resscns of softweare convenlence as
tha primary coopenent of the fit, The erea and ceatrold of the apin-
up {i,e,, j=& +1/2) ¢ircolar component was fixed relative to that of
the aplin-down circoler component Iip a mannesr exactly snmlogcas to the
non-circular components. In the diecoussion thot follows, the term
‘circulur componont’ as applied to 5 stom trapnsitions generally

rofors to the spio-down component of the circcler doubler.

The fitted area of the clrcular component of exch date poak and
the statizticm]l eorror on this sarea were scaled by (1+q)/€ T, where g
ic the plleup amplitude, £ is the detector relative officliency, and T
is the relative target transmlssion. The nucertalntles in € and T
wor# mdded lp guadratore with that of tho srea, Thisx resulicd 1in a
meossured relative yleld, with eorror bars, for the circular component

of oach meltiplet.

Thasos meavvred ylelds (grooped by tun nmmber and by detector)
wore divided By the ylelds calcniated by the cascade simulation. The
resultiog sets of ratios wore fittod to copstants to determine the
overell normalirstions of the wmossured yileld sets rolative to the
calculated ylelds. The X' of those normalizstion fits were taken as
the optimization parsmoters for the cascade simolations. The iapot
parsmeters of the cascade were adjosted for each hesdron-noclens system
te as to minimize the X* {aummed over runs apd detectors) of tha

normallization fits for that particolar system.
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Initinl applications of this analysis method to the E -Pb asystem
cxhibited wnrosscnably large walnes of X* which conld net be
sigoificantly improved by adjosting the initisl distribution
paranpters < and b of tho cescade simulation. It was observed that
the yield factor

{moasured yield)/{calcnlated yleld)
had a strong energy dopoodence of a goneral form which was vary
similar to the effects of vyertlosl boam stesring oo the targot
teapsmiesion curves (soe Section IJI.7.1). The vortical boam steoring
parametcr r. waa thus incloded as nn adjuatable lonpot paramcter to the
analyslz, Figore 16 shows s ropresentativo plot of the yicld factors
of the K -Pb eystem with =z,=0 (bomm centerod on target) and zg=-2

(beam patses 2 cm below center of target}.

It 1s folt that these waristions 1o the paraccter r; do mnot
ropressnt the actuoal physicoal geometry of the beam stocring. Eather,
it sppears that this is & convenlent way to acoommodate thoe many small
differences botwoen tho idoalized target goomeotry represented in the
Monte~Carlo mofiware and the physlcally—realized target, with it
minor misaligonments and (in the case of Pb} wriskles of the target
foils, Such wlight dmperfections in the terget comstruction, detected
by IXI-ray phoiographs taken of the target aspembly doring setup, were
onavoldable. It was oot considered practical to include these eoffects

oxplicitly in tha Honte-Carlo calculations.
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Hore tranaitilonas, coveriog a wider ooorgy region, wore ohservable
for the kaontc than for the £ uatoms, Tho kwonic atom data poaks
wlso containod ¢onsiderably more statistics thapn did the £ ntom date
poaks. Ay & result, the kaonic atom yleld fits wore much more
sensitive to z, than were the X]° stom yleld fits. The £ yield fles
therefore used targot trapsmission curves calcplated for the valoe of

1, determinod from the kaonic atom analysis.

The tungsten dats required values of x; different for detectior C
from those for dotectors A and B. This iv mot surprising. since the
slight differences in the detection geometriecs among the three
dotociors are of a sypmeirical cature betwoen detectors A and H, but
not botween dotectors & and C or detectors B and C, Perhsps more
surprisdng fs the lack of any such observable difference in the lead

date.

The tungsten duta alzso required two different sets of beam
stooring paramsters, [{1223,‘,5.(:21}: ] and ['[:;\lfl"'!‘ﬂhlﬂ.'{::'Eill ], for the
two different tongsten runs (1982 and 1984), Thisx, alse, iz not
avrprieing., =3 the tungsten target was dismoonted snd re-moanted in
the ilnterim botween the 1982 end 1984 runs, allowing the positioncg of
the tungeten folls to shift about somewhat. The Ioad target remalned

in position throvnghout the 1982 lead ruon.

For sach hadron-nocleon system, the valnes of z., L and b which
rescltod in the mipnimum wvaloe of the totsl normallzation }(1 wOTE
determined first for 2., which had the =strongest offosct, The

tranamisslon corves were calenlated for a range of valoes of P and



Page 159

the yileld flts weore repeated for each set of chrves, The
normalization X°  was plotted as a function of z, and [ittod to a
polyoomial. This polynomial was evaluated for & range of waluos to
dotermine an estimate of the valoe of z, which would minimize the X"
and the velues of z, which resulted in x* greater by cone than this
minimon walos, This reoge dotermined the error wsssigned to the
estimate of z,. The transmission corves were rxe-caleunlated for the

valese of i so dotermined. The resultlng transmission curvea were

=

nsed in all schbsoquent yield fits.

Noxt, tho X™ was minimized on Q, which bad the median effect of
tho three input peremeters, The cascade siouletiono was ron for a
ranges of valwves of (L, wnd the yileld fite were re-computed for each
aet nof ealculated ylelds. Tho normalization X was plotted ac »
fonctlon of O and fitted to » polynomlal, The estimate of A and its
asscciated arrors were dotcrmined 1o w manner similer to that used (or

I.'.s-

Finally, the %' was minimized on b, which had the least effect,
The cascade simulmtion was ran for m range of valuos of b, with z; und
& fizod st tho valoex deoicrmined ahove. A x’—ﬂ—h plet was osed  an
bofore to find the best eatimate of b and the expected error oo this

cstimate.

If peaceasary, thls series of three * minimizations was repeated
until po parsmeter values changod by more than 0.100. Tho resulting
values of the bheam steoring parameter x. amd the hadronic initial

distribution persméters L and b are 1listed in Table XIII. The
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measurod and ocalculated relative yislds of the circular corponents of
the most important hadronic transitions are listed in Tablew XXIXII and
XXTY¥, Tho calcoluted yields of the individual components of those £,
transitions Iin W and Pb which were inoluded in this snalysis arc
l1isted, raspectively, in Tahles XXV snd IXVI, The yislds of those =
transttions  which were affected sigaificantly by the «strong

interaction are discoszed in wmore dotall ip the next chapter,

r—— ——— - ———— — - D —

TABLE IXI1I

Boam Steering and Hadroo Initie] Distribotion Parameters

- o ————————— — — — — — —— - ——

Dutaset I, (4 § b

f | |

----luuﬂﬂuﬂﬂltlhh-l.k---------lIﬂﬂiz-.hhi--npnuln-hghn-nhg,==u
E”-Pb | -1.86t0.18 | 0.11810.009 = 0.83% 0.30
;

£ -Ph | Same ws X™-Pb | o0.0%010.010 | 1.00
| | | (no effect)

-BB------HI--ﬂj-.E--t----t----I'-H.--Hﬂﬂhk-nn--I-'ﬂﬂuﬂ-ﬂhﬁﬁ-hﬂ

and 1984 | Samc as XK°-¥ 0.060% 0,017

£ - |

1.00
{fno of fect)

1982 - | -2.03%+o0.14 | |
{bat A+B) | | |
— | |
1982 £-* | -1.o0t0.29 | |
iDet C} { I 0.020% 0,006 { 1.02% 0,14
1984 X°-¥ | -1.85%0.15 | |
(Dot A+B) | I =
1984 E*-% | -3.65t0.%52 | |
{Dat ) | | |
HHFII-.---ﬁh-IIl-----EH-Bﬂ-#HBIt.---:---.‘lhhkﬂ'-h---ﬂﬂﬂ----ne
1582 | | |
| i
| |
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TABLE XIXIII

Moasured and Calculated Enconic Atom XI-rey Helative Yields
{Circular componeats only)

Strong Interaction offects calculated with E={0.44+10.83} fm

—————— e T el e T — e T e —— —— e - ——————

- — T B 3 o B o o o . . o B T T T T T R i T - . T —

Kk -¥ cola
Irangitjon Y{moponreod) No 8.7, S.I. Ingladed
11—310 0.422% 0,132 g.641 0.641
l 1039 0,698 0.077 0.816 0.B16
+13—11
Dy 8 1.00 1.000 1.000
§—7 = 1.2%4%0.087 1.1B8 1,142
14=—312 ++ 0.161X0.025 0.063 0,063
12—310 0.074%0.012 0.083 0.083
11—9 0.116+ 0,012 0,103 0.103
10—3E 0.118+0.014 0,118 0.118
§~=37 @ 0,180+ 0,026 0.125 0.113
E-FPh Flcalcuieted)
Trapeition Timcpsnrod) Ne 5.1, 5.1, Inoluded
12=—311 0,598+ 0.086 0.593 0.595
11— 10 0.652t 0,065 0.73% 0.739
l 10—39 0,847 0.055 0.974 0.877
+13-10
9—>4 1,00 1.000 1.000
LERT S B 1,093 0.042 1.112 0.940
7T—6 0.111t0.017 1.209 0.102
15— 13 0.0374+0.008 0.051 0.051
14—312 0.062% 0,008 0,061 0.061
12— 10 0.066%0.004 0.069 0.069
11— 9 0.097L 0.005 0,076 0.016
10—38 0.103+ 0.006 0.077 0.071

e e e e . S B T L T . B T e T T o —— - — [ ——

* m=) Affected by Strong Interaciion
++ ==3 Contaminoated ~ excloded from the analysis

————— s ———— s T A B . e e e




TABLE XXIV

Mearured and Calculated £1 Atom X-ray Relative Yiclds

{Circular |= P -1/2 components cnly)

Strong Interacticon effocts calculuted with

Ew{0.928+10.022) fm for ¥
a={0.,350+i0.135) fo for Pb

Page 1462

e L o e ke s e e . i o S B 7 B T T T .. B . P e g = B B T T T A g

————— ———— e . ————— " " e e

I | c d
Trangjtion mopsnyod Ho 5.1, 8.1, Incjuded
14—313 0.615+ 0,080 0.747 0.T47
13—3112 0.806% 0,075 0.875% 0.875
12-—11 1.00 1.000 1.000
11—)10 1.137+ 0.078 1.120 1.111
| 10— | » 1.201+ 0,072 1,231 1.127
+13-—311
15—313 0,051 0.016 0.072 0.072
14—312 0.053+% 0,016 0.0R0 0.080
12—310 = 0.118% 0,580 0.087 0.985
e Ticaleplated)
Iransitio Y{peasnred) No 5.1, S.I. Ipgluded
15-—14 0.5761 0.044 0.686 0.687
14—3113 0.791 £ 0.042 0.796 0.7197
13—312 0.874 1 0,036 0.902 0.903
12— 11 1.00 1.000 1.000
11—310 = 1.083% 0,035 1.089 1.070
10— g | » 0.623 % 0.047 1.166 0.3596
+13—311
16—314 0.068+0.008 0.058 0.058
15—313 0,034 £ 0.008 0.064 0.064
14—312 0.063£0,008 0.067 0.067

— ——— e o S T ————— — — -

" ==) Affected by Strong Interaction

————

———

i e = = e Ty -1 - S T —— T . = oD B N N B M S M N S T B S o S S S
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TADLE IXV
Calconlated Yields of & -W X-ray Components (X rays/Atom)

Strong Intermction offects calcolated with a={0.92E+]10.022) Im

Circul]ar 1'st ng 2'nd nc d'rd ne 4'th ne

14—313)

Spin—up 0.2242 0.0672 0.0187 0.0054 .0011

Spin~dawn 0.2076 0.0618 0.0180 0.004% 0.0010
(13-—332})

Spin-up 0.2643 D.0638 0.0159 £.0030 0.0001

Spin-down 0.2431 0.0601 0.0144 0.0027 0.0001
(d2—311}

Splo-up 0.3045 0.054% 0.0081 -_— —_—

Spln-down 0.2780 0.0537 0.0071 - ==
{11—10)

Spin-up D.3405 d.04114 —_— —_— —_——

Spin—-down 0.3087 0.0371 ——— —_—— ———
(10—39)

Spin-up 0.3510 0.0005 —— —_—— R

Spin~down 0.3134 D.0003 —— —_— ———
{16—214)

Splo—up .021% 0.0133 0.0058 0.0021 4.00035

Spin-down D.01%% 0.0122 0.0053 a.op01# 0.0004
{15~—3#13)

Spin-unp D.0242 0.0126 0.0046 D,00%1 _—

Spin-down a.0223 0.0115 0,0041 0.0010 —-——
{14—23)

Splo-up 0.0250 0.0110 0.0028 .0001 ——

Spin-down 0.0237 0.01400 0.0025 0.000] ——
{13—=311}

Spin-up 0.0258  0.0061 _— — _—

Spln-down 0,0235 0.0054 -— —— _—

e e e e s i . .

—— - — — ———
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TABLE XXV]
Calculatod Yiolds of £ -Pb X-ray Compononts (X rays/Atom)

Strong Interaction effects calculated with a={0,350+i0.135) fm

Circolar 'at_n 2°'nd nc d'sxd nc ! bg
(13—3]14)
Spin-up 0.23%6 D.06T8 0.01838 D.004% 0.000%
Spln-down .2230 o.0628 0,0173 0.0043 0.00018
f14—313})
Spin~up 0.27958 0,084l 0.0152 0.0027 —_—
Spln-down 0.23584 0.0608 04.0139 0.0024 -_—
{13-—>12)
Spin-up 0.3186 0.0610 0.00508 0.0002 —_—
Spin-down 0.21%931 o.05%6 0.GD8B 0.0002 ————
12-—=211)
Spin—up 0.355% 0.051 0.0009 ——— —_—
Spin-down D.3248 D.0456 0.0008 —_ _—
111—10)
Spin-up G.3847 0.0114 —_— —_ —_—
Spin-dawn 0.3476 0.0096 —_—— —_—— _—
{10—9)
Splo-up 0.2245 0.0001 ——rne e —
Spin-down 0.1934 0.0001 r— —_— —_—
{16—214}
Spin—up 0.0201 0.0111 0.004% 0.0017 0.0004
Spin-down 0.0187 0.0109 0.0045 6.0016 0. 0003
{13—13)
Spin-up 0.0224 o.0111 0.0039 0.0009 —
Spin-down 0.0207 .0102 D.0036 0.00D8 —_——
{14—3]121}
Spin-up 0.0238 0.0007 0.0023 -— —
Splo-down 0.0215% 0.0089 0.0029 —— —_—-=
£13—212
Spin-up 0.0241 0.0073 0.0002 —_—— —_——

Spin-down 0.0220  0.0066 0.0002 - -_——




Chapter IV

RESULTS AND CONCLUSIONS

1¥.1 ¥Wjdths ansd Shifcy

Tho functional form Ry(A;E .o, A.q.¥) derlved Iin Section IJI.4
has po provisions for transition ¢nergies which have been brosdoned by
the strong intermction, Tho intensity of emitted radiation for sunch

transitions {is gencrally eassmmod to follow e Lorentzimn distribution

[99]:

[ {2n
(B,-E,} + M4

W.1-1) IEE, . [7) -

Strictly speaking, the initjial as woll as the fingl xtete of the
trapaltion has = ocharscteristic Lereontilan width; respoctively. f:
and I;'. In practicos, II' is a0 much xesiler than I: that it may be
either ipcluodod as » slight final gorzection to the width welue or
clso ignored. Tho completo detector response function which should he
fitted to these transitions is tkos a convoluntion of a Lorentzian by

the dotector response fonction Ry;

IV.1-2) R {ME, .o, Ava.¥, T} = RotAsE 0. ALg.¥) ¢ L{EE, . [)

165
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Unfortonately, it was not possible to fiod an effective slgerithm
toe oalculate the [expl(rlorfgiz) I*L{y) torms involved in this respcosc
function short of & direct pemerical ovalustion of the cosvolotion
integral, This method provided adegquste waluos {or the responsc
fuonction Ry,. but roquired large mmounots of computatlion time wnd did
not provide the derivatives noeded for the application of & Icast-

squueres f[iteing nlgorithm (see Sectlon IIL.3).,

In the limit A — O, tho fumction R,{(A;E,,0", A,q.¥} contains
only Guussien and loxp{z)erfg{z)] terms. A convenicnt algorithm besed
oo the method of contizueod fractions oxists for the evaluation of the
Yoight {l,0,., Gaoaslan®Lorontzian) integral [100). This algorithm was
incorporated into the lenst—sgquares fieting eofiware as n uosefnl,
althongh «clearly incomplete, approzimation of the detector response
function Ry. Tho lack of tho charge trapping paramoter A in this
shproximate funutiou'E;IA:Eh,ﬂ”.q.E.r1] can be largely accommodated by
shifting the centroid paramoter E, by an amoont -} and by replacing
o with of, = -{m. More appropriate values of . may be found
by using [unction: based on the A—> 0 limit of Ra te fit simulated

datasots bunsed on the proper form of Ra‘

The fiis to the =, data peaks which were affected by the strong
interaction ({10—35) transition in £ -¥ and L -Pb) followed closely
tho yleld fits of section III.9.3, but used the functional form
ﬁ;ﬁ;{ﬁ:{Eb-ﬂ J.qﬁp,q,z.r“} for those components which had an expected
strong Iinteraction width [7 grester than 1 eV, The remaining

componoants wors assumed to have the funcrional form
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AER,{L:Eb.r,.\,q,X} afk prrameterired 1o section 111.5. Only the
circolar components (both «spin-wp apd splo-down) of the {10—9)
transition in = -¥W and X -Pb required the fﬂrnE. The non—circular
compopnents of the (10-—-39%) trunsitloon were so sharply attenuzted by
strong interncticn absorption that thoy could be eacluded from theose
fits, wnd all significapt components of the underlylog (13~¥11)

transition were describod adequately by the form R,.

The width of tho spio-up cire¢clar component 1s npot snecessarily
egual to that of the spin-down. The width of the zplo-up component
wat thus flzed relntlive to that of the apin-down, with & relative
offset determined from the enexrgy calculatiocns of Secilon IJI.E. The
widetk of the spin-down clicuoler component was the only free stroog-

interaction widib parsmeter in these [its,

Apn itorstive method was dovised 1o correct for the residus)
ipadequacies of the function TI-*. Simulated datasets were generatod
basod on the function AR, (AE .o, A, X.[7) a5 evelunted yia
nomerical dntegration. Those datssots were thon fitted to forms bazed
oo A:ﬁw The vaelucs of A,, B, and [ wore adjusted tfo improve the
sgreement hbetwoon tho parameter values from these ficts and the values
resul ting from fits to the data pesks, where the zsame functionasl [form
was used for both sets of fits. This procedure was repaated until ihe
values of A,, B, and [ stabitized. The wvatues of [ wnd E
determined from tho data by this itterstive method were convercted from
thes ADC-chmnnel scale to the conorgy scale vin the parpmeterizations of

Table IVII, The stropg-interaction shift € = Eppis Ecgie  ©f the
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transition was determined from this converted value of E, and from the

energy cklculatod for the transition lo Section III1.8.

I¥.2  XYjeld Roductjonsx

The cirecnlsr component areas deoterminsd from the strong
ioternction fidts woere, ax wore the yield flits in Section IJI.9.3,
wultiplied by {14g)/E T to give estimates and probable orrors for the
relative wioalds of the clreulear components. These meansured ylelds
were divided by the oormslizeation constants of thelr respoctive
dataszsots relmtive to the c¢ascnde simulatijon (as determined in Section
II1.9.3) so that they conld bo compared dircctly with the yleld valuss
calcolated by the cascade simulation. The ratio of passured to
calcolated yleld of the = (10—¥9) transition, averaged over all
detszots wnnlyzod for o particular hadron-nnclens systeo, was tsed tao
determios the strong—interectlon absorption out of the {10,8) state of

that system.

Thoe yield ¥; of a particular transiticn may beo expressed in terms
of the fraction of tho initixl state population which exits the state
by way of the doslred radiative proocss, rather than by any of the

compoting processes:

B;

1v¥.2-1) ¥ - d
S + X1 (Ryp+A])

where d is the Inltiel state peopulaticn, E} is the rate of the dosired
radistive procens, 15.[R;+Ai} is tho sum of all possible radiative and

Aoger procesass [(lncluding the dosired radistive process), snd S5 i



Page 169

the =rate of strong—intersacticn sbsorption, The wvaloe of § which
results Iln a desired valoe y for y; may be dotermined from equation
IV.2-1, and may be exprossed in torms of some inltlially assomed value

8, and its rosulting celculated yield ¥,

IV.2-2) {5-5,) = [}EL -1 I8, + £ IR;+#£]]
¥
Hore, the ratloe {y;/y)} corresponds te the ilnverse of the ratio of
moasnred to galculated ylelds dotermined from the siromg intermction
fite, PFor pach hadron-nu¢lens system, the value of § was calcolated
visa ecqoDation IV.2-2 over a range of valoes of (y./y} which was
doeterminod by tho mezn ratio of moasured to oalculated yields for that
systom  and by the eapected error of this mean ratlo. The resulting
values and errors for & were telnted to the ipaginury compenent of the

initinl-state onergy oigonvaluo by tho relationship

IV.2-3} S [Tt w2 IntE}/h

Iv.3 Scettering Longths

From the assumptlon that the strong itnteraction effects on the
enorgy of the {10,9) atate are observeble oaly through the yield
reductions of the (10—39) transition (expected offects are less thaon
25 o¥), the complex enorgy olgenvalue of the {9,B) atate may be
doduced from the obaerved sxhift and hroadening of the {ID—2%)
transiticn, An Jlteratlvo method wes osed to find the value of the

effective atrong interection scattering length & which reproduced this



Page 170

gigenvalue,

It wase found thet the value of « ((0.928+i0.022) fm} which
reprodoced the shilt (630 eV} wand width {3ED oV} of the (10—=39}
translition in = ~¥ also reproduced to within 1.5 o the widih of the
{10,9) state (0.3 e¥} as doduced from the redoction in yield of the

{10—>9) transition.

The sitoation was not so simple for the £ -Pb system, since
there wast a leoaser mmount (== 290 e¥) of brosdenipg in the {1D0—39)
trapgition of this systom. A veluo of % eould be found which
reprodoced simultencounsly the observed shifi (510 oV) of the (10—39)
transition end the deducoed width (17 oV) of the (10,9) state, but the
width of the (9,8} stste which was «calcolated with this velpe
{(0,350+410.135) fm) of % wazx In excess of one keV, in clenr
disagreement with the dats. Similarly, the value of &
€(0.247+410.039) fm} which reproduoced tho obaerved shift and broadening
in tho {10—*9) transition predicted ovnly w 17% reduction in the yield
of thiz transition. This is clearly at cdds with the datw, ax the
yield of the (10—>9} transiticon lan 5 -Pb is only 532 4% of what orno

wonld expect io the absence aof the strong ioteraction (see Table

IXI¥).

Tho cascade sjmulation for the iﬂ'-Pb system was fcund to ba much
more sonsitive to the widths of states having £ =9 than to those of
states haviog =B, Values of T determincd from the & -Pb data mnd
intended for further as¢ Iin the snalysis {1,e,. fine~tuning of the

cascade simplation) were thus detcrmined from the shift =snd yield
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reducticn of the (10—39) transition, rathsr theno from the akift znd

width of the (5.8) atato.

Once the value of € had been determined for the X -¥ gnd L -Pb
systems, thke onerpgy eigenvalves and transition rates which had
significant strong-interaction effects on the cascade slmolsation ({sec
Sections TI1.9.1 and I11.9.2}) were re-calcolsated snd the cascade
spimulation wasr updeted saccordingly. The entire procedure was then
repentod wuntil the valuwos of w stab)lized. The valoes of the shift,
width, yield redection, and daduced initial-stete width which resuoliced
from this tfterative progeas are llstod for the spin-down circolsr
components of the X -¥W and E-Pb systems In Table XIVII, The valuos
of the effoctive scattering tength n which reproducod these effects in

optical-model calculations are listed io Tabkle XXVIII.

- —— e B o e e —— —— A e e e ——— —

TADLE IX¥11l

Strong-Interaction Effects Measured in X, -W and £ -Pb
(Cuoted for splo—down clireular coamponents only)

S —— e e o e o e . . s — -— v —_—

£ £ -pp

Shift (B, -E., ) of 630 +/- 30 510 +/- 50
(10— 9} Transitlon (eV)
Widtk (oV) of (1D0—239) 380 +/—- 70 290 +/~ 140

Tranaition
(10—>8) Effoctive Yiold BB /- 04 .53 +/- 0.05
{Heasured/Calculated-No 51}
Dadocod Width [e¥} 0.3 +/- 0.3 1T +/ -~ 3

of {10.9} Stete

— ——— —— " —— T 7 T —— T - [ — o ¢ * - — o




Page 172

TABLE XXVIII

Strong—Interaction Effects Calculated for = -% send I -Fb

2 ¢ %= (0,926+40,022} fm
Stagos: t10,%.T) -4.5 .88
{(10,9.4) -5.5 0,94
(s.8.1 -577. 303,
{9.8,4) -549. 3B2.
Trapgitiops: (1039, £71. 304,
{1039} 644. 3B3.
Spin-averaged {10=—39) 506, 341,
Z -pp 2= (0.247410,039) fm 2= (0,350+10.135) fm
Shift (mV¥) ¥idth (a¥]) Shift ;aE! ¥idth (e¥)
States:
(ro.9. M -8.2 3.8 -12.3 15,8
(10,9 .4) -10.8 4.0 -15.1 17.0
(9.8. 1) -481, 252, -499. 1180,
(9,8,4) -515, 270, ~519. 1270.
I[!ﬂ!i;tﬂﬂ!:
(10-->3," 413, 255, 487. 1200.
(10—>9.,4) 504. 275. 504. 1290.

{(10—>%,avy) 48T . 264. 455, 1242 .
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I¥.4 Dijacuesion snd Thooretical Implications

Severnl attompts were made to find modifications of the strong
interaction optical poteptiml which would reprodoce the unexpected
behavior of the X -Pb aystem. Most notable wmopg them was the
introduction of a parsmaterirzation of the potentiasl of Brockuann and
Geet [T4), which exhilits n satoration of the imsglaery componsst at
naclesr densities greater than wboot 2.7 that of the oormal nuclear
modiozm. Sorprisiogly, ¢slculatlions besed oo this potential were no
more =zbhle to accownt for the disorepency between the widths of the
£ -Pb {(10,9) and (9.B) ststes than were calculetions based oo the

usual] optical model.

Stodies of the radisl depondence of the hadeon-nocleus overlap
function for the siates (10,.9) and {9.8}, a3 calcolated with the usual
optical-model potential for the % -Ph system, showed wlmest oo
difference in the shape of the overlup; J.,e., tho (9,8) atate dacs
oot penstrate sigoificantly farther ioto the puclear modiow thean does
the (10,9) state. BRathar, the locreased offect of the optical-model
potential on the {9,8) state relative to that on the (10,%] state is
due more to the grestor fractlon of the ($,8) state particle deneity
which lies within the ouclear mediom. Su¢h stodies seem tc  iodicete
that the state-dependeonce of the offective scattering longth w which
wns ohaerved Iin tha 13‘4Ph system must %o doe to eoffects other than

the spatis] or ouclear—donsity depondence of the =, ~Pb poteatial.
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It is interesting to oote that the principal 1isotope of Fb,

EEPI:, beas & ‘megic’ number of both protons and neuvtrons {Shell model

[96]), while the principal isptope of W, I‘Elf-'

., bhas & nop-‘magjic’
ammber of both protons and neutrons., Slight differences from lsotope
to lsotope botwoon the proton apd neuvtron distributions of the nucleus
{arising possibly from Shell-model effects) could perbhaps explain the
differont behavior of the £ -%¥ and = -Pb systenms 1f there were o«
significant differonce in the X, -p and ="-p offective scuttering
lengths. A comparison of strong Interactlon eoffects in %) atoms
formed with nuclei bhaving a ‘magic’' oumber either of proions or of

noutropns to those in 27 aioms formed with npon-‘maglc’ nuwelei could

reault in more ipnformmtion.



APPENDIX A

Calculation of Higher—-0Order Vacoom Polarization Potentials

An accurate nomerical mothod for the ovaluation of the o({zu(fha
vachum polarization potentisl aboot & floite nocleus hes been
demonstrated by Binkor, Wilets and Stoffon [%,29,34]. Based on
Schwinger's [101] expression for the vscoom polarization charge
density {(see equation 1.2-1), it reqonires the sommetion of the state
densities of wull possible scletiens (bound or unbound, eolectran or
posltron) for the Dirac equastion 1o the presonce of the finite
noucleus, In practice, ithe continoom of unbound ztates implicit in
this sum is approximated by a discrete set of stwtes, the comenta of
which form an egqually spaced grid. States having cither large momentws
of large angolar momenta are found to contribunte little to the vacnum
polarization charge density, so that the summation over wll possible
states may be truncated for momenta greater than scme pqu and for
angular momeonta greater than some fmdx . This discretization and

trupcation of the continoum reduces the summnation of esquation 1.2-1 to

s finite, If large, nomber of terms.

Bach term in oguation I.2~1 must be calculated as many as [our
diffetrent ways in order to remove the divergences linsar in {Zv) and
to lnaure gauge jinvariance snd charge conservation, There ars many

terms i the sommation thet coeerly cancel each oiher, se that s high

175
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degres of opumericel preclalon wmust be mef{ntained throoghout the
calculation If the finoel result is to have & neeful degree of
sovoracy. Does to the complezity of the calculations involved, auch a

diroct nomerical approsch was doemed lmpractical for this aoalysis.

The resuvlts of Rinker, Wilots mand Steffen [9.29,34] are presented
iln the form of saversl plots doplcting celcuolated poteotials and
several tables cootalning the calculated affects of these potentials
co the energy clgeoveluos of selected lowes-lying states of muenic
atome, A visuel perameteriiatioo was made of the potential about
zgng {aee Pigure 1} which, whon incorporated lnte the enerpy
caleulation wlgorithw of this aoalysls, reprodoced the effects
tabulated by Ripker and ¥ilets [34] for muanic :iEPh. It was unclers

bow to modlfy this vistval parameterization t¢ Jlnelude mnoclei other

thsn aoPb.

For rudil ootside of the opoclear charge diatribution, it was

3,57

obscrved thet the visual paremeterirzation of the o€{Zol) potential

for szPb taken {row Rinker and Wilets [34] differed from the point-
nucleus potential ocalcalated by Blomgvist [B] by & factor which
bebaved roughly as expi-1/r}. A numerical parameterization was
devised, based co this observation, which vonsistod of multiplying the
pojint-noclens of Blomgviet [B] by n factor exp[-bf{(c+r)], where b and
¢ arc adjostable parsmeters. For radii larger than 10 fm and with the
proper choice of b and o, this parempoterization agreod to within about

10 oF with the visosl paraseterization., Fos radli Isss than 10 Im,

this pumericel parameterization gave valoas for the potential which
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wore asg much as 300 oV larger than thoase of Rinker and Wilots [24].
This discrepapcy conld bo greatly redoced by performing a 1lpenr
convoluntien of the paraneterization over ths nuclear charge
distribotion, a process whick had alpost no offoct on the potential
for radij larger than 10 fom. The offects on the onorgy clgenvalues of
mupnic zgz_ng doe to the 5{[20{]?’5;? vacoum polerlization potentlal were
calculated by inserting this nmmerical perameterizetion into the
enerfy¥ calculation algorithe described Io Section III.E, The result:z

ngreod wilth the tabulated effocts of Rinker and Wilets {34)] to within

threes aV,

Iz an effort to extend this parsmeoterization to other nuelei, the
paraméters b and c were expressed in terms of the half-pazimum radiuvs
of the {assumed Ferml} poclear charge distribaotion, The offccts of
thic paramaterized Oﬂ{za(l?’i’? potential on the enorgy elgenvaluss of a
nusbeor of muonic systems weore galcoulated as bofore and compared with
the tabplated results of Rinker, Wilets and Steffen [29,34]1. ‘The
valoos h-SRHf4 and n-RHf4 ware found to glve the best resolts for
zgng. and gave good agreoment for all nucled lighter than z:ﬁFb. &g
showst dn Tadble A. Althoogh not as acourate for noclel hoavier than

a2
HEPh. this parameterization repaing n vseful approxipation for nucled

25f
as hoavy as JECE.
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TABLE A

Comparison of Paramaterizad to Exz¢t Vactuws Pelarization Effects
on Energy Elgenvalnes of Moonic Atcos

— o ————— - ———

Z A Hax Error Other Errors
26 55 2 o¥ (1k} ¢ 1 e¥
5h 138 d e¥ (1x} < 3 a¥
T4 182 3 »¥ (1) ¢ 2 a¥
T4 184 2 ¥ {34) ¢ 1 ¥
T8 195 7 oF {13) { 3 0¥
B2 208 3 a¥ (1ls) { 2 oV
92 238 290V (1la} < l4a¥ (Bo=£,9fm)
92 238 13eV (1s} {4 oV {Bn=? 551m)
R 2151 d3eV {1z} 23V (2p}, olse ¢ 11e¥ (Ro=7.lim)
o8 151 28aV (1) 160V (2p), olse { 7 oV (Rp=7.TIm}
3,57
In summary, the o{{Za() vacoum polarization poiential

gonorsted by a finite ooclens may be approximated by
1} calculating the point-nocleos potentiasls vim Heferemce [B],
2} multiplying by ospl-b/(c+z)), where b=3R,/4 and cmB, /4,
and

d) convoluting ligoerly over the nucleoar charpe distribution.

For oxotlg-at¢m encrgy calculations about nucled having Z <82,

thiz paramoterization la expocted to bo good to within about filve eV.
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