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Abstract
A measurement has been made of the differential cross section
, v ' o

for the elastic scattering of positive and negative pions of énergies 51,

60, '68; and 75 MeV scattered from helium. The experiment is dis-

cussed and a phase-shift analysis is-presented. An optical-model an,ai-e

ysis has been used to extract the pion electromagnetic radius, yielding
2.96+0.43 F. There remain uncerta'inties.in this applicati<j>n of the model,

which are discussed.

o0
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~ Introduction = .. . ’

We present here a measurement of the elastic scattering processes
!

n:h ta > 11':!: + o, with a phenomenological analysis of our r:‘esults. The
experiment was Performed in an effort to obtain the pion eiectromagnetic
form factor. Our theofetical ahalysis is based on an optic‘{al model and
follows that suggersfed' by Auerbach et al. o | |
Hofstadter and Sternheim originally proposed2 that the pion charge
form factor can be obtained by the analysis of charge asymmetry in pion-
helium scattering. 1Ti1é ﬁrét experimént by Nordbe.rg and K-insey, 3
using 24-MeV p'ions', obtained RTr = 1..8 +0.8 F. Hov'vever,% Schi_ff pointed
out? the importance o"_fidistort:ion- effects in the analysis of this experiment,

s

and a recalculation based on an optical model to compﬁte the dis.tortio_n
.'?.eadé to a~modif_?c’a§tion of this result, Rn< 2.0 F (2 s.d. ).! Block et al., 6
intberpretingvthéir helium bu.bble chamber data at severé.l energies, ob-
tained thg reéults »R“_ <. 0.9 F (4 s d.) or <2.1F (2s.d.). Auerbach
‘et al. have_presen‘ted.1 a detailed discussion of the optical model as ap-
plied to the problefﬁ. E_ri'csoﬂ has pointed out7the advantage of using the
difference in th»e”Sv'- stét'e' p_hase; shift where fhe major size dependence oc-
curs. - B¢rman8 and others have criticized the interprétati;)n of the éx—
pe}'irrlz:e'nt, es';')eciallyi with fegérd to the existence of certain rvnoci'el_l_-‘
depéndenf distortion effects, which are neglected in this"analysisi. ‘ '].T‘he‘se
o : }

‘effects arise frorﬁ the fact that the amplitudé for oﬁr pro;;eiss conta’.ins
' contri:bv;ltions' from relativistic effects which have not to our know'1e>dge :
beén calculat}e\d'(’sebe part D .ovanalysis).

Our a_nalyéis gives R.,T .= 2;96ﬂ:0.:43 F. Two other 'expervi‘mental

“techniques have been used in attempts to mkeasu-re R From the
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scattering of pions off atorﬁic electrons, Cassel et al. 9 were only able to
assign a limit of R_< 3.0 F. This method is limited by the small value

of momentum transfer obtéinable using present pion beam enefgies.
.Another phenomenological analysis using electr’oprodﬁcti‘on has been used
in two experiments. Akerlbf et a1.10 find R“= 0.80+£0.40 F," and Mistretta
et al. i1 obtain RTr = 0.86:bQ.14:F. The vector-méson dominance model

predicts an rms radius of = 0.6 F.

Experlibm'ental Description

A pion beam of 90 MeV obtained from an internal target of the '184-‘
iﬁch Berkeley Syhchrocyclotron is shown schematically in Fig. 1. .vNeg-
ative pions produced in the forward direction at the target were acceptea
by the transport s.ystem._ Posivtive pions (prpduced in the backward direc-
_tiqn) wé_r.e obtained in the same beam line by reversing the cyclotron
.main> field. Consideration of.sensitivity to the pion form factor leads to
an optimum energy for the measurement of about 60- MeV for the incideht
pions;iz here (at the minimum in the nuclear cross section) a sufficiently
| lafge yalﬁe of momentum transfer is obtained and the interference between
the Coulomb and nﬁcl.ear amplitudgs is significant. The beam was de-
graded at an intermediate focus. The momentum band of +3% was
essentially the same for all energies. | )

Time-of-flight counters (TOF 41 and TOF 2) weré used to reject
electrons 61_' positrons in the béa_m (about 25% 'foz_" electrons and 5% ‘for
vpositrons) that would otherwise introduce an asymmetry in the beam

"mormalization. The time resolution was set to include the muons from

pion decay, which were approximately 15% of the flux; the correction for
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muons is described below. The direction of the incidevnt 1':>iobn iﬁ the hor-
“izontal plane and ‘the spatial divstribution'of pions at the target were de-
fined by hodoscope A (11 counters, 1.9 cfﬁ wide, 0.63 cm §hick) and B
(5 counters, 1.9 cm wide, 0.63 cm flﬁck). Two further beam-defining
counteré were used for calibration purposes. A lead openling 10 cm long
was situated about 30 cm from the target with a 7.6 X7.6-cm aperture to
reduce the flux of particles incident on the walls of the target and the
: 'vé'cuum jacket. The target itself consisted of a 7.6—¢m~diametef vertical
¢ylinder of liquid helium. |

- Scattered pions \ve;‘e detected in an array of 16 scin?tillva:tion counter
_ felescopes each consiéting of three ‘counters place.dv respectively 30.5,
»86_.4,_' and 101.7 cm from the target, as shown in Fig. 4. These tele-
scopes were mounted in sﬁch a way that they could be rotated a’vbout the
target; this facility allowed each telescope to be set in the Jprimary Beam
for éfficieh‘cby measurement. Also, the telescopes weré u.sed to.make
measurements at several angles. The most interesting r'égion, from 60
' 'to_ 80 deg, was coy'er_éd by 10 of the tele'scop-es, 5 on either sidetof the
beam. The remainder spanned the other angles between 30 Ia_nd 150 deg.
‘The.dimensio'ns’of the counters were 2.54.cm wide, 1.27 crp .thick, and
eithe.r 30.5 o.r,50.8 cm long, the longer t.ype covering the a]ngular inferval
60 vt'o 400 deg, where the contributions to the anguléxl .Ir'es.olption due to the
l_engtl.l' of the counters is srrnall..v : | | | o i

‘The two .contami_nan_ts.. among the scattered par.ticles ;)vere,inela'sti; _
cailyvgcatteréd pions, and protons arising from pion capture. The in-A '
elastic pi_pns weré rejected by a fangé requirement ih the telescopes.  At-

each angle, range curves were obtained and sufficient range (consisting
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of slabs of CHZ) was in.serted to 'reject the inelastic pions, which have at
least 20 MeV less energy than those elastically scattered. A typical

range curve is shown in Fig. 2.

Protons were rejected by use of pulse-height information as follows.

Information on which of Ehe counters fired for any one event in the tele-
scope éndv ho»dov'scope arrays wés stored in a PDP5 computer, -and on tape,
for subsequent analysis on the CDC 6600.

The trigger for an event was a beam-particle trigger plus a scat-

tered-particle trigger. The former was defined by a time of flight within

the appropriate gate as well as by the two hodoscopes; the latter required.

all three telescope counters.

At the time of an event trigger, the pulse height obtained from the
Qutp_ut of the first telescope counter was stored in the computer. The
separation of pions and protons was essenfial,_ since the protons from the
capture process, if counted to any significant extent, .coulc‘l introduce a
marked asymmetry between ™ and 'rr+' cross sections. The probability
of capture of a pion in nuclear matter on twoi unlike nucleons is several
times that for likre nucleons, which gives rise to an observed ratio of
energetic proton yields from helium of about 18 to 1 for 'rr+ and ™ cap- .
ture respectively. To allow for the slight overlap of the pu_lse-heigﬁt-
spectra for each telescope, each run was fitted by an .exp_fés sion which
was the sum of two Gaussian distributions; the total area under the ‘peéiis
was constrained to be the total number of counts in tﬁ,at tel.eSCOpe, but
the ratios of the areas of the peaks, their positions, and their widths
were allowed to be free parameters. Examples of pulse-height spe_ctra '

are shown in Fig. 3.

£yl
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During the runs,: many checks on the consistent behavior of the
;:ounters, on the elec't;‘onicé, and on the pion beam itself were made.
Most of these chec;ké were monit;)red by the on-_.-line computer. The im-
pbrtant accidental c%oihcidence rates were also rnjonitored.

Chéck_s on the efficiency of each telescope were made by rotating

each into the primai;y beam (0-deg direction) and measurir!‘xg the ratio of
te}escope counts registered in the computer to the numb‘er’% of coincidences
between three additional counters--thesé coinciden\ces d'efi!ned a pion as
having passed through all three telescope counters.

The method of running was typically to spend about 1 hour with the
target full (about 104 events) and then 0.5 hour with the target empty,
.folléxved by abqut 5 minutes triggering the computeﬁr only on a beam par-
tiv'cle; éhis last type of run provided a random éample for méasuring the -
angular and spatial distribution of the beam at the target as well as a
moni’tovr.von the pr().babi'lity of random counts in the teiesco’pe counfexfs.
The .signal-.té—b‘a‘ckgro‘und ratio‘ was typically 10:1 at backward angles
and about 2:1 around the minimum in the cross section.

Sever-al correcfions were applied to the data, both to the number of
scattered pions at a givep-angle and to the intensity of .th_e' incideht beam.
- Those corrections~a're surrm.larbize.d in Table I, ’aﬁd the important ones
"~ are discussed below; 1t should be noted thaL several of fhe correqtiéns
_ aré the same for both the éositive and negative cross-section rﬁeasure-

_ ménts.. |
| The main correction to the incident beam intensity was for the
muon contamination. This wals calculated By using a Monte Carlo Lype

program simulating the trahspoft of pions f‘_rorh the cyclotron internal
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target to the helium target and including w-p decay in flight. The pre-
dicted range curves and time—qf-flight spectra were compared with those
obtained experimez_l'tally and wére found to be ih’g_ood,agreemen_t. The
fraction of muons varied from: 20:*:3% at 54 MeV to 12%2% at 75 MeV.
The other éoryection to thé incident flux was the random éoincidence

between an clectron é_r pqsitroﬁ in the counters immediately ahead of the
target and another particle counting in the upstream time-of-flight
counter (TOF). Tbis cqrrection amoupted to about 3% with less than 1%
differeﬁce betweén the two sigx;ls of beam.

The major cdrrection to the number of scattered pions is the loss
due to multiple scatte’ring: in the target, c_ounfers, and range. _.This cor-
rection \yas‘conlputed for each angle with é Mohte Carlo program inc].ud;
ing energy lossl of the particles and w-p decay, as_well as the sCatteﬁng
process. The ervror‘of 1.5% in this correction arose from the_‘sté.tistical
~nature of the Monte Carlo proce‘ss. Nuclear scattering and absorption
were estimated by using the da'ta‘of Stork13 and Byfield14 as well as data
obtained in the beam in this experinlenf, both sources of information being
essehtial}y in agreement;_. the error of 2% in this figure is an es@imate from
the published data. ‘

Data for each s.ign of particle were obta"iﬁed_at 51, 60v, 68, and 75
MeV. The‘ corréction for the prot_ohs arising from - capture was mea-
sured to Be 5% at 60 MeV. The'correct_i(_)n‘s atothe‘:xv‘, momenta were made
by assuming that the ratio of the proton yields fronﬁ o and capture is
~constant with energy..

As a check on the whole setup, some data were obtained at 60 MeV,

with hydrogen used in the target. For these measurements the absorbing
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i ! C

. ranges were removed from the telescopes. These data are shown in
.. Fig. 4, compared with the predictions of the most recent wp phase-
shift 'analysis.15 ‘The agreement is reasonable considering the preci-

‘sion, in this .re.gion-, of the data upon which the phase-shift analysis is

based.
 Analysis
'Figure 5 shows %‘—%-v ’ %%i ~, and g—%—‘-ﬁ&
: ’ c.m. c.m. c.m.

The difference in fhe"cross »sections divided by the average (=D/A)

is éhéwn in Fig. 6. 'I‘his v,a'“riab.le is_sensitivé to R _ because the nuclear
iamplitudé cancels to 'fi'r.st order and bec_aﬁse it is indebendent of those cor-
-‘:rection faclv:o‘vrs- which_are the same for m and at. The sensitivity to RTT
is shown for 60 Mev. The data in the form of differential cross sections
versus GC;'m. are p%esepte‘d in Table II. ‘.

A phase- shift aﬁalysis has been made up to the D wave. Higher
'pa'rti:al waves'are. not sign_ificant. The phése shifts are shown in Table III.
The total ineléstic cross-section data of Block et al. 6 are> used to co'n;-
_stféin’the imagina.ry parts 'of‘ t};e‘ phasé shifts. .

 Two methods, described below, héve been used to extract the pion

radius.

A. The Optical Potential Method

In this method‘ a p‘a'-rvticular potehtial is’ péstulated‘ for the_sti‘ong
‘vinte.ractivon. .Follo.wiﬁg the meéhod of Auerbach et ali, 1 a Kisslinger
- rnlo‘devl'16 is used for th¢ form of the potential. -Thé modified Kleir;_

Gordon eqﬁation

(- 9% +42) = [(E, - V)2 - U1
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is solved, where E is the totallc.m. ener’gy of the pion, p is the reduced
mass, and VC is the Coulomb potential. The ;)ptical potential, U, is

defined by

Uy = [-Aby kz%r) + oAb, Vo T,

with A the number of nucleons, b, and b, the complex optical param-

0 1

eters which are introduced to represent the s- and p-wave wN scatter-
ing, respeétively, and pN(r) the nuclear density. To allow for the recoil
of the a particle andvprbvide for relativistic kinematics, a modification’17

of the expression of Goldberger and Watsonis. is used:
(v2+k2)¢ :V(ZE V. + (4-3E__/W)V 2 - U (1)
. . eq ¢ eq c - ’ :

where Eeq is the equivalent relativistic one-particle c.m. energy, W

19

“is the total c.m. energy, and k is the c.m. momentum.

This‘ ‘équation.is solved for the radial wave functions. Given bo, b'i,

Eeq’ pN(r), and Vc’ cross sections are obtained for the solutions by

.fnatching logarithmic derivatives at the nuclear surface to the external
- Coulomb wave functions in the conventional way. For a given energy,
then, there are six parameters which lead to preaicted cross sections:

the real and imaginary parts of bO and bi’ and radius parameters for

pN(r) and for Pe (r). A Gaussian form is taken both for the nuclear
density -pN(r) and the combined w-He charge density .pc(r.): ,

2,2 1/2 13 | L 2,2 2. 13
pN(r): A exp(- r°/a%)/[(w) / a} -and pc(r) = Ze exp(-r /RC )/[(Tr1/ RC] .

The Coulornb radius parameter is related to the rms radius of the pion

by R 2= 1.5 R 2-— R 2, with R., =1.65+£.03 F, from electron scattering
™ c He “"He : &

. 20,21 ' '

experiments.
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An optimum set of parameters is found by searching for the best
fit to the data. A fit is made simultaneously to the average_cfoss section

and to the D/A data. .

The parameters bo, b1, a, and Rc-obtained by this direct method

22 The

of fitting the data with an optical model are listed in Table IV.
errors quoted are derived from the diégonal elements of the error matrix
shown 1n Table V. "Rc's dia;g.onal element is sﬁfficiently larger than its
off-diagonal elements, so that th.e error quoted for Rc, and cénsequently
for R“, is, .w'e- believe, reliable. The errors on the parameters in the
table also include uncertainties in absolute and relative T on normaliza-
tion. . 1
The values of XZ obtained by using statistical errors only for the
best fits are éoniewhalé larger than expected from the numbers of‘degr.ees
of freedom. In propagating the errors of the data to include systemétic

- errors, we have increased the estimate of the errors by an appropriate

factor- (XZ/XZ 1/2. The fits to the D/A data are better than

expect_ed)
those for the average, since some systematic errors in the experimental
corrections made for a particuiar angle would cancel in D/A.

A problem in this analysis has been pointed out by Baker et al. 23

The radial wave eqﬁation arising from (1) is

2

d Xy dX'g
2 PP gt Al =0,
r
dp(7)
where p(r) = £+ o Siam

1PN ()



-10- i . UCRL-18473

2

k™ - Ab 2

(r)- 2E__ V_- (1-3Eeq'/W) v,
‘1+Ab1pN(r) . :

0PN

2(4+1) .

2
r

and q(r) =

Because of the term 1 +Ab1»pN(r) in the denominators of the co-

efficients, there is a regular singular point in the equation when

o A 24
Ab.1 pN(r) = -1,

Since A and pN(r) are real, the denominator factor, 1 + Ab:l pN(r),
induces a logarithmic branch point in the radial wave function, for

Reb-1 = -1/A pn(T) and Imb, = 0. For the Imb, small, the singularity

1

Bé,_cor‘;nes a sharp peak. The presence of the singularity means that cer-
tain regions of the optical parameter space are forbidden implicitly by

the model. 25 Because of the coupling between Imb0 and Imbi, in fitting

our data, the above restriction on Imb, forces IrnbO to a slightly positive

1

value, which violates unitarity. 2

B. .Tﬁe Phase-Shift Method
| _Anothe.wr method of analysis uses the optical model only to calculate
the distortion .a'mplitud'es. The phase-shift énalysis is used to obtain
ainplitudes for . apci T scattering. :

If one writes the total amplitude as the sum of a nuclear arnpiitude,
,v f-N, a di‘stortyion amplitude, t'D, and the point Coulomb amplitude, -fpt,
the total cross section ié |

2

do+ L fD " Ffpt

a2

:fN

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

each energy, giving

F = A+ B, , : : - (2)
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_{ dot - do- : N* pt.v

where A= (-a—-g— .ot )/4 Re f° f
C.m. Cc.Im.

and B = -4 Re flfIf“fD /4 Ref " Pt

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

h. 1,27 In

The distortion amplitude is callculat.ed following Auerbac
Fig. 7, -A énd B vs ;és Gcm for 60 _MeFV are shown. This figure shows
that 0 is extremely impoi‘tant'iri determining F. Combining all the data
for the various energies, we can plot Fﬁ(qz) Vs qZ (Fig. 8a). Assufning
a Gaussian chafge distribution for the helium and pion F = exp(—quZ/é)
.wi.th RZ: RTZT' + R‘fle’ we fit the Fw(qz) to find Rﬂ. The: result is 2.96:!:0.4‘3 F.
In assigning the error ;‘the same XZ factor mentioned in pé.ft YA is dsed.;

.Thi.s err'qr does not include the uncertainty in the form factor due to
the error in the relative normalization of the w+ and w- data. This is |
displaye'd'in .Fig. (_8a)A.‘ Figure (8b) shows the radius computed indepeh- '
dently for each F“(q_z)b (.la;ta.poivnt wifh different relative nofmalizations.
It is noted that be].éw 1 F_z the radius shows only slight s_ensitivity ‘to the
‘relative n‘or_m'alizaitioh. Inv fact, for all data points the best fit ‘to. Fﬁ(qz) is
almost independent. of the relative normalization. At q2 >1 F-thh_e larger
fluctuations g.'re, a'cons;eqvuer‘ice'o‘f'th_e in_sensitiviity of D/A to R-rr in this re-
gidn (see \Fig.v 6)7 The né‘rn’ialization errd.r in Table I common‘tobr‘)th
signs of béanl has a negligible effect on the form factor. '
| This method can, in principlve, be @sed to show the consistency of

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

the statistics are not sufficiently accurate for this check to be made.
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C. Distortion Amplitudes by Other Methods {
It is interesting to compare our distortion amplitudes with those ar-

rived at by using other approximate calculations of fD. Weslﬁ5 obtains

' = 216, . . 2i8 |
f£D="‘§VC(1’) [e PR 2 -3, ) - (e 3-1)/2k2r2]r2dr,

S. F (qZ) ¥ (qz) jn(gr) dq, with a Yukawa form for
b T o 0

where V (r) = 4nk
C W™

| F-rr and a square-well density leading to Far: 3 ji(qb)/qb. " Here, b is

the 'radius of the square well. ' The nuclear radial wave function is RZ and the

nuclear phase shift is 62. To evaluate RZ West has chosen a square well;

 the Kisslinger model is modified by substituting [1 - AbipN(r)] for

[1+ Ab1 pN(r)] B 1, following Baker et al. 23

Blockéobtains for the distortion amplitude another approximation,

216 218 '
. D o
fz =[nxze £+(e 2“1)(n£'n0)]/k:

216y o
where an additional term of the form (e -1) 2n log[1/2(1-cos 0)] /k is

neglected, and where nx , = -k [ Vc(r) [Rzz(r) - jzz(kr)] rzdrv and "qz are
the Coulomb parameters defined by N, = arg T +1 +-in) and

~2nk
r

n= 227" ez/‘ﬁv Here, Vc(r) =

eff(r/RC). Block’suRz is

relative’

found by using a local poternitial for each partial wave and a Gaussian dis-
tribution for both thev nﬁclear and Co_ulomb interactions. . The lre_sults for
60 MeV obtained from fhese equations are also pres.ehted in Table VI for
comp‘arisonﬁ the distortion amplitudes obtained by Block et al.6 frérﬁ the .
bubble chamber data are shown.

Ericson has shown’i_ that all the information §n the pion charge radius

is in the s wave, due primarily to‘the s-wave overlap of the pion with the
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D
£=0

important distortion amplitude to determine. It will be noted that Re fl;=0

nﬁcleus. Since the im'aginafry‘,part of fPt is negligible, Ref is the
differs in sign accordéng_ to the method used. The corresponding radii
computed by the pl;xasg—shif£ method (exc‘e_pt for Block's data, where his
radius for all his eﬁe;gies is quoted) are shown for each set of distortion
amplitudes. |

D. Discussion

There are some deficiencies in the optical-potential description as
applied to this problem.

Firstly, although it may provide a good pHenomenoldgical fit to pion-
nucleus scattering data in the sense théf: it attempts to include the strong
p-wave w-nucleon scattering, the model itself may ﬁot be sufficient to
calculéte the distortion amplitudes to the accur‘acy reciui.red in this mea-
surement. S_econdly, as emphasized in the int‘roduction, the optical
inot_ential is a nonrelativistic description of the w-He interaction. Specif—

8,28 such

vivcally, diagrams of'.the type shown in Flg 9 are neglected;
diagrams are clearly of importance for our purposes, since their ampli-
tudes are linear in the’p-iori chafge, and a fundamental assumption in our
anélysis is that the only terms of this ty‘pe are the pure Coulomb and the
Couldmb—nuclear -c.lis.t-ortio'n terms. . Eleétrodynamic corrections of this
nature’'involving s.trong invtera.ction-s have not beenlcalcul_ated.to our knowl-
edge. In this connection we remark that since the pion‘ form factor effect
is at most 10% in the differehtial cross section, violation of charge sym-
metry in the strong interaction at a .relative.ly low level would be serious

29

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

~would correspond to less than 0.05 F in the pion radius.
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Conclusion
The w# - He elastic differential c'réés_zsect‘i'ol.'l has been measured at
several energies and phase shifts evaluated. In attempting to extract the
- pion electromagnetic radius from the difference in the crosé sections, the
most detailed model_a’_vvaillable for describing >the"pionv nucleus interaction
has been used, -yielding R“;2.96:!:0.43 F. This resultis clearly; incon-
sistent with the ‘vec-tor meson dominance model and with measurements of
VRTT using electroproduction. Sqme inadéquaciés in the model ha.v'e been

emphasized, particularly in relation to its nonrelativistic nature.
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We write

zD:Efz'Slze) PE (CO? 9)] + fpt

=ty
n

[Z(@2+4)(5, " +1

Z(28+1) £, (cos0) + P,

where the ambli}tude sz is defined to be the distortion amplitude

in the [fth partial wave; if the strong interaction vanishes, it dis-

‘appears. The amplitudes f512€ arise from the deviation from a

point-charge distribution and are pu.rely Coulomb; Pt is the point-

charge amplitude,

and

L Z(28+1) f;ize P,(cos ) = (F- 1) P,

"~ where F is the prbduct of the electromagnetic form factors f.o‘rv '

the helium and the pion. The amplitudes sz are found by sdlving
Eq. (1) with and without strong interactions, using

+ - size
)

- Although fzslze varies with the charge radius, we find sz to be .

almost independent of ‘this input, and this small variation in fZD is .
i : ’

~-included in assigning its error as are the various sensitivities of f,Z'

to changes in each of the 6ptica1 parameters.
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Table I.- Corrections applied to the new data.

Description of measurement or Approximate Approximate error
: correction Source of estimate " amount of in measurement or
: correction correction.
: : . (%) (%)
CORRECTIONS TO AND MEASUREMENTS OF BEAM INTENSITY: A
1. Number of beam particles Scaled at 100mHz . -a-?
2. p fraction ' (i) “ Monte Carlo
' (ii) Range + time-of-flight measurements -15 3
3. Randoms Measured experimentally ) 3 1.5
4. Dead time Measured experimentally <1
CORRECTIONS TO AND MEASUREMENTS OF NUMBER OF PIONS SCATTERED:
1. Number of pions . Scaled --- 2 (statistical)
Solid-angle measurement From counter position survey --- 1.0
3. Multiple scattering in target - +10 ,
-+ counters Monte Carlo o ' -+1.5
+ range a
4. mw-p decay - +15
p's detected from w-p decay -5
6. Nuclear absorption and scattéring in (i) Tinelastic and “elastic data + 72 2 (exptl. errors)
counters and range .. :
_ _ _ : (ii) measurements in beam _
7. p's Coulomb scattering in 4He . Calculated -2 <0.5
; - - at forward angles?
Inefficiency of counters Measured frequently during expt. <1 <0.5
Contamination by protons from m Disfinguished by pulse height ' -—- ---
capture o _
10. Correction due to two C counters From ''beam triggered' runs 1 to 2% <0.5

firing

—8;—

cLy8T -TEDN

a. Cancels fqr D/A.
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Table II. Data for each of the four energies in the form of differential -
cross sections as a function of e‘c

m.
- do+ do+
Oc.m. aw €, F-) €.
(deg) (mb/sr) (mb/sr) (mb/sr) (mb/sr)
514 MeV
31.5 1.516 0.140 5.1492 0.254
36.7 1.611 0.136 3.969 0.166
41.9 1.223 0.093 2.978 0.145
47.4 1.131 0.093 2.033 0.107
62.5 0.434 - 0.024 0.560 0.025
67.6 0.266 0.023° 0.371 0.020
. 72.7 0.323 0.020 0.269 0.019
77.8 0.375 0.023 0.314 0.020
82.8 0.581 0.026 0.427 0.023
92.9 0.993 0.050 0.950 0.041
102.8 1.610 '0.057 1.638 0.053
122.5 3.433 0.144 3,715 0.132
132.2 4.095 0.164 4.471 :0.148,
141.8 4.764 0.477 4.791 0.147
. 151.4 4.918 0.194 5.034 0.156
60 MeV
31.5 2.661 - 0.075 6.712 0.146
36.7 2.634 0.071 5.033 “0.106
41.9 2.327 0.052 3.854 0.076
47.1 1.663 0.046 2.835 0.062
62.6 0.534 0.010 0.747 0.013
67.7 0.366 0.009 0.436 0.009
72.8 0.325 : 0.008 0.306 0.008
77.9 0.375 0.008 0.336 0.009
83.0 0.618 0.012 0.5214 0.0141
93.0 1.128 0.021 1.077 0.021
102.9 1.928 - 0.031 1.916 0.031
122.6 3.936 0.079 4,232 0.083 .
132.3 4.592 0.104 4.875 0.109
141.9 5.422 0.450 5.544 0.153
151.5 5.721 0.196 5.924 0.203
68 MeV .
31.6 4,031 0.190 7.299 10.273
36.8 3.612 0.176 5.312 0.361
42.0 3.247 0.135 4.494 0.164
47.2 2.651 0.426 3.082 0.223
62.7 0.722 0.025 0.925 0.034
67.8 0.437 0.020 0.512 . 0.026
72.9 0.382 0.018 0.366 0.022
. 78.0 - 0.447 0.019 0.388 0.025
83.1 0.692 0.025 0.556 0.030
93.1 1.350 0.047 1.180 0.051
103.0 2.094 0.063 2.018 0.069
422.7 4.011 0.149 4.392 0.142
'432.4 -4.961 0.1476 5.098 0.163
142.0 5.853 0.213 5.543 - 0.316
1541.5 5.843 0.267 5.591 0.333
75 MeV
31.6 5.940 0.205 9.394 0.236
36.9 5.252 0.167 7.080 0.215
42.1 4.268 0.141 5.858 0.132
47.3 3.006 0.104 3.979 '0.427
62.8 0.960 0.025 1.119 0.023
67.9 0.623 0.019 0.667 0.017
73.0 0.458 0.017 0.488 0.014
78.1 0.529 0.019 0.498 0.015
83.2. 0.776 0.023 0.710 0.018
93.2 1.4413 0.042 1.325 0.035
103.1 2.203 0.057 - 2.361 0.050
122.8 4.508 "0.143 4.578 . 0.103
132.4 5.264 0.152 5.379 0.116
142.0 6.054 0.475 5.646 0.169
0.200 6.046 0.203

151.6 6.114




Table 'IIl. Phase shifts (degrees)

Energy ‘
(M’eVQ ReS ImS ReP ImpP ReD ImD
i 4 ) ’ . A

m - 7.5%.5 1.6+1.8 9.0%.2 2.2+1.4 1.0£.1 .2+, 3

o -~ 9.3%,2 1.9%1.2 9.1%.2 2.4%1. 1.0+. 2 ]

nt - 8.0%.5 2.9+ .8 11.4%.3 1.444. 1.6%. 1 34,3
fow - =10.4%.3 2.0%1.2 114.4%.5 3.3%4. 4.4%.1 LT 4

»T . 8.6%.5 1.7+ .8 13.4%. 5 3.7+, 2.4, 1 6%, 2

LA -11.0%.5 2.4+1.8 12.8+. 5 4,12, 1.7+, 2 .81

nt - 7.9%1.4 A£1.6 15.5%. 5 7.2%4. 2.8+.3 . 6%. 5
75 - | - : _

m - =10.7% .9 1.6£2.2 15.2%. 5 6.2%3, T2.7%.2 . 8.2

~

02"~

€LF8T -TU0A
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Table 1V. Optical parameters, and radial parameters obtained by obtic.al-model fits at each energy. -

3 3 3 3 2 2 2 2 Phase-shift 2 2

Tﬂ'(MeV) Rebo(F )- Imbo(F-) Rebi(F ) Imbi(F ) a(F) Rc(F) R"(F) X X X X method X X

'\ . ' ' (D/A) (av) éxptd. Ry exptd.
51.3  -2.94%.10 .099+.28 5.83+.30 .100+.40 1.25£.04 2.37+.30 2.39£.45 167 23.8  40.5 24 16 34.9
59.7 ' -2.63£.09 -.465%.17 5.96+.20 .167+.25 1.264.04 2.37+.48 2.39£.27  39.2 53.9  93.4 24 16 85.8
: . » : 2.96+.43

67.6  -2.26+.11 -.568%.19 6.10£.30 .797£39 1.19£.04 2.13£.33 2.02%52 27.2 254 523 24 16 39.4
16 52.1

«2.18%. 41 ~.480+.18 6.22+.24 .567£.35 1.20%.04 2.38+.28 2.40%.42 28.6  29.5 58.1 24

—IZ—

€L¥81-T19DN



Table V. Error matrix for best fit at 60 MeV.

Reb,, - Imby Reb, ~  Imb, anr R,
1.5% 10" ‘-1.4><1o'_4 ~4.4x 1074 1.6><1o'4. ] 1.4ax10”? 3.4%10"%
5..8x1,of4_ o7.8x10”%  i1.6%1072  -9.9x107°  --8.7x10"%
- ssx1073 43x10°%  -6.6x1072 3.6x 10"
6.3 103 -8.7%10°° 2.4 10"
1.6x10" 3x10”%
5.8% 10>

—22-
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Table VI. Distortion amplitudes. See text for more detailed assumptions for each method.

UCRL-18473

)

)

el

b »

Block integral and local potentials, Block's 58-MeV data

0.0033. -0.014
-0.0141 0.0038 -0.4
-0.0019 - 0.0025

<0.9(1s.d), <2.4(2s.d.)

- > =
2 2
Re . Im 3’,_ (F7) R_(F) » X expdcted

Method of Auerbach et al., Kisslinger model, 60-MeV data

-0.0024 + .0007 -0.010 £ .0011 .

-0.0063 + .0010 -0.008 + .0009 8.29 2:88+£0.37 18.4 4
-0.0021 + .0008 -0.003 £ .0009 .

Method of West, 60-MeV data

0.00739 . =0.00754 ) R

. -0.01114 0.00097 -0.27 <1.20 (1 s.4d.) 84.0 4
-0.00243 -0.00010 <1.77 (2 s.d.}

Block integral Kisslinger model, 60-MeV data

-0.00477 -0.00081

-0.00566 . -0.00138 ) 5.11 2.26+0.16 . - 6.6 4
-0.00180 0.00113

Block integral and local potentials, 60-MeV data

0.00215 © -0.00015 ' .
-0.01167 ) -0.00100 1.66 1.29£0.82 76.1 ‘4
-0.00274 0.00203 '
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Figure Captions

Fig. 1. La.yout of the ;;ion beam line.
Fig. 2. Range curve for m obtained in the scattered beam (data from w
70 and 75 deg combined).
Fig. 3.‘ Pulse-height spectra ‘o.btained in the scattered beam at 70 deg for
(a) 5+MeV 17, (b) 60-MeV 17, (c) 75-MeV w7, (d) 60-MeV 7.
Empty target background hasr been ,subtr“acted. Typical e.rz;of bars
are shown. The solid curves are the best fit of two v(.;’au:s_sian.
curves to the expevrimental distribution.
Fig. 4. Elastic diffe_fehtial cross sections for mp at 60 MéV for (a) -n'+,
(b) 7~. The solid curves are the diffe"x.'ential cross secfions from
the phase shifts of Ref. 15.
Fig'. 5. Cross sections for “(a) 77 and (b) w at 60 MeV \Qith b_e'st p};'ésef
shift fits, and '(vc)"averége cro‘ss section with bést optical—in‘ddel f1t
Fig. 6. D/A as a fuhc£1611 of cos BC' m. with best -optical-n.n‘avd.él fits.
Fig. 7. The quantities -A and B are plétfe’d’vs cos Gc.m. for 60.MeV (see
Eq.2). The aata points represént -A. The shaded area _represénts
. B with its uncertainty.
F1g 8. (a) 138 plotted vs qz.'- _Best—ﬁt curve is sh_own together with dis-
placements of data points caused by shifting'relati\}e 17+- T
'nornla.lizatidn. by its erx"or;
(b) R-rr vs. q2 for both extremavof the relative normalization.
‘Two points at the largest s)alue of q‘z are missing because they are
not real. Th.e best-fit vaiﬁe and error-are plotted for reference.

Fig. 9. Feynman diagrams not taken into account by the optical model.

4
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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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