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ABSTRACT

‘ . o, A o
A measurement of the T He4 scattering has been made at 53, 60

68, and 75 MeV inC1dent pion lab energy The resultlng dlfferentlal

cross sectlons are presented. An attempt has been’ made to extract.
the p10n electromagnetic form factor using the d1fference 1n the.'n+
and T cross sections which ie sens1tive to the coulomb contributlon
to the total scatter;ng amp11tude.v |

An optical model'potential‘was'poetulated for the nnclearfpart_“

. of the interaction. Various different methods have been used to

extract the form factor, with a view to minimizing‘modei dependence,
The most detailed model avaiiabie;kusing a method of;analySis designed ‘
to reduce thia dependenee gives Kh= 2t96i0.43F. uPosSible'nneertainties

in the model‘and its application-are also discusseda
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- INTRODUCTION
Since nucleens posseSsvpien clouds about themselves which determine,
among othef things, their electromagnetic.structufe, the strncture of
nucleons depends on the pion cloud and the sttucture'of the pidn,gwhich
‘pbssesses its own cloud.' Frazer and Fulcol.ﬁere able to make electron

scatterlng data agree with the spectral representatlon method of treatlng

| Il
'

nucleen structure by assuming a strong enhancement in the pion-pion system.
This enhancement, subsequently‘discovered as the pireSOnance has a spin-.
parity 1~ permitting it tc cpuple directly with a phcton.fThus theépion
can coupleelﬁctromagneticaily through exchange of a p. F1T is then ekpected
to be pr0portidnai to ~————l§--Wheré mp is the p mass. This gives.rise
tc a root-mean-square ;;gnlgagius of .0.63F. A difectvneasurement'of the
pion form'factor'is then needed to test the theory of vector meson‘dominance.

One method of measurlng this quantity was proposed by Hofstadter and
Sternhelmz. They suggested measuring the differential cross section for 5
elastic'pion—alpha scattering using both positive and negative pions. The
' argument'is that the differende in the cress’secticns of the‘two reactions
‘is sens1t1ve to the coulomb amplltude since the strong interaction part of
Apthe 1nteraction cancels to flrstorder. This happens because the alpha is
an isoscalar, and there is only one strongamplitude to determine. .One

finds then that do- do+

_ s*_coul.
| 430 T I -4 Re £ £ |
L .8, . coul |, :
where f~ is the strong amplitude and f is the Coulomb amplltude.v In

“this experiment, the quantlty examined is the difference divided by the
Javerage.
The first experiment along this line was performed by Nordberg and

. KinseyB, using 24-MeV pions, and a result of RTT = 1,8%0.8F. was obtained.



However in analyzing their data,wthey assumed a Coulomb amplltude whlch

was Just the Born Coulomb amplltude multlplled by the electromagnetlc -

form factor of the plon-alﬂuisvstem. However, Schiff pointedvout4.that

an expansion of the matrix element for the interaction showed that distor—
| .

tion terms llnear 1n the pion charge Were present and could be 31gn1f1cant.

The matrlx element for the interaction is wr1tten~
?fl = (¢f’ UXD) +;(¢f,:v¢0)“.

Vafter_Goldberger and Watsons; mith ¢; the outgoing wavelfunction for
l
nuclear interaction alone, X, @ plane wave, w the 1ncom1ng wave functlon
w1th nuclear .and Coulomb interaction, U the nuclear potentlal and A'A the
Coulomb'potential.
The second term, which contalns the Coulomb 1nteract10n, can be-

.-approx1mated by (¢f, V¢ ) where ¢ is the 1ncom1ng nuclear wave functlon

and Schlff showed thlS quantlty to be proportlonal to
S E(2841) By (cos 0) 1 V() P00 R2 y dr

Withho the nuclear phase shift and Rz the - nuclear rad1a1 wave functlon.j
This latter express1on can be set equal to

2188 _2:

f V(r)J (qr)r dr +- 2(22 + P, (cos e) f V(r) [e R (r)—Jg(kr) 1r2 dr

‘with q = 2 k 31n B/2 by addlng and subtractlng the 3% terms and perform—

ing the sum for- the first term in the expression. Thls term. is purely o
Coulomb and the. second term is the. dlstortlon term effectlvely caused by

the interference of the nuclear . 1nteract1on upon the Coulomb amplltude ‘

Both are dlvergent at the upper 11m1t but West6 has.
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federived-fhé aﬁplitudeé é§oidihg fhe diVergency, éiving a dirégt
integral ekpréssion for the distortion term (éee part D of the analysis).
On the other hand, Auerbach éf-alf7 use numerical tecﬁniqueS'(see
Appendi#) to.calculate the distértion term! Bo;ﬁ methods modify the
, re%ults of Nordberg andv#insey to R <2.0F @ standard deviafions). b
Blockg uses a technique slightly different from Weéts'é to calé#late the
' distortidn term and finds Rﬂ<O.QF(25.d.)¢ | |

.

In analyzing his own data at several energies from a helium

bubble chamber,vBlocg#et al.’

£1nd R <0.9F.(ls.d.) or <2.1F.(2s.d.).
< Auerbach et al.7 haﬁé presented a detailed discussion of the optical '
modél as apﬁiied to the éroblem. -Tpvperform thé analysis, onévaSt’
postﬁléte,a fbrﬁ for the strong part of the intefaction. AgerbaChfs
'mgthqd is t§ use a Kisslinger type pptical model poténtiéltfbr theb
strong interaction. The Klein—Gordoh ééuétibﬁ can then be éolvedv
numerically,-and, in addition to finding thévsize of the pion, one
meaSures'the oﬁfical.péfameters'for the pion—-alpha interaction. This:
model has been useﬁ in the‘anaiysisvbf fhe ekPeriﬁeni presentéd.here.
Berman10 ahd-others#havg-criticized thefiﬁtérpretationvof the -
experimenﬁvespeéially'with fegard t§ the exisﬁencéAof certain modgl—
aependent distortion effects which are negleéted in this analysis. These
effécts arise from the fact that the amplitude for this pfoceés-contaiqs
coﬁtributions from relatiVistic»effects which have pot,to‘our knowledge,
beeh calculated (see part D of analysis). .
Our aﬁal&sis giveé R,,T = 2,96 * 0.43F, Two‘other.experimental _

technigues have been used in attempts to measure R .



The most direct method-isnthe scattering of'pions offjatomic;,~.
electrons; The dxvergence of the form factor from F (q ) :1 is then
a measure of the plon-radlus.‘ ThlS method is 11m1ted by the small '
value of momentum transfer available u31ng present pion beam energies.

. ‘ j : »

Slnce, for a plon—electron system the center of'mass is nearly the rest
frame of the plon, the momentum transfer is small unless very h1gh
energles are- used. In fact,_at an 1nc1dent lab energy of 30 GeV the
" maximum momentum transfer avaliable (backwards scatterlng) is only
about .5 F 2. In the pion electron scattering experiment,vthe momentum
transfer. goes roughly as the square root of the 1nc1dent energy, 300 GeV
gives about 1.9F 2 If the den51ty is taken to be a Gaus31an,’a
square well, or a.Saxon—WOods ‘the first order term in . the expansion of'
the form factor is q2r2/6 Low q2 then 1mp11es iack of sens1t1v1ty to
ﬁ;. If the pion has, say, the vector domlnance model pred1c1tion for
the rms radius (0.63F.), the.deviation of'the»piou electromaghetic
* formfactor from one would.be about .03 for the 30 GeV'case and about
.13 for 300 GeV. Cassel et ai. haye'made-the ~measurement1} and were
able to'assign a,limit of R”<3.0F - The 300 GeV case ‘is promlsang and
should be tried when such pion energles are avallable. |

ﬁAnother possible method is pion electroproduction.‘ in the:
nreactlon e + p>e+n+ ﬂ+, orne assumes a 51ngle photon exchange
between the electron and- the strongly 1nteract1ng system. Then,.
one ‘has the photoproduction of a plon by a space—llke photon Wthh -

is polarlzed both transversely'and longltudlnallv. The pion form _

" factor arises only from the pion pole. dlagram whlch has a max1mum



effect wﬂen the pion—produqtionvangle is closest to the'poie.  This
'.ié along the direction of the virtual pﬁotoh, of equivalentiy; of the

3 momentdm transfer of the éleqtron. A.transverse photon cénnot knock

a pion directlylfofward becéuse'df its.helicity, s§ the contribution
to‘thé pion-pole amplitudé is from longitudiﬁ31 protoﬁs. The experi@eht
ié“performed at different polarization; fér the same momehtum traﬁsfef
énd enérgy‘io es;iﬁate the longitudinal cohtribﬁtion, and.tﬁen_ét
aifferéﬁt‘momentum transfers to get tﬁe effect of the pion Siée.b Thé
kinematics are thus arranged to maximize the effect of the pion polé

at the pién vexte#, Zag‘x.u:'yl2 has develoéed a relativiéitiérforméliém for
tfeating this reaction using dispéxsion relations in ﬁhich'the diffe;;ntial
crosg sectidn'can:be expfessed with Fﬂbas a freé parémetgr.._Theré;‘

is .some uncerééinty about fhe model—independence'of-thevtheOry, but

-twd experimeﬁts have béeﬁ cafried‘ddt ﬁith the reporﬁed erfor includiné -
:chié unéertainﬁy; Akerlof et al. find R, = 0.80 iO.lOVF.13 and .

4

Mistretté et al. find Rﬂv= 0.86 * 0.14 F.1 The momentum transfer in

these experiments is typically between 1. and 15. F_Z_

Experimental Description

A pion beam §f 90 MeV‘obtained fro@ an internal target.pf fhe
>184-inch Berkeley Synchrocyclotrén is shown schematicglly in Fig. 1.
Negatiﬁg pions produced in the forward‘diréCtioh at the target were |
accepted by the transport system. . Positive pions (produced in the
backward direction) were obtained in the same beam line B& reversing
f the chlotrop main field. Consideration of.sensitivity to the pion
form factor leads to an optimum energy for the measurément of about

60rMeV for the incident pions;15 here (at the minimum in the nuclear

4
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cross section) a sufficiently large value of'momentum>transfer'is
obtained and the interference betueen the Coulomb and nuclear amplitudes
is significant; The beam was degraded at an intermediate focus before
;the bending magnet instead of immediately before the target so that the
. target dlstrlbutlon could ea511y be determlned from the hodoscopes,
and so that the momentum bite would be small, 'The momentum band of
i3£ was essentially the same for all energies. - |

| 'fTimefof—fiight counters.(labelled TOF 1 and TOF 2) were used
to reject‘eiectrons.or positrons in the beamn(about‘257‘for*e1ectrons
and 5% for p031trons) that would otherwise introduce an asymmetri in
the beam normalization. The time resolution was set to 1nc1ude the
muons from pion decay, which were approximately 15% of the flux, the
correctlon for muons is described below. The direction of the inc1dent
plon in the horizontal plane and the spatial distributlon of pions at
the target‘were defined by hodoscope A (11 counters, 1.9 cm wide,
0.63 cm thick) and B (5 counters,li 9‘em wide,.O 63 cm thiok)vu Two
" further beam—defining counters were used for calibration purposes. A:
lead opening 10 cm long was 51tuated about 30 cm from the target with a
7.6 x 7.6-cm aperture to reduce the flux of partieles ineident on the
" walls of the target and the vacuum jaoket. The target(itself consisted .
of a 7.6—cm—diameter vertical cylinder of liquid helium. |

Soattered bions were defectedvin.an array of 16 doped poiystyrene

scintillation counter telescopes each.oonsisting of three counters
placed‘resnectively 30.5, 86.4 and 101.7 cm from the target, as shown

,in_Fig.bl. The nearest to the target is called the C counter, the



“

next is the D, and the final counter is the E. These teleScopes.weref
mounted in such a Way that they could be rotated about the target' this
facility allowed each telescope to be set'in the primary beam for |
effic1ency measurement. Also each telescope_could be used to make.
measurements at several'angles,'-The'most interesting region;'from 60{
to 80 deg., was.cOVered by‘lO of the telescopes, 5'on-either side of the
beam. The remainder spanned the other angles between 30 and 150 deg.
'The d1mens1ons of the counters were 2. 54 c.m w1de, 1. 27 cm‘thick and -
either'30.5 or 50.8 cm long, the longer type covering the'angular
interval 60 to 100 deg., where the contributions to the angular reso—'
. Jution due to the length of the counters is small ' I

:-Two contaminants among.the scattered-particles were inelastically‘_
scattered pions, and protons ar131ng from p10n capture., The inelastic
pions ‘were reJected by a range requlrement in the telescopesi hAt each
angle, range‘curves were: obtained and sufficient range (cons1sting of
slabs of CH ) was inserted to reJect the 1ne1astic pions, which have
'at least 20 MeV less energy than those elastically scattered A
typical range curve is shown in Fig. 2, with the range 1nd1cated for
20 MeV below elastlc scattering.

The trigger for an ‘event was a’ beam—particle trigger plus a
‘scattered—particle trigger. The former was defined by a time of fllght
w1th1n the appropriate gate as well as by the two hodoscopes,»the
latter required all three telescope.counters.

In order to reduce the number of logical circuits, we mixed 51gnals

from the counters in three telescopes in each fast—logic b1n (F—bin)
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These telescopes are physically far apart so‘that a trigger from the
F-bin, which consists of at least one éach ofia c, D; and ﬁ counter,
"will proBably not correspond to a physical particle unless all three of
‘the counters which ,fire are in the same telescope. 1In practice,(abouf
QOZ df the'friggers corresponded to real particles, and the'reéplwere“kk
aécidental which were éliminated by the data analysis computer program.

As-soon'és a trigger.(i.e. the beam telescope plus a»t:igger from
the'FQbin) feachés.the Maéter Gate Generator,.(see Fig. 3) an.inhibitb
'signai pfeventS‘fu;ther information from passing beyond thisApoint.
”Signalé:ére aléo sent to the F—biné setting bistable flip-flops of the.
counters which have fired for the event. The discriminators, wﬁich
‘receive signals directly from the counters of the beam and_scéttérihg
télescﬁpes ére also gated off, while ﬁhe on—linébcomputer obgaihs thé
informatiohvoflthe event, The flip-flops in.fﬁe F—bins'afé read by the
yéomputer and reset. After the computer ﬁas finisﬁed; éii'gates are
réopened; and the equipment is ready for t;king further dafa.

) Protons are rejected by use 6f pulse—height information as
vfollows.“ Information oﬁ whic¢h of thé_counters fifed‘for‘any one event
'.inAthe telegcope and hodoscope arréy% is storedvin the on-line cbmputer,
and on fape for subsequent analysié on a 1érge'off—lineVCOﬁputer.

,Thé §ulse héights of all the’C counters are md xed and sent,-when
there ié én evént tfiggef,‘to an anlaog to digital' converter (ADC).
Thié pulse height'is read by the compuﬁer.; The separation of_piéns ghd
 pr§tons'is esseﬁtiai, since the protons ftoﬁ the_capturé process, if

counted to any éignificant.extent, could introduce a marked asymmetry
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between W— and»ﬂ+_cross‘sections; The probability of capture of a,
pion in nuclear matter on two unlike nucleons is several times that
for which gives rise to an observed ration of energetic-proton-
yields from helium'of about 18 to 1 for ﬁ* and.ﬂ capture respectively.
To allow for the slight overlap of the pulse—height spectra for each
telescope, each'run was fitted by‘an expression ‘which was. the sum of .
two Gaussian distributions; the”total area'under the peahsiwas}constrainf
ed to.be.the.total number of.counts in that'telescope; but the ratios 1
of‘the areas of the.peaks, their position, and their widths Weré.‘l
allowed tovbe free parameters. 'Examples-of pulse-height‘spectra are
shown in Fig. 4. |
A measurement of pulse;height‘was made in the_beam'to‘asSUre that -~
a Gaus31an form is adequate to fit the distributlon in the counters.
The result is shown 1n Fig.‘S |
buring'the runs, many checksdonvthe consistent behavior of-the

counters, on the electronics, and on the pion beam itself were made.
-Most_of these checks were monltored‘by the On—line computer., The
important accidental coincidence rates‘were also monitored.

| Checks on the efficiency of each telescope were.made by rotating
ieach 1nto ‘the pr1mary beam (0- deg direction) and measuring the ratio o
of telescope counts which were registered in the computer triggered by
Ia coincidénce between three additional counters, to the number of .
coincidences between the three addltional counters--these c01nc1dences

-defined a pion as having passed through all three telescope counters.

The mcthod of running was typicallv to spend about 1 hour w1th the



N arbitrary  units )

Number of counts

4.

|

n
7

Pulse height (arbitrory units )

] - 1 1
70 L}J 2 - 3 4 5 .

X8LE86-3012

7
Qe



scale

Arbitrary.

1.5

1.0+

0.5

,}l . l, &QWL‘ | l :

0

Figure 5 '

4 8 12 16 20

Pulse height -~ “(arbitrary units)

24

28




~16-

target full (about 104 events), and then 0.5 hour with the target.
empty; folléwedvby about 5 minutes triggering.the computer only on a
beaﬁ particle; this lést type of»rﬁn,provided a randoﬁ samﬁle for
measuring the angular and spatial distribution'of the Beam at the-
.target as well as a monitor én the probability of ﬁandbm'counts,in fhe
telescope countets. The;signal—to-backgrbund ratio was typically 10:1
at fofward and backﬁard aﬁgles and about 2:1 aréﬁnd tﬂelmiﬂimum in the
cross section.

| Sevefal corrections were applied to the data, bofh.td the number
of scattered pions at a given angle and to the intensity of the.incident
beam. The important ones are summérized in Table I, and all arevdié—
cussed below. It should be noted that several of the corrections afel
the same.for~both the positive and negative cross-section measurements.

The formula used for the differentiallcrOSS section is:

7

do = N/D x 10 .x,(l—Nmu) (1+Rabs)- 7
df N xt x0x2%xN o

1 .(1+Rnd)-(1—Minel)

The quantitiés used in the above formula are as follows:

N is the number of pidn counted in a given telescope.Dvx 107 is-

the number of sgaled counts in the beam.t_:elescope.NTT is ‘the fraction
of pipns invthe beam-tp is ;he number of target Particles per'lcm3 of
target'va f is the average éolid angle subtended by a-poiﬁt in the
target multiplied by‘thevaverage target length. 'ch.is the multiple

scattering correction calculated by a Monte Carlo program.N,mu is the

- muon correction from the decay of elastic pions;Rab

s is the fraction of = -

£
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scattered pions which are absorbed by the counters or by the range.

Tgﬁ 1§ the loss of beam due to geometry. R4

is the random and dead
is. the correction for muons from inelastic

times correction. M,
v inel

decay.
We now explain in detaii éAch correction.

A Mbnte4éarlo—type progrém‘was used to calculate multiﬁle
scattering and muon decay corrections to the number of éounts scaled
in a telescope. The program toﬁk into aCCOunt.scattering by thé
range; the couﬁters and the materials iﬁ the*target wélls. The angle
of séatferingvﬁasvtaken to follow Gaussian distribution. It was:fbundv
that thé more accurate'Mdliere distribution did not affect’the results.
The proj‘ect;:l rms angle was taken to be @ImS = 15/(py? m;;(.1+é).
| (with p.and v in MeV units, L theflgngth in cm. and Lfa the radiation

d .
(16) (18) q

length) after Barﬁmsand Rosenfeld . Barkas and Rosenfeld

(17)

Rosenfeld et al. also give values for Lrad’and £ which were uéed,‘ 
In the_prdgram, pions were'generated at randomly seleéted:points in

the target and aiﬁed at the firsf counter  in thé telescbpe;- The.

bointé chosen were weigﬁted by the vertic$1 beam éistribution. The
horizontal distribution was found to have no effect and was not used.
They‘are permifted to décay in flight at the appropriate raté.' The
number of pions reaching‘the final counter divided by the numper ﬁhich :
could h#ve reached it had there been né counters or range\of decay was
" the correction factor ch. In the same progrém, we coqnted the number

of muons which reached the final counter, leading to Nmu which was

" the number of muons counted divided by the same normalization factor
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as the N .' This program was run. for each angle used in the experlment
and for hydrogen and henum separately(hydrogen used no range) For
each of the two targets, a polynom1a1 fit was made to ‘the correction
functlon ch-as a function of angle. Thls,factor varied falrlvl
»strongly with angle, 'mhereas N : aid'not. Each p01nt gave errors of
2-3 per cent and by flttlng w1th a smooth polynomlal curve,»we reduced .-
the statlstlcal fluctuations- from p01nt to-:p01nt. : | |

- The maln'correctlon to the incident beam intensity was for the‘
muon contamination (Nﬂ). This was calculated by using a Monte Carlo
type program simulating the transport of pions'from the'Cvclotron
internal ‘target to the hellum target and 1nc1uding ﬂ—U decay in flight.
The predlcted range curves and time-of- fllght spectra compared with those
Lobtalned experlmentally and werevfound to be in good agreement. The
vfractlon of muons varied from 20 * 3% at 51 MeV to 12 2% at .75 MeV.

’The solid angle at the target spbtended by the teleécope is

.calculated by Crawford's‘formﬁia (18)'using AQ‘= tanlah (see Fig. 6).
Since AQ varied from point to point in the target, wecgntegrated'AQ
over the target welghting it by the beam dlstributlon. If g(y) is the =
normallzed beam distrlbutlon in the horizontal plane, such that then

the average solid angle mu1t1p11ed by the average length traversed by -

the,beam in the target is

3.81 cm. } 3.8l%m2—£;h _ 3.81lcm.
Axt = | ) g(y)AQ(x,y) dydx dy -
Zndx? -3.81cm.

-3.8lcm. . | 3. 810m—x
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A2 was calculated using Crawford's formula and found to be

T H(L.27-%") HL27+x)

AR = 2 tan e—— ~tah g ).
27 @iy Vs-y D (127 2 L3y VL3 ") 24t (L. 270m 1) 2
AQ=2(tan"t — ' ng.z”x') : = —tan BG0) v )
@3-y V@3-y")2 + H2 + (1.27 + x") 2 @L3-y") V(L3-y") 2% B (x-c)2 .

|x'|21.27, where C=L3 (x'-1.27), H 1s 1/2 the height of the counter, L3 is distange
L1 - g ’
of E counter from target, Ll is distance of C counter from target.

If O is the angle of the telescope with respect to the beam, then -

X xsin O-y cos®

y

xcog O+y sind

The vertical Eeam distribution wae centered about .95 cm above
the median plane with a half-height of about 6;6 cm. For the short
counter telescopes and for four of the long counters, the E counter was
higher than the D 1n>the vertical direction. For the other telescopes
the D was higher. This reéulted in a modification of the quantity
AQx2. This corréction factor and the product AQx% are calculated by
numerical integration for each telescope. The correctioﬁ factof was
less than 1% for all cases. The procedure used was to calculate‘

AQx%  for all telescopes at 90 deg and then to aﬁply an
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angular EOrrection (which arises from the non—uniformvbeam distribotion
in the‘horizontal plane) for eaCh‘teIEScope and-eacﬁ angle; The solid
angle factor was about 10% larger at 30 deg than it was at 90“deg

and waL symmetric about 90 deg; |

.Thejfinal correction to tbe solid angle was necessitated-by'tbe
fact that in reality the counters were not perfectly aligned These
-dev1ations were measured b& a transit and led to correctlons of the
order of 3% of the solid angle. | |

A correction to the beam normalization due to.the geoﬁetry had
to be made. It was possible for a particle to pass through both
. hodoseopes, the time—of—flight oQUnters and.the beam telescope'Without'f
hitting the.targetf This correction factor was caloulated with a
Monte-Carlo type proéram‘similar'to that described above, since
multiple scattering was included.._This correction factor was aboﬁt
'1‘177, and is labelled .

- There were three corrections due to randoms and dead time which -
:must be made.- Other random corrections are negligible.
| -1 Dead‘time losses in the scaliog system.

, Siqce'the prescalers countvat the ratévof.lOOmHz,vthe dead time
is taken to be lOns. The probability of two particles arriving within
-this time has been: measured by using the doubles rate in hodoscope B,
which has ‘a 20ns resolution. This rate w111 ‘thus be twice' the
dead timeloss. It ‘was found to be about 1% varying slightly ‘with
energv and 51gnature.

2) Randoms between array A and the rest of the beam telescope.
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The randoms for botﬁ correlated and uncorrelated particles were measur-
ed by delaying the signal from A by the leﬁgth of one cyclotron f.f,‘
pulse and finding the coincidence rate with the eignal from the res;'of"
the telescope. Then, one has a raﬁdom.rate”whieh includes cofrelated
and uncorrelated particles. The fraction ef uncorreiated particles

was calculated as follows. ‘The ratio of the beam telescope rate te the
rate of the beam telescope without the A arrey was measured. This |
gave the ratio of correlated particles to ell particles |

" Telescope with A = Correlated
Telescope without A Correlated 4 Uncorrelated

T with A

. . ' . . .'l-_
From thlS, the fraction of uncorrelated particles is just T without A

Multiplying this by the randoms rate from delaylng by an rf pulse,
we get the real randoms rate. This rate was about 0.5%.
3) Randoms between theeupstream time-of-flight counter and
the rest ef the beam telescope.
This was measured anélogously to (2), The correction was about.35%.
It was larger than (2) because of the more intense rate and because of |
the long disténce between.this counter'and the rest of the beam telescepe.'
The randoms reduce the number of beam particles from eﬁe‘measured
quantity and the dead time increases the number. _fhe errors on these
corrections are about 30% of their values. These eorrections‘are
lumped together in Rnd.
There are some mUons.ffom inelastic pion decay which pass through
the range and are counted. The same Moete—Carlo,type program is used

to calculate this quantity which is Mi It is significant only in

nel’
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the dlp in the dlffexential cross section (between 60 and 80 deg ) and
is about 1 or 2 per cent there.

Nuclear scattering and absorption were estimated by using the data
- of Stork 19 and Byfield 20 as well as data obtained in the beam'in thisw
experiment, both sources of information being»essentially in agreement£
' dthe error of 2% in this correction is an estimate from the published data.
ThlS gave R bs'

A correction needs to be made for the effect of two C counters
-firing during one event. This increases the pulse height for thls
event and makes it appear_as a proton which is then rejected (see |
discussion on’pion-proton discrimination) ~ These corrections were made‘
by - counting the number of these doubles which occurred " The answer
varied with energy and signature and was approx1mately 1/ . .254.

Data for each sign of particle were obtained at 51, 60, 68, and
75 MeV. The correction for the.protons arising from - capture was
measured to be 57 at 60 MeV. The corrections at other momenta were.made
by assuming that .the ratio of the proton yields from T+ and T- capture
is constant with energy. |

This correction was included in the number N of‘pion-counts in a
telesc0pe,'as.was the proton correction. |

As a check on the whole setup, some data were obtained at 60 Mev,
with hy drogen used in the .target. For these measurements-the absorb1ngif=
_rangeS"wereremoved from the telescopes. These data are shown in
’Fig. 7, compared with the predictions of the most recent mp phase-shift -

21 , . . .. .
analy31s. _ The agreement is reasonable considering the precision, in
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this region of the data upon which the phase-shift analysis is based
(see the data at about 58 MeV of Bodaﬁsky, Sachs, and Steinberger with

.which our data is consistent)

‘Analysis |
In this section, the daté are presented and two methods for
ekttacting the pion radius are described. The firét depénds on the
.ppticél model;vusiﬁg it.to fif the daté ﬁhile letting the radius be a
ffée pafameter._ The second relies primarily on a phase shift ana1y31s'
to flt the data, utlllzlng the optlcal model only to calculate the
dlstortlon amplitude. Various other,methods of calculating this

amplitude are also discussed.
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{‘ Table II. Data for cach of the four energlu in the form ot differential
i cross sections as a function of 0 m
1 > .
' . dot do+ : ) ‘
; O. m. aa €y T €
: . - (deg) . - - {mb/sr (mb/sr) ' mb/sr (mb/er) )
: ' 54 MeV o
! , 34.5 1.516 0.140 - 5,192 0.254
- 36.7 1.6114 0.136 T 3.969 . 0.166
! 41.9 1.223 0.093 2.978 0.145
‘- . 47.4 ' 1.434 0.093 2.033 0.107
{ 62.5 0.434 0.024 __0.560 . 0.025___
R 67.6 0.266 ~  0.023° 0.37¢ 0.020 :
i . 72.7 0.323 0.020 " 0.269 c 1 0.049 : LT
] 77.8 0.375 0.023 ' 0.314 -7 0.020 . :
i 82.8 0.581 - . 0.026 ‘ 0.427 . 0.023
T " 92.9 0,993 0.050 0.950 . 0.041
i 102.8 1,610 - 0.057 1.638 . 0.053
N 122.5 : 3.433 ©0.144 3.715 0.132
I 132.2 4.095 : 0.164 4.471 : 0.148,
. 141.8 - 4.764 T, 0477 T 4791 0.147
; 1544 - 4.918 0.194 : 5.034 - 0.156
60 MeV ‘ o : ST . .
! : 31.5 o 2.661 0.075 . 67112 | 0.146. !
36,7 2.634 ) 0.071 5.033 : 0.106 : oo
41,9, 2.327 _ 0.052 3.854 ) 0.076 ) _ D
47.1 T 1.663 0.046 . 2.B35. - 0.062 - :
i 62.6 . 0.534 0.010 0.747 0.043 : .
; 67.7 - 0.366 0.009 ©0.436 ©0.009 E ' Lo o
C ‘ 72.8 ‘ 0.325 v 0.008 0.306 . 0.008 Coi
! C : 77.9 T 0.375 0.008 0.336 ; 0.009 :
i Co . ) . 83.0° 0.618 . 0.042 0.52¢4 = i, 0.011
b : - 93.0 1.428 0.024 1.077 © o 0.021
g . . ‘ 102.9 . 1.928 . 0.034 1.916 - ‘ 0.034
b o ' : 122.6 o 3.936 . 0.079 . . - 4,232 : 0.083
L : ) 132.3 . .4.592 . 0.104 4.875" . 0.109
1 : S 144.9 _ 5.422 0.150 = . 5.544 ! 0.153 : i
4 : © 154.5 - 5721 0.196 . 5.924 © . 0.203 : v
4 L : . i
2 ; 68 MeV ‘ , o
! " . . . " . . '
P 31.6 4.034 o 0490 . T 7299 0 0.273 ‘t
i R 36.8 3612 0.476 5.312 ‘ 0.361 o
g ' 42.0 S 32471 7 04435 4494 L 0164 ;
i . : . T 47.2 . 2.654 0.126 3.082 . 0.223 1
o P ki 62.7 0.722 0.025 - . . 0.925 . © L 0.034 - : ih
i : : 67.8 . 0.437 - 0,020 C T 0.542 T, 0.026 i
: - o 72.9 - 0.382. . - 0,048 - .0.366 ' . 0.022 ‘ i
| : . 78.0 T 0.447 _ 0.049 .- 0.388 - - . . 0.025 . : o
0 . 83.4 0.692 - 10,025 " 0.556 . 0.030 - S . il
1 : : . 93.1 1.350 0.047 < w7 4,180 - 0,054 . - i
] 103.0 2.09¢ - 0.063 ... 2.018 - .. 0.069 :
S E : 122.7 : 4.014 - 0.449 4.392 0.142 ;
gL 4 : 132.4 - 4.961 . 0.176 .. 5,098 ' 0.163
1 S » 142.0 . 5.853 . 0243 ... 5543 0346 = - . 41
4 : 154.5- . - 5,843 0.267 5.59¢ , : 0.333 S N
1 o 34.6 © 5.940 -, 0205 . 9,394 . 0.236 ' o
. S ) . 36.9 5.252 0.167 7.080 ‘ 0.215 Jd
' . . ' 42.1 . 4.268 - 0.144 ' 5,858 C0.132 ) _ 4 F
' ) ' 47.3 3.006 - 0.404 3.979 0.127 oy
e 62.8. 0.960 0.025 | 1.119 0.023 S v b g
L S 67.9.. - 0.623 : 0.019 0.667 . 0.017 , . ot
[ L 73.0 0.458 0.017 0.488 : 0.014 - L
o . 78.1. 0.529 0.019 . 0.498 . 0.015 . : L {
R . 83.2 0.776 0.023 0.710 - 0.018 S - . it
N : 93.2.. 1.413 - 0.042 . - 4,325, 0.035 S . o}
T R 103.4 2.203 0.057 2.361 . - . 0.050 tr
vi 122.8 4.508 0.143 4.578 0.403 .
| 132.4 , 5.264 0.152 - 5,379 0.116
i 142.0. 6.054 0.175 T 5,646 . 0.169 b
' 154.6 . 6.114 0.200 : 6.046 . T 0.203 I8
E 1 N 1 “;
1
i
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Figure 8 shows .i'ggf_. y d6+ ', and’ G av
a0 ooan
c.m. ¢.m. m.

"The &ata'in the form of differential cross‘sections versuspec.m.»are
presented in Table II.
The difference in the cross-sections dlvided by the average (—D/A) is
shown in Flg 9.
This‘variable isvsensitive to R because. it is lndependent of
'those correction factors which are the same for m hand ﬁ+, and because
- the nuclear amplitude cancels to first order | In fact, if one writes .
the amplitude as f = £ + gD +F £Pt Where-f is the distortion
amplitude, fN.is the pure nuclear amplitude,.F.the combined form.factor .
‘of thefpion and the alpha, and £t the point‘BOrn Coulomb amplitude' |
then . D |
D/A = 4(re £ £2 + F Ree™ £2%) /(|| 2|02 |R2PE|D)
Since fN7is nueh_larger than‘the other two partsﬂof the amplltude we
ate sensitive to F and fD - The sensitivity to R 1s ‘shown for 60 MeV,
| A phase—shlft analysis has been made up to the D wave. vHigher‘
lpartlal waves were found not to be significant. The phase shifts are
shbwn in Tahle III. The total inelastic cross section data of

Block et'al.8 are used to constrain the imaginary phase shifts.

A. The Optical Potential Method ,

In this method a particular potential is postulated for the
strong interaction. Following the method of Auerbach et.a_l.,7 a

) Kisslinger model23 is'used.for'the form ofzthe potential.
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A derivation of the optical model is given by-Watson24 aﬁd.repeated
by Auerbach et al;7 In'scattering'a pion off a nucleus of A nycleons,
we can write the Hamiltonian as

H= (B + h) +v;_z.:vi: Hy +V
i=1
i
where HN is the nuclear Hamiltonian, h the pion kinetic energy operator.

and V the pion—nucledn potential. Thé‘scattering aﬁplitude satisfies the

Lippman—Schwinger equation

wefrv 1

E—HO+1€

where E is the usual eigen value of H.. - The solution of (1) is

o
A A, o A, ; -
T=Ztl+2 ¢t 1 t! 4% t! ! t 1t +...
T iji E-HF e Y 45k T E-H +ie J EE_ ¥ ie |

. _ | 1 . o
where ti is. the bound pion-nucleon scattering amplitude and I excludes

successive scatters by the 'same nuéleon.

The‘elastic'scattering amplitude is

T, =72 t!
1

. N . S .
E +'Z(ti 1 th) +.7.... - ,}(2)

E EH +ic JF

0
where the E subscript'denotes arscatter‘with the nuclear energy ﬁnchanged.'
TE then, is the elastic scattering amplitude. ' Now, in analogy with (1);

we write
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LR - v, +v 1 T, (3).

where V, is the opticél potentiai. 'Now the problem isvchange!_from'a '

multi-body problem to bng with one particle of Hamiltonian h+:o;' A few

approximations are made. First, excited nuclear states are ignored. . This

‘allows us to set

1

t! 1 e : ooty 1 tly 1
E-H + ie J E-H_+ ie | M T R F ie Y FH T i
= | Fo 7 - ‘0 %

(fér the élbha, the first éxéited state is about 20 MeV awéy—;we have
élready neglected them all in assuming I=0). Now ﬁe ass#me Z=Z',
which is valid if A is'large or if the two body fo;ces:ére weak;
Then,-equatibﬁs (2) and (3)‘imply that Vé - itiﬁ
Now, the impﬁlSe approximafion is used;'which’involVesvréplacing fhe
bound amplitu&es by free oﬁes. This is permissible for énergiés

substantially larger than the nuclear binding energies. Then,

neglecting nuclear recoil, we can write in momentum space

BB = 5] el oGP

> > A . N ' . ;
where p and p' are the pion momenta and p(p—g) is the Fourier transform

of the nuclear density normalized to unity.

The simplest model assumes

>, > -> > > .
<'|t]p> v <plelp>e(p-p) @

-
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which means that p (p-p') is peaked about the incident momentum,

Inverting this into co-ordinate space,'we get
v <r> (2m> A<plt|p>pN<r)

where <;|t|;> is the average over T-n and T-p ecattering, and‘pN(;)
"is the nuelear'density,b.This assumption is known as the local
potential ﬁddel, containing qnly an S—waye term. This neglectsAthe-fagt.
that low energy pionenucleon scattefing hae‘a strong P-wave dependence,
~notably the diffraction dip somewhat.below 90 deg., and this modei has
not been succeseful in fitting eata. |

‘Kiselingei's improveﬁent on the local potential was, in fact, te
introduce a P-wave part explicitly into the matrix element fof the
scattering aﬁplitude. <;|t|;> ='eo + alﬁz.cese =a +b 3-3'
The p2 tefm is used since usually t:jL"iapz£ for low eneféy scattering.

The co-ordinate space representation is then
R 3 - > —)-
Vo(r) = (2m) A(aopN(r) + a;p pN(r)p)
or, in operator notation,
-+ 3 s ' ' > > .
VoD = (2m7 Alagoy (@ ¥ + 2y V- (o B+ W)

The Klsslinger model is experlmentally valid only well below the 3-3
resonance since it takes no account of resonant behavior at.190 MeV
Clearly, this model also violates unitarity for 1arge energies. On theea
other hand, we also use the impulse approximation in this discussion

- which requires energies much larger than 20 MeV. In our region of
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60 MeV, we hope to satisfy both requirements..
The modified Kléin—Gordon equation is used with U = ZETTVo inserted

at the scalar component of a four-vector

2+ 1Dy = 1, v )2

with E7T the energy of the pion, VC the Coulomb potential,y ‘the pion C e

mass. Terms of order v, V, and v, are dropped.

The following variables are defined:

by = -2(2m)° E. :_aolp‘z
" b =.-2(2ﬂ)3.Eﬁ ai
so-thaf |
oy = [—Abopsz<?),+ Ab, 3‘{FN(¥)'?} v
Now, bO and.bl are thg'compléx'pptiéai parameters Whigh are
;introduced to represent the S- and P- wave TN scatfering; reé?ectiVely.

The optical parameters can be theoretically related.to the TN :

phase shifts as follows:

-, +—>‘A_I 2
Slncg <p|t|p>@ab = -£(0) . /(4T E.)

1ab’P1ab

invariance of total cross sectioms, for & = 0,1

and £(0) = f(C)Cm/kcm from the optical theorem and the

S Rt TR R O

P1ab MN~



—43-

2

.iéospin and spin irdices, we have for T and an (A, Z) nucleus where

-and if d. =& _i-l withw%.the phase shifts and i = (2T, 2J) for
ita, »

Z is the number of protons.
) 7/

>

[

wiN

Tkf (O)CEJQ - 'a3 + 2a1 + (Afz)a3]

cemy oy o1 . L L . e ,
[kf(p)cmll__ A[Z(Zoa33 togy +dag, + 20,1) 3 f (A-2) (20L33 + 05,01
. + . . '
For 7 , Z and A-Z are interchanged.
In'rewriting the equation to allow for the recoil of the d
particle and provide for relativ1st1c klnematlcs, a mod1f1cation25

of the’ expres31on of Goldberger and Watson26 is used:

v + 1Dy = (2B, Vv, + (1.-.3Eeq/w):v§ - Wy.
where Eeq'is fhe equivalent rglati&isitic‘one—pgrticle c;m.'énefgy’a
W is the total c.m. energy; and k is the c.m. moménfum27

This‘center-of—mass equation is solved for the radlal wave functloﬁs.

leen bo, bl’ E eq’ pN(r), and V ¢? Cross sectlons are obtained for the
solutions by matching logarlthmlc der1vat1ves at 4F., well outside
the nuclear éurface, to the-externai Coglqmb wave functiqhs in the
’convenfiongl way.. For a given energy, then, thereiare‘six_pérameteré;
which lead to'predicted ctoss‘seétioﬂé: thg-réal and imaginary parts of
BO and bl, and fadius parameters’fOf DN(;) and for pc(¥). A Gauséian

. form is taken both for;the nuclear density pN(;) and ‘the cdmbined'ﬁ—He
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charge density pc(¥):
f
N 2,200, 1/2..3 | 2
pN(r)i= A.exp(—r /a®)/[(m)~""a]” and pc(r) Ze exp( -r /R )[n

|

1/2 .
c] !

The Coulomb radius parameter is related to the rms radius of the
: | : : v |
2 2 2 . o
1 o= - 3 A = + .
pion Hy Rﬂ’ 1.5 Rc vRHe’ with RHe 1.65 + .03 F, frem elect?on :
scattering experiments.zs’29 .
An optimum set of parameters is found by seatrching for the best

fit to the data. A fit is made simultaneously tovthe average Cross

sectionvend to the D/A data.

‘"The parameters b0 bl, a, and R obtained by this direct method of

‘ f1tt1ng the data with -an optlcal model are 1lsted in Table Iv. .The
errors quoted are derived from the dlagonal elements.of the error
metrik shbwn_in Table V. Re'e diagoneldelement'is sufficiently larger
thap its off-diagonal eiemente, so that the error quoted.fpr Rc5 and
consequently for Rﬂ, is,‘we believe;.feliable.‘ ihe errors on the
‘parameters in the table also include uncertainties ih'absolute and"
relative ™ -1 nermalizatien‘ | |

The values of xz obtained by using statistiéal errors only for the
best fits-are somewhat large; tden expected from the.numbefs of
degrees of freedem. In propagatihg ﬁhe erforsvof the,datg to inciude;;
systematic errors, we have increased the estiﬁate’of the errors by an'.
2,1/2

appropriate fdctor (x /X ) ! %Pe fits to the D/A data are better than
cte . : » .

those for the average, since some systematic errors in the experimenfal

corrections made for a particular angle would cancel in D/A,
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In Figs. (10 & 11) we show tﬁe’values for the optical parametets
fpredicted from phase shifts for A*ZZ, aﬁd some results for other
elements 7. We also show the values obtained from our data. Re‘bl
agrees Well. Re b0 differs sharply from the predlctlon, but our data
aérees with other experlmental results. Auerbach surmises? that this
divergence is due to the deviations from free TN amplitudes. In'theorf,
Re b§(263‘+ .51)/1)3 thch'is'fairly constant due to accidental cancellations
of the terms linear in p. These‘accidental cancellations can then be
easily spoiled if .the impulSe’appteximation is only slightly wrong,
resulting in a l/p2 dependence which 1s what is found.

Our data for Im b, falls below pred1c1t10ns (as does other data)

1

- and our_values for Im bO have the wrong sign for three of our four
eﬁergies and this paraméter is not plotted. A possible reaeonvfer'these'
dlsctepancies is explained Belew. The Ldtentz4Lorehz effect has been
neglected here.: Thevinelusiph of the Lorentz-Lorenz effect in&olves
(t)/[l - 1pN(r)] in analogy to the scatterlng

replacing Ab.p, (r)byAb

1PN 1PN

of an electromagnetlc wave by a polarizable medlum (See M. Ericson
and T. E. 0. Ericson, Ann. Phys. 36, 326~362 (1966).) When this is done
in the search routine, the optical parameters change slightly, but
R, varies only by about 3%. |

It should be emahasized that thearelation of TN amplitudes to
' optical patameters is'heavlly depeddentvod the assumbtioas’mentioned,
" above. The impulse approximation has been used, excited ndclear stateSv
have been neglected, and two-bodylforces have been assumed to be weak;d

Also, nuclear recoil has been neglected,IWhich may be ‘in error, eepecially
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for off4mass—she11 terms in the matrix elements 6f Vo which contribute

.30, 31 32

. to 1arge angle scattering. The Kisslinger model has, however,

been - successful in fitting pion-nuclear scattering .at low energies, where—

as the local potential model has failed. _
A problem in this analysis has been pbintedﬂoﬁt by Baker et,al.32

The radial wave equation arising from (1).is

2 - "y
v.d,.xz ' aKy ' C
5 + p(r)— + q(x) Xy = 0,
dr dr -
(r)
.doN .
where p(r) .g- dr

r 1 + Able(r)

- o ; 2 |
K~ Absoy(x) - 2B, V. - (=3B WV o o1y

(r) - | - 2

and q(r) = =
_ 1 + Able
Because of the term 1 + Able(r) in the denominators 6f'thé
coefficiénts, there is a':egular“sihgular point in the equation when
33
byPy(r) = 1.7 | . , .
Since A and pN(r) are real, the denominator factor, 1 + Ablpﬁ(r),
_induces a logérithmic branch point in the radial wave function, for

Reb _=‘-1/ApN(r) and Imb, = 0. For Im.b1 small, the singularity.becomes

1 1
a sharp peak. The presence of the singularity means that certain
regions of the optical parameter space are forbidden implicitly by the.

model.34 Because of the coupling between Imb0 to a slightly positive
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value, which violates unitarity.35

Further, tnis close approach to a singularity gives a peak in the
radial wave functionnat Re bi’= —1/A‘QN(r) when Imb1 is small, as it
is for tne best fits. The peak has no apparent physical s1gnificance and

may be considered a fallure of the theory

B The" PhaseJShlft Method

- Another method of anlaysis uses the optical modelfonly'to
calculate the distortion amplltudes in the hope of reduc1ng the model -
dependence. However, there is still a dependency whldh cannot be re-
moved (see part C of the analys1s.) The phase—shift analys;s is used to
obtain‘amplitudes fot W+ and T scettering. |
If one wtites the total amplitude as the snmvof_a nuclear
amplitude, tN,ca distortion annlitude, fD; and the point Coulomb
~amplitude, fpt’ the'total'cross'seCtion is |

dot

| N, .D, ..pt2
a0 *FE

=]£ .+ £

This equation is solved to find the form factor;'F, for each data point

at each energy, giving

=A+B,
. . ) : ‘ *
where a=fdot | odo Y LN pt
1 an aa_ e -
Cc.m. c.m.i
x 'k

and _ B = -4 Re £ £2/4 Ret" fpt;'

The measured quantity is A and the distortion effect is B. Where




_52

l .
-0.6

|
_ ’0.2 ;

Cos 8¢ m.

- -1.0°

0.2

1.5

|
Q

0.5 |~

-

o

1
0

syun ssajuoisuawi(

RS
2.0

XBL689-68I8 =

. .
pigore ¥



. ]
+ Relative

“normalizotion
error e

Fx (qa)

=Relative-
normalization
error ty

Figure 13(a) ! ‘

0.5

1.0

>



P

[ (i
. . \\\__/"J
54
I I : 7
: ' © Normal |
6k B + Normalization
_’_', ' A - Normalization ]
: 1
A 4._ . ] )
0 5 S I
—-—L —————— T e e s e St e S e S S o S S S S e e, o]
2 |- j“g; ? -
' I
: ] ] ]
0
0 0.5 1.0 1.5
Q> (F?) .
o XB8L669-6820
Sy }
‘ o

4_Figure 13(b) , | o - ’ o : ‘ )



[

55

A>>B, the distortion effect is negligible{
The distortion amplitude is calculated follow1ng Auerbach (Sée

Appendix) In Fig. 12, -A and B vs cos ec m. for 60 MeV_are shOwn. -This

- figure shows that fD'is extremely important in determining(F. Combining

all the data for the various energies,_we can plot F (q ) vs q (Flg. 13a).

_ AssUmingre Gauésian charge distribution for the helium and pion

F = exp( q ‘R /6) with. R + RH , we fit the F (q ) to Find R f vThe result
is 2 96 0.43F. In assigning the error the same_x factor mentioned in
part A is used. | | | |

| .This error does not include the uncertainty:in the form'fector

due to the error .in the relative normalization of the 7T+ and 7- data.

This is'diéplaYed in Fig. (13a);' Figure (13b) ‘shows the radius computed

independently for each F (q ) data point with different relative normali—
zations. It is noted that’ below 17 the radlus shows only slight'
sensitivity to the relatiue‘normalization; In fact, for all deta points.
the best fit to F (q ) is almost 1ndependent of the relative normaliza-
tion. At q2>l F 2 the 1arger fluctuations are a consequence. of the
insensit1v1ty of D/A to R in this region (see Fig. 9). The normaliza—
tion error in Table 1 common to both signs of beam has a negligible effect
on the form factor. |
- This method can, in‘principle, be ueed to,showethe consistency‘of

the form-factor measurement at'different energies. In this measurement -

- the statistics are not‘Sufficiently accurate for this check to be made. -

C. Distortion Amplitudes by Other Methods -

It is interesting to compare our distortion amplitudes with those
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arrived at by using other approximate calculations of fD. Wests'obtains

[

216

fg‘ =-7Vé(r) [e L Ri (r)Jjﬁ (kr)f(eZiGQ —i)/2k2r2] rzor,

“4nk YO Fﬂ(qz) Fa(qz) jo(qr)dq, with a Yukawa form for

where Vc(r)A= =

fﬂ.and a square-well densit% leading to F, = 3 jl(qb)/qb.
Here; b‘is the radius of the square well.- The nuclear radial wave
'function is~RR and the nuclear phase shift is 6 . To evaluate Rz
West has chosen a square well‘ the Kissllnger model is modfled by
substltuting [1-Ab. pN(r)] for [1+ Ab pN(r)] » following Baker et al. 33
.For our case, however, the term Aﬁfk{r) as already mentioned passes through
-1, thereby maklng the approx1mat10n invalld

Block obtains for the distortion amplitude another approxihation;'
eZiGZ +-(e216Q

) = Inx, -1 (ny=ng) 1k,

correct to first order in n, where nx, = —kf V (r) [R (r) - jz(kr)] rzdr
and N, are the Coulomb parameters defined by nz =arg I (& + 1+ in)

and n=2%2"e / v relative. Here, Vc(r) = —%E erf (r/R ) Further
discussions’ of these two methods were given by Auv1136 and'Thornauer.37

' Block's RQ is found by using a locah potential for each partial wave and - hd
a Caussian,distribution for both the nuclear and Coulomb interactions.
-The reeults for 60 MeV oktained from theae equations are also presented

in Table VI for comparison; the distortion amplitudes obtained by

Block et al.a.from the bubble chamber data are shown. The x2 cited in
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N
Table VI. Distortion amplitudéa. See text for more aetakled_nsoumpﬂcni for cach method. "
. . 2
2,2 . .
. Re Im R_"(F) . R_F) K - expdeted
Method of Auerbach et al., Kissiinger model, 60-McV data ;
S . -0.0024 % .0007 -0.010 + :0041 R o '
P -0.0063+.0010 -0.008  .0009 8.29 . - 2.8820.37 184 . - 4
D -0.0021+.0008 -0.003 ¢ .0009 o ‘
Method of West, 60-MeV data
s 0.00739 . =0.00754 : :
P -0.03114 . 0.00097 -0.27 . <4.20 {1 8.d.) 84.0 4 .
D -0.00243 -0.00010 T <1711 (2 s.4.)
Block integral Kisslinger model, 60-MeV data ‘
§  -0.00477 -0.00081 . ‘ .
P -0.00566 -0.00138 5.4 2.2640.16 6.6 4
D -0.00180 0.00113 ' " ‘ ;o
- Block integral and local potentials, 60-MeV data i
S, 0.00215 -0.00015 ' . : _
P -0.01167 -0.00400 1.66 v - 1.2940.82 164 4
D  -0.00271% 0.00203 : : ’
. Block integral and local potentials, Block's 58-MeV data
S 0.0033 . . =0014 : N . i .
P --0.0141 0.0038 0.4 <0.9(19.4.), €2.1(209.4.)
D -0.0019 ©0.0025 : ,
. . o C.
-
.. - : \ ."
. A :
. .
i A ".‘
. v ‘ i : ¢ ’
. ‘ \ .
: ' '
4
! "\
: !
; v .
i
i
: o
. o
g . ' | ' :
erm———r e e wﬂ e ! Y
]
]
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Table VI are from the fits to Fﬂ(qz).'

Ericson has shown38 that all the informgtion on the piOn»Charge:
radius is'in the S-wave, due primarily to fhé S—wave-o&erlépbbf fhé pion
with the nucleus. Since the imaginary part of fpt-is nggligible,'R
Ref’ g=0 1is the important distbftion amplitude to déterminé.‘ It wiii be
noted thatbRefD 0=0 differs in sign from method to methbd._ Thé cérfespond;
ing radii cogputed by the phaseééhift method (except for Block's -data,
where his giﬁen radius for all his energies is quoted) are shown for each
vsét of_distortion amplitudes. | |

;.To arrive.at»these distortion'amplitudes;»an itgration process
FWas used to'qalcuiate RQ. A fit was first performed using average and
D/A data. The'Rﬁ'obtained by calculating the Rz's then was insertéd into

the fitting routine. From this point, only‘the average data were used

.td fit, apd-thé prbcess:was repéated until>a value for.R,’T was convefgea.
upbn; . For the West method,-the iteration stopped when Ri bécame hégatiVef
'D. Discussion

There are soﬁe deficiencies in thé optipal—potential descriﬁtion
as applied to this problem.

Firstly, although it may provide a good phénomenoiogical fit_ﬁo
- plon-nucleus scattering data in the sense that it attempts to include
the strong p-wave T-nucleon scattering, the model'ifself may not be | v
sﬁfficient to calculate the distortion amplitudes to the accuracy
‘required in this measurement. Secoﬁdly, as emphasized iﬁ the introduction, - o

the optical potential is.a non relativistic description of the m-He

interaction. Specifically, diagrams of the type shown in Fig. 14 are
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'neglected{10’39

since their amplitudes are 11near in the pion charge, and a fundamental
assumptlon in our ana1y31s is that the only terms of this type’ are the :
pure Coulomb and the Coulomb—nuclear—dlstort;on terms. In fact, these 
'inner—bremsstrahlung terms are not taken info aécount in éqy potential;
scéttering,model. Elécfrodynamic corrections of this nature involvingI
.étronginteractions have not»beeﬁ calculated to our knowledgg. In this

connection we remark that since the pion form factor effect is at most

10% in the differential cross section, violation of charge symmetry in

the strong interaction at a relafively lqw level would be serious from:

. P ' . . 40
our point of view. However, in a recent review, Henley 0 sets an upper
limit of 0.8% on charge-symmetry violation in hadronic forces; this

" would correspond to less than 0.05F in the pion radius.

such diagrams are clearly of importance for our purposes,

a
g
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‘ 'Concius iou

We bave measured the elascic differential'cross sectionvfor
ﬂi + d > ﬁi + d scatteriug Several energles “have been used and the
phase shlfts have been evaluated Several methods and models.have
been used in'an attempt . to extract tbe‘bicn e1ethomagnetic radius.v The
detailed model avallable for describing the. pion ‘hucleus: strong
1nteract10n, Wthh also reduces model dependence as much as possible, is’
the method used in Part B of the analysis. This gives an answer of
R =‘2.96‘i0«43 F. However, as shown in Tabie‘VI,.the result varies
from>method.to method. 1Furcher, we have peinted out some inadequacies in

the model, particularly in relation to its non-relativisitic nature.
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Appendix

The distortion Amplitude used in Section B we write

[Z(2£+l)(f£+f2+f ©)p (cose)] + fpt . | e

= D(29+1) £, (cosd)££P*,

where the amplitﬁde fg is defined to be the distortion amplltude in the
Lth partlal wave; if the stronglnteraction vanishes, it dlsappears. The
amplitudes f» ze arlse from the deviatlon from a p01nt-charge dlstrlbutlon

and are purely Coulomb £P% is the p01nt—charge amplltude,

o+ -
RS
g R ’
and S I fQSize_P2<cosei = (r-1) £,

where F is the product of the electromagnetic form faétors for the
hellum and the pion. The amplitudes fQ are found by solving Eq. (@D)

W1th and without strong interactions,-usihg.

L+ - _.size
i e N
2
L
Although leze Varies with the charge radius, we find f, to be almost

1ndependent of this input, and this small variation in f, is included

o0 =g

in assigning its error as are the various sensitivities of fJz to

changes in each of the optical parameters.
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' Figure Captions

Layout of the pioh beam line.

b2
Range curve for T obtained in the scattered beam (data from |
70 and 7% deg. cdmbined).  . , ., ' ' e
The basié elements of thé logic set~up. F BIN‘3 is-shown in
detail. F BiN 4 mixes telescopes 2, 8; 13,.F BIN.S mixes 3, 19,
14; etc.». o | : |
Puise—height sﬁeqtra obtained in the sﬁattered'beam at 70 deg.
for (a) 51-Mev 77, (vb)v 60-MeV T, (c) 75-mev 1T, (d) 60-Mev LA
Empty target background haé Been sﬁbpracted. Typical error :
bars ére’showﬁ., The solid curves areﬁﬁhe bést fit of two
Gaussian_curveé to'the expefimental distribution.
“A Gaussian fit to tﬁe pulse.height.distributioﬁ of a'gountef :
in»the beam. |
é) Paramétéré used in measuring a solid.aﬁgie subtgndéd by‘a v>
rectangle. | |
b):GeOmetfy used in'solia angle correétion.
Elaétic differentialucross'sections for mp. at 60 MeV for (a) ﬂ+.
(b) T . The solid curves are the differentiél cross sections
V.from_thé phase shifts of Ref. 15;
Cross sections for (a) at and (b) T a;760 MeV with best phase- B o

shift fits, and (c) aﬁerage cross section with best optical-
model fit.

D/A as a function of cos 8 _ ., with best optical-model fits.-

for (a) 51 MeV, (b) 60 MeV (c) MeV (d) 75 MeV.
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‘Fig. 10.

Fig. 11.

Fig. 12.

Fig. 13.

- Fig.. 14.

‘the latter.

69 . .. ' "

thidal paramétérs — ﬁeB0'and Reblvfor;this and other'e#peri—
ments with theoret;gal'gurye;1 Spread indidateg:ﬁncertainty in
6?£ical parameter,Imb, with ﬁheoréﬁicallcufvevéﬁq spread.
Thé"qugntitieé —A and‘B are pl§;£eq vs éos éc. ] for.60 MeV .
(see Eq7 2). The data points représepﬁ‘fA.  The’shaded area
represents B with ité uncertainty. | |

(a) F1T plottéd‘vs q2. Best-fit curve‘is sﬁowﬁ together with
displacéments of data points caused.gy shifting éelative

ﬂf -m normalization by its efrorj' | |
(b)gRTT vs q2 for béth extréma7éf the'relatiQe normélizétion.
Two'péintshét'the largest value of q2 are{;;ssing'becauée'they:
ére not real. The best—fit‘vélué‘aﬁd errbr are pldtted"for
refe;ence.= |

Feynman diagrams not taken.into-accéunt,By the optical model.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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