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SCATTERING OF 310-MEV POSITIVE PIONS BY PROTONS:
EXPERIMENTS AND ANALYSIS

Ernest H. Rogers
Lawrence Radiation Laboratory -
University of California

Berkeley, California

March 19, 1962

ABSTRACT

The differential cross section for elastic scattering of 310-Mev

positive pions on protons has been measured at 23 angles between 14 deg

‘and 165 deg in the center-of-mass system. The fractional rms errors

~were typically 3%. A liquid hydrogen target was bombarded by a beam

of 2X 1_06 pions/sec. The scattered pions were detected by a counter
telescope.” The data at small angles clearly show constructive interfer-
ence between nuclear and Coulomb interactions, A total cross section
of 60.0+1.4 mb was measured by attenuation,

These data werev combined with data on the polarization of the

recoil proton, which were taken simultaneously with the cross-section

measurements, and a phase-shift analysis was made. This analysis

was hampered by the small angular region covered by the polarization
data (114 deg to 145 deg), but even this limited amount of information
about the polarization proved extremely valuable. It was impossible -
to obtain an adequate fit to the data in terms of only S- and P-wave
phase shifts, However, a very satisfa'cto.ry fit was obtained when D
waves were also included, Moreover,. this solution was unique, Only
one set of SPD-wave phase shifts agreed with the data, This set was of
the Fermi type. When F waves were also included in the analysis, the
fit to the data was not improved significantly, However, the errors on
the S;, P-, and D-wave phase shifts increased from about 1/2 debg to
around 2-1/2 deg, and additional sets of phase shifts \tha't fit the data
arose, ‘The S-, P-, and D-wave phase shifts diff_er considerably among -
the various sets, even though the F-wave phase shifts are quite sfnall,,

Most of these sets may be discarded by theoretical arguments, but one

is left with at least two possible Fermi-type SPDF solutions,



I, INTRODUCTION

The inve stig'ati_on of the pion-nucleon interaction is of: fundamental
importance to the progress of nuclear physics., For example, the nueleus
is thought to be held together by forces arising mainly from ét-he- exchange
of pions between Various nucleons. The investigation of the scattering of
pions on nucleons is the most direct method of examining the pion-nucleon
interaction experlmentally Any satisfactory theory of the pion-nucleon
1nteract1on or any more comprehensive theory of strong interactions,
must encompass this data. At present neither theory nor experiment
seems to be satisfactory, .. The purpose of this work was to give a more

accurate experimental description of pion-nucleon scattering in order to

| provide a more stringent test of present and future theories, and perhaps

to suggest lines of future theoretical development. )
Pion-nucleon scattering experiments are usually analyzed in terms
of phase shifts. Each phase shift describes the scattering for a particular

quantum-mechanical state of orbital angular momentum lf\ , and total

.angular momentum Jh, of the pion-nucleon system. These parameters

provide the traditional meeting ground between theory and experiment,

The motivation for this approach comes from the short-range character '
of the pion-nucleon force, which implies that'the first few angular-momen-

tum states dominate the interaction, For example, viewing the scattering

" classically, if the incident pion enei‘gy is 300 Mev, an impact parameter

of 1 pion. Compton wavelength corresponds to £ =2. If, as we expect,

1 pion Compton wavelength is a reasonable estimate of the range of the

interaction, then the main contribution to the scattering will come from

~ states of £ € 2, The contribution from higher-order terms (larger {

value) will become progressively smaller quité rapidly. Therefore, one

: expects to describe the scattering at this energy fairly accurately in terms

of only S-, and P-, or S-P- and D-wave phase shifts, S, P, D etc.,
represent states of £ =0, 1, 2, etc., in the usual way. There are two
possible values of J for each value of £, namely J = |ﬂ * 1/2' ! In our
phase -shift notation, the flrstsubscrlpt is‘twice the 1sotoplc spin, The
isotopic spin’is always 3/2for p scattering, but may be either 1/2 ox
3/2 for v p scattering. . The second subscriptis 2J(e.g. P_ , is the phase

shift

3’,’3



for £=1, J =3/2) . -Itis also clear from this classical analogy that
higher-order phase shifts are expected to become important when the
-scattering en'er'»gy is incr.ea.s‘edo ‘In order to obtain phase shifts from

- experimental data,--one has to neglect the small phase shifts, i.e., set
- all phase shifts equal to zero for { greater than some value [rna.x" The
nonzero phase shifts are then required to fit the experimental data,.

| must be determined experimentally, ‘We assume that the values
of the large phase shifts obtained from the analysis are not distorted by
. neglecting the small phase shifts. The earlier analyses of positive pion-
proton scattering have generally been made in terms of only' S- and P-
" wave phase shifts ({ max - 1). It was possible to obtain acceptable fits

to the experimenta data in terms of S- and P-waves, and the data were
"not sufficiently accurate to obtain meamngful results if: D waves were
included (£ max - 2). The data consisted entirely of differential and

total cross-section measurements, Attempts to obtain phase shifts

from cross-section data were hinderéd by ambiguitiés, These ambiguities
“are of several types, but all give rise to the same situation. That is,
they give a prescription for taking a given set of phase shifts and producing

“another set which yiélds the same, or nearly the same, differential cross

‘section as the first, Therefore,. there are several sets of phase shifts

< that fit the differential cross section equally well, However, Fermi

i IS'Oih%ed‘ out that in general these varioﬁs sets ofA\phase shifts predict

- different values of the polarization of the recoil proton, 1 50, in principle,
these ambibuities could be resolved by -méasurihg the polarization, but
‘pion-beam fluxes were too low to make this experiment feasible, The
various ambiguities are: (a) the Yarg, in which the sign of (P3’ '3—"P3’ l)
i's“re':/ers'e''d;'Z (b) a similar D-wave ambiguity first pointed out by
Clementel and Villi;3 (c) the Minami ambiguity,- in which all phase shifts
of the same J and different £ are inte rchanged;4 (d) the sign ambiguity,
‘in which the signs of all the phase shifts are reversed. ° The Minami

ambiguity has been resolved by comparing the energy dependence of the

2,5 A

phase shifts at low energy with general théoretical predictions.
Fermi's choice of P-wave phase shifts has been generally accepted, .

mostly because they are strongly favored from a theoretical standpmnt

There is also some indication that-the Yang-type solutions may not agree



with the requirements of the dispersion relations for -the spin=-flip
forward-scattering amplitude, 6 The sign ambiguity was resolved by
obs»ervving the interference between nuclear scattering, and Coulomb
sté.ttering, 7 The knowledge about the phase shifts from earliér experi-.

ments was then:

: P3 3 is large and postive, It rises rapidly and passes through
resonance (90 deg) at about 190 Mev, '
S3- 1 is negative., Its magnitude, which increases with energy,

was not well known above the resonance, wheré the inclusion of small
D-wave phase shifts in.the analysis can affect its value substantially,
P3 l-is small, Its sign was not reliably determined.
D3, 3and Dy g
shifts were thought to be less than 15 deg, because the data could be

were virtually undetermined., The D-wave .pha.se

adequately fitted in terms of only S and P waves, The most striking
feature of this scattering is the resonance in the P3 3 state, This state
dominates the cross-section data to such an extent that it has been: .~

difficult to determine the smaller phase shifts a.cﬁclirately, "However,

the polarization of the recoil proton, which comes from interference

between phase shifts, is more sensitive to the values of the small phase
shifts, » ‘

In order to resolve these various ambiguities _ex’perifnentally, and
to obtain accurate values for the smaller phase shifts, an effort to
measure the polarization of the recoil proton was clearly called for,
However, in order to make use of the polarization data, it was also
necessary to measure the differential cross section more accurately

than previous expefimenters have done. For example, when the data

~of Mukhin et al., which were the best cross-section data before our

experiment, were analyzed, several ambiguous sets of phase shifts
were obtained. 8 Each set predicted quite different values for the
polarization, However, the accuré,cy'of these predictions was quite:
poor. In general, almost any value of the polarization was consistent
with the cross-section data for all types of solutions. \
For these reasons, we have rnadev some measurements of the

polarization of the recoil proton and a relatively accurate measurement

- of the differential cross section of 1r+-p scattering at an incident-pion



kinetic energy of 310 Mev in the laboratory system. -The emphasis was
placed on obtaining maximum accuracy and r_e'liabilvity- at this one energy,
rather than on obtaining data at several energi:e s. This scattering energy
was chosen for several reasons. The pion flux at 310 Mev was near to
the maximum obtainable from the 184-in. cyclotron. A small increase
in energy would have brought an appreciable loss in pion flux, which .
would have seriously hampered the polarization experiment, A reduction
. in the scattering energy would have limited the angular region over which
polarization data ‘could be obtained even further, because this limit results
from the fact that polarization could be measured only when proton energy
was greater than 140 Mev,

At this enérgy, inelastic scattering is negligible.. The cross
section for inelastic scattering is about 1/2 mb, cémpared with 60 mb
for elastic. This makes the measurements easier -and also simplifies
the phase-shift analysis, because the phase shifts.are restricted to

real quantities in the case of pure elastic scattering.



II. PION BEAM

The relatively low flux of previous pion beams was the major
factor both in limiting the accuracy of earlier cross-section experiments,
and in discouraging any attempt to measure the polarization. Therefore,
in order to carry out the proposed experiments, it was necessary to

develop a very iritense pion beam. In addition to high intensity, there

" were certain other restraints to be imposed upon this beam. In order

that the angle of scattering be well defined, the divergence and the size
of the beambha.d to be small at -"'the hydrogen 'target- where the scattering
occurred,: The energy spread of the beam had to be rather small so

that the scatter1ng occurred at a well-defined. energy. The contamination

(partlcles other ‘than p1ons in the beam) had to be minimized, and the

- region around the hydrogen target had to be suff1c1ently free of stray

rad1at10n so0 that the level of backgr ound events in the counters was

' tolerable. The beam which was developed met all: these requlrements

fairly well ' The 1ntenS1ty was 2X 106 pions/sec, or about 103 greater
than the beams developed by prewvious experlmenters The beam covered
an area about 2.in. in d1ameter at the hydrogen target, and contained
only a small contam1nat10n of 4% muons and 1/4% p031trons The
energy of the ‘beam was 310+3 Mev at the center of hydrogen target,

and the rms energy spread was +9 Mev A descr1pt1on of the apparatus

used to produce this beam 1s glven in the next section. A modification

.of this system, in which 1nten51ty was sacr1f1ced in order to obtain

smaller energy spread beam size, and beam divergence, is described

in Section IV-B,

A. Magnet System

A scale drawing of the apparatus used to make the positive-pion

beam is shown in Fig. II-1. The external proton beam of the ‘Berkeley

184 -in. cyclotron was used to produce the pions. The intensity of the

external beam is only a few percent of that of the 1nternal beam but
the 1ncreased solid angle, 1ncreased effectlve target thlckness and the

increase in yield due to O-deg productroh that' one gains by using an

‘external target more than make up for this loss in proton flux, The

proton beam is steered through the main cyclotron shielding and
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MU.26550

Fig. iI,-.I. .Scale drawing (plan view) of pion spectrograph
No. 1. A description of the components is given
in Table III-1.



focused on a. polyethlene:,target T1 in the physics cave., The external
beam at this point fell in an area about 2 in, square and had a maximum
intensity of about 2x 1011 protons/sec Its energy was 745 Meyv with an
rms spread of *+8 Mev, The p031t10n and size of the proton beam were
~determined by exposing x-ray film in the beam, -

The pions were produced by the interaction of the proton beam
with a polyethlene (CH ) target T1l., The choice of this material for the
'productlon target was, fortunately, very simple, because hydrogen was
partlcula.rly valuable. The reactionp +p — -rr++ d has a relatively high
cross section, especially for pions produced in the forward direction, b
Because there are only two partlcles in the final state, the pions have
a-unique energy at any given angle, for a particular incident-proton
energy. The really fortunate fact is that if one looks at the pions pro-
duced in the forward -.direc‘:tion from a thick target, all the pions pro-
duced by the p +p —~ .ir++ d reaction are nearly monoenergetic upon
leaving the target., This is because the mesons created in the front
part of the target and slowed down in the target have approximately
‘the same energy as the mesons produced by the moderated protons at |
the rear of the target. Of course it is very important that the target
- length be chosen to yield mesons of the same energy as the magnet
system selects. In this case, the optimum target thickness turned out
to be 19 in, Pions were produced by other reactions in the target, but
. in these reactions the pions were produced over a wide range of energy,

9,10 TherefOre, this type of

of which we accepted only a small slice.:
production was less important,

.The magnet syvst'em._selected positive mesons of the desired
"momentum from the debris at Tl and focused them on the hydrogen
. target T2, In order to gather as many useful pions as possible into
the system, a quadrupole focus ng magnet Q1 was placed c-losebto the
production target, Useful pions that entered the first quadrupole' were
focused at the center of ql. A '"triplet''-type quadrupole was used at
" Ql, because a doubl'et type yields a lower effectiv_e solid angle for
ASmeetrical_ object and image distances. In this system, a doublet

quadrupole of the same physical aperture as the triplet would have had

“only 1/2 the effective aperture, The beam was deflected 50 deg by
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magnet M1, which introduced a dispersion according to
AG = - %— 2 tang,

where P is the particle momentum.‘for which the system is adjusted,
@ is the bending angle at the deflecting magnet, ‘and A@ is the deviation
in bending angle of a particle whose momentum is P+AP, This caused
a momentum dispersion of about 1% per in. at ql; i.;e., for a point
source at T1l;, and therefore a point image at ql, all positive particles
whose momentum was within 2% of the central momentum would
enter the 4-in, aperture of ql, and all those whose momentum was
‘more than 2% off would fall outside this aperture. The finite size of
object and image sméared this selection sorﬁewhat,: allowing a few
partiéles whose momentum was off by 3% and preventing some whose
‘momentum was off by only 1% to enter ql. The beam then passed
through a second deflecting magnet M2 and quadrupole lens Q2, which
W‘é*ré.pla'ced symmetrically with Q1 and Ml about ql. The second 8-in.
‘quadrupole Q2 brought the beam to a second focus at TZa

Because of the symmetry of this double spectrograph, the image
“at T2 was di‘spersi'onmfree, and the size of the pion beam at T2 was
about the same as the size of the proton beam at T1, i.e., av.bout’ 2 in.
in diameter. 'The 4-in,-diameter quadrupole ql acted as a field lens.
The object and image planes of this lens were the exit end of Q1 and the
entrance end of Q2, re:spectivelyo Aé ql was placed right at the first
focus of the beam, this "rnagnet could b'e»tu.rned on or off without affect-
ing the position of the second focus at T2, The result of tufning-off
ql was to cause some of the beam that passed through gl to miss the
entrance of Q2. With this field lens turned on, almost all of the parti-
cles that entered the aperture of ql also entered Q2. The gain in flux
at the final focus caused by the field lens was about 70% ., However,
because the particles that were saved by the field lens were either
produced off the axis or off the central momentum, the image size at
the final foéus was increased somewhat by the‘presence of the field
lens, Finally, it is clear that a fi.eld lens must always be of the trip-
let type, because unit magnification is required in both planes to focus

‘the rear of one quadrupole onto the front of another.
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A 2-in., carbon absorber Al was placed _]ust after ql. Because the
"’ beam is of monomomentum after pass1ng through ¢ql, the ca.rbon absorber
stopped the proton component of the beam, as well as deuterons, a
particles, etc., Whlle slowing the mesons only sllghtly Just before
this absorber there were roughly equal numbers of ! plons and protons
in the beam. Because this absorber was very- near to the first focus,
it did not increase the size of the beam at the second focus appreciably;
however, a few percent of the pions were scattered out of the beam,
The entire beam channel from the production target to the final focus
‘was enclosed by plastic bags filled with helium, ' The purpose of the
' "hehum was to reduce multiple Coulomb scatterlng of the plon ‘beam,
' because this multlple scatterlng tended to smear out the- size of the beam

“at the final focus 1n fact,” the area of the beam was increased fourfold v

‘ wwhen the helium bags were removed The helium reduced the effect of

S the multiple scattering to a p01nt at wh1ch it was ummportant compared

W1th the natural image s1ze, so that the use of a vacuum system to further
- 'reduce multlple scatterlng was not necessary e
“ The production and momentum select1on of the beam took place
inside the phy51cs cave so that the proton beam that pas sed through T1
" and all the part;cles produced_at T1, ex_cept the plOI’lS in the bearn,7 ,
would be contained in’ the 1(':3_",6'0- Therefore., the area around the second
focis, where the'exp:eriments took place, was relatively free of‘I back -
'ground . ' ' '
Proper currents for the focus:ng and. deflecting magnets were
ca_lculat'ed a_ppr‘ox1ma‘tely and optimized by the suspended—w1re method.
‘This method makes use of the fact that a Current—carrying'wire assumes
‘the same orbit as a charged'particle of momentum P 'if the tension in

‘the ’vy.i.re, T, and the wire current I are chosen accord1ng to

I (in amps) = 2.94 T (in:grams)/P{in Mev/c).
B‘y this method“, the energy of the pion beam yyas fixed with an a?..ccu'racy
of better than 1%, and the positions of the focuses were determined to
within.a few inches, The alignment of the entire system was checked

by passing the wire through the system from T1 to T2 with the quadrupoles

turned off and seeing that the wire passed through the centers of all the
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~quadrupoles, Finally the system was checked by measuring the acceptance
AQ AP/P of the system, using particles produced at T1, and comparing
this value with predicted values. The AQ is the effective solid é.ngle and
- AP/P is the effective fractional momentum bite for particles produced
at T1 té arrive at T2. The method uséd,to measure the acceptance is .
~described in another paper. 11 The result forr this beam was
. AQ AP/P = 1.3_>< 107% 51,

The pion beam exhibits a structure in time _thé.t reflects the accelera-
tion characteristics of the 184-in, cyc.:lovtron, The repetition rate of 64
acceleration cycles per second gives 64 groups of pions per second, each

9

of which is composed of fine-structure pulses of width 5 X 10~ ° sec and
spaced 52X 10_9, sec apart, corresponding to the final accelerating radio
freguency- of 19.2 Mc/sec. A séhematic drawing 6f the time structure

of the beam is given in Fig. II-4. The duration of the coafse groups was
about 35 p/sec, therefore each group was composed of aboﬁt 700 rf pulses.
'The beam was contained in 40,000 rf pulses/sec., so there were, on the
av{erage, .50 pions in each pulse.. Pions in the same rf pulse could not
be resolved electronically, . so it was impossible to count the beam with
scintillation counters, Therefore the pion beam was monitored by an
argon-filled i‘o'niz'a.tion chamber. The chamber was similar to one des-
cribed by Owen Chamberlain, Emilio Segré, and Clyde Wiegand. 12 The
ion-chamber current was measured by a standard electrometer and
displayed on a. recorder, The absolute conversion of ion-chamber
current to meson flux was made by using the calibration by Chamberlain
et al, It w.as hec’:essary’to assume that the average energy loss per ion
pair formed was the same for 310-Mev pions é.s-it was for 340.—Mev
protons, The relative energy loss invthese‘ two cases was taken from
the tables of Rich and Madey. 13 The ion chamber was found to give
resulfs independent of the applied voltage over a wide range in voltage,
and its drift was negligible (i.e., the current collected when the pion

beam 'was turned off was < 0.1% of the current due to the beam).
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Fig, II-4, Time structure of the pion beam, showing (a) timing of the
coarse groups, and (b) rf structure of the coarse groups.



B. Contamination

The pion bearn contained a small percentage of muons and a
negligibly small fraction .of positrons. It was necessary to correct the-
ion-chamber current for this contamination in».order to obtain the true .
meson flux, There were two principal sources of muoh contamination;
one was the region of the production target Tl and the other was the
decay of pions in that section of the beam just before the ion chamber.
The muons arising from these two sources had very different energy
and spat1a1 dlstrlbutlons and therefore were examined separately,

The muons produced near the productlon target (T1) arfived at
the second focus (T2) with a definite momentum of 430+ 4 Mev/c, since
they had- been a.nalyzed by the spectrometer, These muons had a greater

: range than the p1ons of that momentum; therefore, they stood out as a
tail on the pion range curve., Figures II-2 and II- 3 show a range curve
of the second beam, with the muon tail clearly v1s1ble This curve was
obtained with a setup similar. to that shown in Flg V- 1 ‘except the
hydrogen taﬁrget.was removed and counter S3 was placed 13 in, downbeam
frornv-S3, A variable -thickness copper absorber was centered between
counters 58 and S3., The fraction of transmitted p1ons S7 Cl, ss8, s3)/

(87, C1, SS) was measured as a function of absorber thickness. An
absbrbe‘r thickness of 190 g/cm appeared to be greater than.the range
of v1rtua11y all the plons and less than: the range of most muons, The
muons visible at this . Tange. compr1se 2. 8% of the 1nc1dent beam, How-
‘ever,. a calculation based on a paper by Sternhen’ner14 indicated that,
for this geometry and absorber thickness, 28% of the muons were
scattered out of the back.-up counter (S3) by multiple Coulomb scattering.
"Therefore, this muon co,ntamination.cornpri»sed 3.9% of the beam. The
multiple -scattering correction was checked by redoing the range curve
with the copper absorber moved 1 in, and 2 in. closer to the back-up
counter.: The apparent;muon contamination rose:to 3.3% and 3,6%,
respectively; both are consistent with a true con'tarninationv of 3.9%.

About 40% of,thedpions in the beam decay into muons before they

‘arrive at the hydrogen target. Some of these muons are counted in the
ion.chamber,. fi'he muons, which come from pions decaying before the

first focus ql, must pass through the second spectrograph in order to
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reach the ion chamber. They must have the proper momentum, and
therefore, show up in the range curve in the same way as muons pro-
duced near the'prodﬁction target Tl do. As for the pions that decayed
in the second half of the system, it was necessary to calculate what
fraction of them would send muons into the ion chafnber.," The kinematics
of the decay and the beam geometry were wellknown, so the calculation
-was stra.ightforward:, The probability P that a pion will decay in an-
increment of path length AL is o
P = AIZ/'rT'rﬁ-Ycy '

where 7_ is the mean life of a pion at rest (2.55 X 1078

sec), and B and
y are the usual relativistic functions of»ﬁion velocity in the laboratory.
For pions in this beam the mean de<»:ay>length is T pyc = 930 in, One
must also use the fact that the muons appear isotropically in the pion
rest frame.  Then in the laboratory system these muons fall inside a
cone of half angle 5.3 deg with respect to the pion momentum vector,
with. most of the muons found near the edge.of this cone, Therefore only
pions that decay within a few feet of the ion chafnber have an appreciable
chance of yielding a muon that passes through the ion chamber, " The
result was that 601% of thé particles passing thro;lgh.the ion chamber
were muons of this kind;'-‘ The momentum of these muons was uniformly
distributed between 242 and 435 Mev/c, corresponding to a range in
copper of 82 to 205 g/q_fnz; therefore it was impossible to identify them
on the range curve, '

The number of péé;itrons in the beam was expected to be small, They
originate from pékir,s prbduced by neutral p‘i‘ons,v A great many neutral
pions were produ(}ed along with‘the plositivé pionss but their number de-
creased rapidly with increasing energy for energies greater than 350 Mev,
The energy of a neutral pion had to be split four ways,; between two
positrons and two electrohs; therefore, the relative probability of finding
a 430-Mev positron was small, The fraction of pdsitrons in the pion beam
was measured by using a gas Cerenkov counter. 15 This counter had a
threshold of B = 0,99;:therefore,. it detected only the positron component
of the beam, The positron contamination was found to be 1/4% of the beam.
This result was checked by taking a Bragg curve of the pion beam., Vari-
able-thickness lead sheets were placedinfront of theionchamber, and the

ion chamber
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current wa.s’iplotted. as a ‘f1'1n"ct'ion..o,f absorber :‘thivé'k'n:ess.-. -If there had
been.an appreciable positron-contamination::_in:.'chev beam, a typical”
shower. curve _ivould have been ob's‘erve\d.( 'I"h.afc.i‘s, .,‘t-he.'iobri—cha_mber
current due to positrons in the Beam wo;iid_have .in.c'réa..s‘e;d to .‘ai?b'out six
‘times its initial value at 3/4'ir>1,. of lead, then dropped off, passing '

‘through its initial value at 2-1/2 in. of lead. 16

No such effect was

observe'd;‘instead the ion-chamber current decreased émoothly through

. this range of absorber, These data show,ed;_tha.t._thé,,posi_tron contami-~
nation was definitely less than 1%. This Bragg curve .was also-a very

‘sensitive method of showing that no protons.had sn_eakéc__l into .the beam.

: The. fact that the ionization loss of protons .is,gxfeater by a factor of
3-1/3‘than,tHat-f6r pions at the momentum of this beam, and the

- characteristic bump in the curve just before the end of the proton range,
would have caused a small proton contamination (1% or greater) to

stand out clearly on the Bragg curve.
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III.. DIFFERENTIAL CROSS-SECTION MEASUREMENTS

For suff1c1ently th1n targets, the dlfferentlal cross sectlon

(9) is deflned as

where, for pion-proton'scattering, ly is the number of pions incident
‘on the ‘target, and'N is the thickness of the target in units of protons/cmz;

I[(0) is the number of pions scattered into a counter, which subtends a

- -~ solid angle Q as'seen from the target, and lies at an angle 6 with res-

" pect to the incident-beam direction. The method and results of differential
' cross-section measurements between.22.0 deg and 159.2 deg in the lab-

* oratory systein are described in this section, . A modified system, which

allowed cross-section measuremients to be made down.to 10 deg in the

laboratory frame, is described in Section IV,

A, Method and Apparatus

The objective of this experiment was to obtain data significantly
more accurate than had been obtained previously, by utilizing the
relatively high intensity of this pion beam, The most obvious advantage
came from the large number of scattering events that could be observed
Whereas previous exper1ments obtained about a hundred events at each
scattering angle, thousands were obtained in this experiment, .and more
scattering angles were examined. This resulted in a considerable gain
in accuracy, because the statistical counting error is proportional to
the square root of the number of events observed. However, in order
for these smaller statistical errors to be meaningful, it was also
necessary to reduce systematic errors in the apparatus proportionately.

This was accomplished in two ways. First, the apparatus was. designed

so that the various corrections to the data were small, These corrections,

due to telescope efficiency, plural scattering, finite target, and counter
size, etc., could not be determined accurately. Therefore, to keep
them from corrupting the data, it was necessary to make their effect
small. Secondly, numerous checks of possible systematic errors were
made, e.,g., range curves of the scattered beam, repeating the data-

taking at lower beam levels, etc. All this was possible only because of

>
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‘the high incident ,flux, and would have been too time-consuming in
earller experiments,

Figure IlI-1 shows the setup used to obtain the major part of the
- data., Table III-1 summarizes the specifications of the beam-forming
and counting e‘quipment., The incident pion beam I3, was monitored by.
. the ion chamber as described in Section II, Pions \I;vhich scattered
from the liquid hydrogen.target'w.er'e detected by the counter telescope.
At some angles it .wé.s also possible to detect the recoil proton.in coin-
cidence with the scattered pion. The bulk of the data, _ referred to as
run No. 1, were taken by using the high-intensity pion beam described
in Section II; the pﬁlarization measurements (see Section VI)‘were made
simultaneously with an.independent counter systevm around the same
hydrogen target, Some data were taken with the lower-intensity beam
{beam No. 2) descfibed.in--Section 1V; these dé.té. are referred to as
run No. 2. | - |

The liquid hydrogen.wa.s contained in a stainless steel cylinder
5.51.in, in diam and 8.0 in. long. The walls of the cylinder were 0.005
. in. thick, and its axis was oriented in the up-down‘direction, perpen-
dicular to the plaﬁe of scattering. The target was connected to a liquid
hydrogen reservoir which was vented to the atmo.sphere;, ‘The vacuum
Jjacket had . 0.125-in. aluminum.wa.lls-W.ith.é-in. diam and 0.015-in,
thick Mylar windows for the entrance and exit of the beam. In.order
.,to find the effective',.targe't length, N, it was necessary to average the
length in beam direction over distance from center target, using the
beam profile as a weighting function. The effective length determined
Ain this way was 4,82 in, For this purpose, the beam p_rofile at the
target position was 'taLken.a.écurately,. and checked periodically during
' the-exper_ime_nt, This profile was measured by sweeping a counter
telescope, consisting of two square scintillation counters 0.50 and 0.25
in, on a side, through the beam. The density of iiquid hydrogen was
taken to be 0.0702 g/cm?, giving N ='5,13 x 1023 protons/cm?,17

The p1ons scattered from the liquid hydrogen target were detected
" by a three—couhter telescope Sl, S2, Cl. S2 was the defining counter,
It was a 2.25-in, -diam. scintil‘lation-countér at a distancAe of'68.,25 in,

from the center of the hydrogén.target, corresponding to a solid angle
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the hydrogen target used to measure the differential

cross section.
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‘Table 'IiI’—'I'" Description of the components of the .'experimental
- apparatus indicated in Flg II-1, 1i-1, IV-1, IV-3, and V-1, and

descrlbed 1n the text

Item . Designation L Vl Description.
Counters" o Sl o 4-in, diamX 3/4—in. plastic scintillation
" ' ' ~ .counter ' ,
S2 - 2-1/4-in, -diam X 5/8-~in, thick pla.st1c
scintillation.counter
S3 5-in. -diam X 3/8-in. -thick plastlc
: sc1nt111at10n counter v
S4 - 12-in, -square X 1/2 -in, -thick plastic
' scintillation counter
S5 - 4-in.-diam X 1/4-in, -thick plastic
o scintillation counter '
Sé6 2-1/4-in, -diam X 1/4-in. -th1ck pla,stlc
v - scintillation counter
S7  3-in. -diam X 1/4-in, -thick plastic
' - scintillation counter
'S8  1.50-in, -diam X 1/8-in, -thick plastic
' scintillation counter :
-S89 - 10-in, -diam X 1/2-in. —thlck plastic
scintillation counter
Cl1 4-in, -square X 1-1/2-in. -thick Water—
filled Cerenkov counter
C2 " 4-in, -d1am>< 72-in. -long SF¢-gas- fllled

Cerenkov counter

IC No. 1 4-in, -diam X 2-in,long Argon- fllled
ionization chamber

IC No.2  7-in. -diam X 2-in. -long. Argon-filled
- ~ ionization chamber

Targets Tl -  5-in, -diam X 19-in. -long polyethelene

(CH ) target
T2 5- 1/2 -in. -diam X 8-in,-high llquld hydrogen
target '
T3 6-in, -diam X 12-in, -long liquid hydrogen
target
Magnets Q1 and Q2 8-in, -diam 3 -element quadrupole focusing
: ' - magnets

~ ql and q2 4-in, -diam 3-element quadrupﬁoie focusing
' magnets
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Mag'ne.‘t-s (con't) - Ml ' Deflectmg magnet,, 36X 18~in. pole tips,
. ’ N . 7-in. gap T T

M2 'Deﬂectlng magnet 36 X{1£85-'-,'iri:_§o‘1'é tips,

_ 8-in, gap S
Absorbers’ and LAl 8-in, -square X 2-in. —thlck carbon absorber
Collimators A2 ~ 6-in. ~square 80.17- g/cm —tthk copper
L : - absorber
C . 2-in, -square by 18-in, long. lead

- colllmator
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of @ = 0.855X 1073 sr, The Cerenkov counter Cl had a threshold o:

B = 0.75. It rejected recoil protonvs and a large fraction of the very
small number of inelastic pions (see Section V)., Sl1 increased the
.angular definition of the telescope, t’hei‘eby eliminating most of the
background that was not target-derived. Counters S3 and S4 were used
to search for possible systematic errors, as described later in this
section, The apparatus used in run No, 2 was different only in that
thinner counters S5 and S6 replaced S1 and S2. - -

The scattering angle 8 was measured with the aid of a éurveying
transit, which was located in the center of the pion beam at a distance
of 216.7 in, from the hydrogen target, To determine 6, both the .dis—
tance between the transit and S2 and the. angle between S2 and the
hydrogen target (as seen by the transit) were measured. Either
measurement fixes 6, but the two methods are corhplerrientary, since
the former is more accurate for § around 80 deg and the latter is
better for forward and bé.ckwafd angles, The error in the angle
measurements proba.bly does not exceed 0.2 deg. -

All counters were viewed by 6810-A photomultiplier tubes. The
pulses from the Cerenkov counter Cl were ampl_ified by a Hewlett-
Pack’afd.460-A wide -band amplifier, Pulses from all counters were
fed into a rhulti-input coincidence circuit of the Garwin type. 18 Output
pulses from the coincidence circuit were fed into conventional scaling
units. The résolving time of the system was about 20x 107 sec. The
appropriafe counter voltages and cable 1-engths were determined ex-
perimentally by optimizing the coincidence rate as a function of these
variables. When properly set, the coincidence rate was :independent
of counter voltage and delay over a wide range in these quahtitie s. At
a few angles the cross section was measured at normal Voltage, +100
volts, and -100 volts on.all counters, All three values were found.
to agree,

Accidental coincidences were measured at several anglres by

9

delaying various counter pulses 52 X 10”7 sec (the separation in rf

pulses of the 184-in. cyclotron). They were found to be negligible,
The accidental rate, whi'.c'h':‘w'as almost independent of whether the .
hydrogen target was full or empty, was about 0.5% of the scattered

pion rate, At a few angles, the cross section was measured at full
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_cyclotron beam, 1/2 full beam, and l/4full beam, and it was found
to be 1ndependent of beam level. The rest of the data were taken at
a » level of 1/2 full beam. ' _
Sorne of the incident mesons.were scattered into the counter
tele scope by the hydrogen contamer and the vacuum jacket, * This
background was measured by counting the number of pions scattered
into the telescope when the hydrogen target was empty., The true
scattering rate from the hydro_gen was taken as the =t‘a:‘r"get-full rate

mins the target-empty rate,

1(6)/1 6)/I fll [1(6 /IO]

empty : :
The target empty rate was generally about 25% of the full rate, and
‘ for the most forward’ p01nts it reached almost 50% This effec{t was
S0 large that a great deal of time and effort was spent to make;sure’
" that the background was subtracted correctly

A powerful method for el1m1nat1ng this background was to count
the rec01l proton in coincidence with the scattered pion.  This proton
comes off ata Well_‘-defined angl}e fo_rbelastic pion-proton scattering.
Unfortunat'ely,'" the recoil proton could be counted with confidence over
only a small range of. pion scattering angles, around 90 deg. For
larger pion angles, the proton rec01led rnore forward, causing the
proton counter 5S4 to be jammed by the incident pion beam. For
-smaller pion angles, the proton energy was reduced to the extent that
some.of the protons were stopped in the target and target walls. The
irnp'orta'nt fact vsv/as'that the r'ecoil protons could be reliably counted in
: 001nc1dence with the scattered pions at 88 deg, and the result verified

-the data obtalned when only the pions were counted. In the latter case,

the target- empty ‘count was 25% of target -full count; and in the former

1t was about 3%, ‘but the hydrogen effect (target full minus- target -empty)

‘was the same in both cases, This result indicated that the background was
subtracted rehably at this angle.

Range curves of the scattered plon beam were taken at three
.scatterlng angles for both target full and target empty. These curves
| were obtalned by measurlng the fourfold coincidence (S1, S2, S3, Cl)

per un1t 1nC1dent p1on beam as a function. of absorber between Cl and

Y
Y
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S3; 'see Fig, IlI-1. Figure IIl-2. shows the result for target empty

and for "hydrogen effect' (target full minus target empty) at an angle

‘(_)f 141. deg. The results at 41 deg and 88 deg were: similar. No
systematic error waé suggested by these range curves, The "hydrogen:
effect'" curve behaved precisely as one would expect the curve to behave
for pions-elastically scattered from protons. Thé background appeared
to.be mainly pions: their energy was not well defined, because they

- had scattered from a. complex mucleus, Itis important to notice that
the background rate decreased rather slowly with absorber thickness,

. Thiz means it was not seriously affected by .the presence or absence of
hydrogen in the target,

Finally, the background subtraction.was checked by artificially
increasing the target-empty rate by placing thin aluminum foil at the
target entrance and exit windows, Even when the empty rate was
doubled, the.rrieasured ,full-minu's-émpty rate remained the same.

B. Corrections. to.the Data

There were many corrections to be made in the raw data in
~-order to.obtain the true cross section, The experiment was designed
to keep these corrections small, so that their uncertainties introduced
ohiy small errors into the final results. _ |
The counter telescope (S1, S2, Cl) was not 100% efficient, A
few pions scattered toward the defining counter S2 did not register
. a coincidence in the telescope. This was. caused by an.interaction in
..one of the counters that scattered the pion so that it did not pass through
.all three counters of the telescope. The counter telescope was, howevér,
essentially 100% efficient in counting pions that were not scattered
_out vof the telescope. . ' _
This efficiency varied with scattering angle, primarily because
of .the,variatiféirgf,B}lp_ioh.e"r.me“ii'gy'_with.,'sé;.a,tf__:ering‘éngle. In this experiment
“the energy of the scattereéed pions va.i".iezd'-.'between,295 Mev and 115 Mev.
It would have been virtually impossible to measure this efficiency
accurétely', ~because it was irripossible to construct a known ..flu)Icvo'f
’ pioné thse enérgy and spatial distributions matched those of the
scattered pion beam, The efficiency was calculated by using published

data .on.the interaction of pions with hydrogen and carbon. 8,19, 20,21

%

»

.-,"- . a
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This efficiency varied from 90 to 93,5% in run No, 1 and from 97 to

. 98.5%in run No, 2. The calculated values of the telescope efficiencies
for run No, 1 (El)'ahd run No. 2 (E2) a‘r-e plotted as functions of scat-
tering angle in Fig, III-3, In the first run the major contribution to the
‘inefficiency was the scattering of pions from the first counter S1. The
calculation of this scattering was experimentally checked by fastening
various. thickne sses.of 'additional plastic scintallator to counter Sl, and
observing the effect on the telescope coincidence rate, This was done
at several- scatterlng angles.,: The results confirmed.the calculations,
This method was rel1able,. since the ‘a.ctual scattered beam was used,
but for the same reason the counting statistical errors:were significantly
large, ",i.e, about 1/3 the effect, '

Some of the sc'attered pions undergo a second scattering before they
are clear of the hydrogen target. This plural scattering distorts the
angular distribution slightly, so that.it was necessary to correct the data
to remove this distortion, The correction is plottedyas a function of
scattering angle in Fig, III-3, and was obtained as follows. The total
solid angle, -as seen from the hydrogen target, was broken uplinto 144
sectors of Af = 15 deg and A = 30 deg. The polaraxis was taken in. the
direction of the incident pion beam, and ¢ = 90 deg wae up. By use of
data from this experiment, and neglecting the plural scattering: correc-
tion as a f1rst approx1mat10n, the number of pions scatter1ng into each
. sector N Y was calculated The result was, of course, independent of ¢,
All partlcles scatterlng into a certain sector were assumed to have a
single energy and direction, corresponding to the central value for that
sector, Next, the probability for a scattered particle to be rescattered
into the center of_ the it sector was calculated for. all 144 choices of the
first scattered direction. The contributlon from all sectors was summed
to give N, '9' in? which is the total number ofiploh's.’SCat\ter‘ed into the ith
sector via double scattering, Of course, it was necessary to use pub-
lished data on positive pion—proton differential cross sections for pion
energ1es of 100 to 300 Mev 8 20 21 The .energy of the first scattered
beam depended only on. the polar scatterlng angle but the average
amount of hydrogen traversed dppended on q>, The number of pions .that
were originally scattered into the ith sector and then scattered out again

by a second sca.ttering'Ni ”out was also computed, The quantity

£
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F1g. I11-2. The corrections applled to the .counter telescope
001n01dence rate [I ( 9)/1 to compensate for plural .
'scattering in the target 93(9), and for the telescope
efficiency in run No.. 1, E1l (8), and run No. 2, E2 (6),
as a functlon of pion scattering angle 8. The corrections
are given inthe sense [I(6) /I ] = El(6)[I(9 /IO true’

and similarly for E2 and P, measured
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=(N,"", -N."" )/N.' was computed for all sectors of $ =0, A
1, 1in i, out 1 ,
- smooth.curve was drawn through the value of P obtained at the se 12 angles,

The telescope counting rate was corrected for double scattering by
[K(6)/1, = P(6)[16)/1]

The correction due to triple scatterlng was negllglble

measured O true’
~ About 10% of the scattered pions decay into muons before they are
counted in the telescope. These muons generally continue in approxi-
mately the same direction and are counted in the telescope, ’_I‘here are
two very small corrections to the data due to this decay, First, there
is a correction much like the plural-scattering co.rrectioﬁs,_ since the
muon comes off at a.n.angle with respect to the pion direction, This is
calculated in much the same way as the plural scattering ahd is found to
be neglig'ible (less than.0.3%), ‘because the difference between muon and
pion direction is small '(less than 8 deg). The second correction.is in
the efficiency of the telescope. The efficiency for counting muons is not
the same as for pions. Muons-do hot suffer nuclear attenuation in the
counters as do pions, The directional properties of the telescope dis- .
card a very few of the muons that pass through the telescope in a skew
direction, When the efficiency curves. are corrected for. these, effects
the results are changed by less than 1%,

The angular resolution of this system was good, The rms spread in
.scattering angle due to finite counter. and target sizes varied between
1.2 deg and 2.1 deg,. depending on the scattering anglte, The pion-beam
divergence was 1.8 deg for beam No, 1 and 0.6 deg for beam No. 2. The
data were corrected to account for. this finite angular Spreadv However,
this correction was 31gn1f1cant only for scattering angles near 70 deg,
where the curvature of the plot of.the differential cross section vs
scattering angle is large, and even here it amounted to less than 1%,

The Cerenkov counter Cl was not perfect in. rejecting recoil protons;
a few of these protons evidently produced enough sc1nt1llat1on 11ght to
register a. coincidence, Fortunately, the range of protons reco1llng at
'.'angles greater than 45 deg wa.s not sufficient to pass out of the target
"and. through the telescope to the last counter " Therefore, only the data

Cat laboratory system scatter1ng angles less than 45 deg
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had to be corrected for the proton contamination in the telescope:
coincidence rate, This proton contamination was measured by putting
the big conjugate counter S3 in coincidence with the telescope at the
appropriate angle to count the pions conjugate to the protons in the
telescope, The contamination was found to vary between 1% and 1.5%
{i.e., the Cerenkov counter was about 3% efficient in counting protons,
and the ratio of pions'tb protons in this angular region varied from

3:1 to 2:1).

' ( C. Results and Errors

The results of the measurements described in this section are
given in Table III-II, and-are plotted in the laboratory frame in
Fig. II1-4, At small angles the background increased rapidly as the
scattering angle decreased. No data are reported for scattering angles
'less than 22 deg, where the target-empty rate was 1/2 target full,
because the large subtraction may have introduced a significant error,
Further results at smaller angles obtained with a more favorable
arrangement are given in Table IV-1.

AThe:errors associated with these measurements fall naturally
into three claésificat,ions., First, the counting statistical errors,
whichare uncorrolated and presumably normally distributed. These
errors are listed with the data points., The rms error in telescope
counting rate for "hydrogen effect' was calculated as

Al16)/19] = {[106)/15%] ;. py + [1(8)/15%] 32,

empty

_ The second type of error is the error in the absolute cross-section
.scalé, due to uncertainties in the number 6f protons in the target, the ‘
uncertainties'in_ muon coritaminé.tion, etc, The absolute-scale parameter
€ was introduced to express this class of errors. The data are pre-
sented as (1 + ¢) (do/dQ), where the same ¢ is common to all cross-
section points, and the most likely value of ¢ is 0, The error in ¢
is esfimated to be about 6%. This comes from the uncertainty in the
absolute calibration of the ion chamber, 4%, and the uncertainty in the
muon contafnina.ficin, :";%. ‘( This rather ldrge error is assigned because

the momentum-analyzed muon contamination was measured with a counter
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Table TI1-11, Results of the differential cross-section measurements
described in Section III, Additional data, between.10.0 deg and 32.0
deg (lab) are given in. Table IV-I. The absolute normalization

parameter, ¢ = 0,00+0,06, -

Pion laboratory- Center-of-  Differential Differential
system scatter- ‘mass scatter- cross section cross section

ing angle ing angle in the labora- .in the center- Run
tory system  of-mass
system
. elg.b ’ Qcm (1+e )(dG/dQ_)I;b (1+e )(dc/dﬂ)cm
(deg) _ (deg) (mb/ster) (mb/ster)
22.0 306 23.99+0.63 12.94+0.62 2
24.9 34.6 22.34+0,51 12.28+0,27 1
26.2 36.3 21.34+0,64 11.84%0,35 1
32.0 44.0 16.94+0.17 9.82+0,10 2
32.0 44,0 16.94%0.19. 9.8240.11 1
38.0 51.8 14.08+0,42 8.59£0.26 2
41,9 56.8 11.91+0.46  7.54%0,28 1
44,5 60.0° 10.11£0.22 6.58+0,22 1
52.2 69.4  6.66+0.15 4.71%0,11 1
52.8 70.1  6.71+0.24 4,78+0.18 2
57.2 75.3 4.8320.12 3.62+0.09 1
62.7 81.6 3.466+£0.102  2.771%0,081 1
77.8 97.8 1.728+0,076 1.663+£0,073 1
. 85.0 .105.0 .1,44+0,06 1.51£ 0,06 2
88.2 108.i 1.486+ 0,059 1.623+ 0,065 1
102.1 1120.9 1.657+£0,061 2.083+£0.077 1
119.0 ©135.2 1.919£0.093  2.934+0.142 1
125.7 140.6 2.07£0.08 3,36+ 0,12 2
131.0 1447 2.214%0.086  3.76%0.15 1
1140.9 152.2 2.25+0.11 4,10+¢0,21 . 1
146.5 156.4 2,392 0.09 4.51£0.17 - 1
158.1 164.6 2.4740.09 4.91£0,17 2
159.2 165.5 2.43% 0,09 4.85+0.17 1
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telescope, whereas the beam was monitored with an ion chamber with
an area different from that of the def1n1ng counter of the’ telescope 1f
these muons had a spatial dlstrlbutlon at.the second focus different
from that of the pions, which is not unllkely, the muon contam1nat1on
. could have differed somewhat in the two cases,) There was also
uncertainty in the number of protons in the target, Z%(due to uncertalnty
in the target size, , the density of liquid hydrogen a.nd p0551ble error in
.foldlng in the beam profile); and uncertaintyin the solid angle subtended
» by.,the counter. telescope, :1%. Because .of this ..:r.ather .lerge error in.the
-ahsolute scale, one angle, -‘6'11T'ab" = 32.deg, was measured with very
. small statistical counting errors (about 1%) in each run, including the
small —angle data described in Section IV, The data .from the different
runs were then nor_me.lized to agree at.this.angle. The absolute values
of the cross section at 32 deg differed by 3% betwe.en run No, 1 and
run No, 2. This was as:close as could be éxp_ected;‘_ The average
‘value of the two runs was used to present.the data in Table III-2,
| The third class of errors were those associated with the ’
various corrections that were made in the data, The uncertainty in the
.d'at.a. resultingifrom érrors,of this type was small compared with:the
Co_unting ‘statistical errors,
' The errors in the efficiency and the plural-scattering cor-
rections are primarily due to the uncertainty in the cross-section-data
used in the calculations. This means that the deviation from unity
in the efficiency curve has a fractional error of about £20%. This
leads to an absolute uncertainty of about 2% in.the cross section.
However, the relative efficiency_ at various angles is in error by less
than 1%. The deviation from unity of the plural-sca.ttering correction
has a fractional error of about 45%, This relatively high error occurs
because the plural-scattering correction is the difference between two
terms, the number scattered in and the number scattered out.> _
The following equations were used to transform the data from the

laboratory system to the center-of-mass system.



o -32-

"sin 0, .
. Tan Q,Cm _.__._. lab ;
- Yo (C?S 6].ab'ﬁo/f-”) ,

(do/dfz_)cm = (dc/dh Nab:

2, o 3, 3 } -
[vg (cos 6,4 - B/B)"/cos™ 6, (1-By/B cos 6, 1 )], - |
‘where Bo is the Veloéity of the center-of-mass frame with respect to

the lab frame, and is given in terms of the incident pion momentum

1

Prﬂab , and the total relativistic energy E of the pion plus pro_fon in the -
lab system as ' ' '

' By = Py ¢/E = 0.30795 for this energy,
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IVv. DIFFERENTIAL CROSS-SECTION MEASUREMENTS
AT SMALL ANGLES :

It was important that the differential cross section'be measured at
-smaller angles (10 to 20 deg) in.order to. observe the interference between
.nuclear and Coulomb scattering, because, if the 31gns of all the phase '
- shifts are reversed, the computed differential cross section is unchanged

except in the region of small a'ngles_where nuclear a.ridCoulomb. scattering

- interfere, Hence, an analysis of data given .in _’_I‘able. II1-2 would determine -
only relative and not absolute vsign-s for a given set va phase shifts, The
absolute sign was determined by measuring the interference between the
huclear scattering and the Coulomb scattering, which was known to be
repulsive in th1s case, o

In pr1nc1ple this sign. amblgulty could be resolved by the polarization
data, since the sign of the polarlzatlon is reversed when the signs of all
.pha.se shifts are reversed,. In practice, it was bettér-to-éstablish the.:
absolute: sign of the phase‘shifts by measuring the differential cross
section.at small angles and use the polarlzatlon data to resolve the vari-
ous other amblgultles

This 1nterference had been. observed at 113 Mev by
Orear, using the nuclear emulsion technique, 22 It had not been obsetrved
previously above the r.esonar_loe_ or‘in.a counter experiment, .where high

statistical accuracy could be obtained.

A, Experimental Arrangement

The expe.fimerital‘a.rrange.ment used in measuring the differential
cross section at small angles was similar to that used at large angles,
which was described in Section III, Some changes were necessary, |
however, and they are discussed in this section.

The pion spectrograph Was altered to give a.more suiﬁtaLble beam.
A diagram of the modified magnet system, called pionb.specvtrograph No. 2,
is shown in Fig, IV-1, One significant change was that this beam was
more. nearly para.liel than beam No, 1; the rms angle of divergence was
0.7 deg, compared with-1.9 deg for the first beam, ThlS was. accomphshed
by increasing the distance between the final quadrupole and the final focus,

- and by using smaller-aperture quadrupole magnets, This change was made
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Fig, IV-1. Plan view of pion spectrograph No. 2. A
description of the components is given in Table III-I.
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so that the counter telescope could be brought in to smaller angles
without encountering the incident beam., A plan view of the last quadru-
pole, the hydrogen target, and the telescope set at 10 deg is shown in

' Fig. IV-2. Note the lead wall which serves to hide the counter telescope
from the exit apérture of the final quadrupole. This wall was essentially
out of the incident beam, but it stopped that very small fraction of the
incident pions which diverged sufficiently from the beam center line to
pass through the telescope. Such stray particles were a very small
fraction of the incident beam, but were comparable‘to the number of
pions scattered into the telescope by the hydrogen target.

The cross-sectional area of this pion.beam at the hydrogen target
was reduced to 1/4 of that of the first beam, (Figure IV-3) This was
accomplished by taking great care to minimize the size of the proton
beam at T1l, and by reducing the fractional momentum bite accepted by
the magnet system from =+ 2.5% to +1.0%. Reducing the momentum bite
improves the final image, since 'chromatic' aberration was. the most
important aberration in the magnet system. It was accomplished by
using a small 2-in, -square collimator at the first focus in place of the
field lens, This decrease in beam area was an important improvement,
because it increased the fraction of the beam that passed through the thin
windows on the hydrogen target, and therefore cut down target back-
ground. This scattering from the target walls, which was very strongly
forward-peaked, presented the biggest obstacle to measuring the cross
section at small angles. These improvements in beam size and diver-
gence cost a factor of ten in intensity., However, this was not serious
because the cross section was large in the forward direction , so that
the counting rate stayed high. v .

- The counter telescope was modified in one respect., - The Cerenkov
counter was replaced by a copper absorber, of thickness 80.17 g/cmz,
backeq up by a scintillation counter (see Fig. IV-3)., The absorber
stopped recoil protons and inelastic pions. For small-angle work this
telescope was somewhat superior to the one involving the Cerenkov
_counter for two reasons, First, it was less sensitive to background
scattering from the target walls, since its threshold was higher. Second,
it allowed a more correct treatment of the target-empty subtraction,

This subtraction.assumes.that the background.rate is independent of
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.. Fig.. IV-3. Scale drawing of the hydrogen target and counter telescope

(6 = 10 deg) used to measure the differential cross section in
the region of Coulomb interference. A description of the
components is given in Table III-I.
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whether the target is full or empty, Let us consider the reasons Why
this may not-be true, First, the background produced in the front:of the
~target undergoes some scattering by the hydrogen. Second, the incident
beém is-Iattenuatedv_by the presence of hydrogen in the target, so that
.less background is produced in the rear walls of the target when the
target is full, Fortunately, these.two effects were found to be small,
because less than 3% of the pions interact in the target, the scattering
-was. almost entirely elastic, and it was strongly forward-peaked, Hence,
. the amount of babkground produced in rear walls in essentially unchanged,
and about as much of the background produced in the rear walls is
scattered into the telescope as is scatfered out by the presence of hydrogen
in the target, There was a third effect,  which was the deg.radinvg‘ of back-
| ground by the hydrogen. Some of the background that was just above
the threshold of the telescope when the target was empty was slowed to
below the threshold when the target was full, To compensate for this |
effect, .the target-empty rate was taken in two ways: first, with the
telescope exactly as when target-full data were taken, and second, with
2,29 g/crhz-of copper added to the absorber, to compensate for the. stop-
ping power of the hydrogen, Nei,thelr bf these measurements was correct,
The first one ignored the degrading effect of the hydrogen, and thus gave
a value of the background that was too large. The second measurement
incorrectly assumed that all background was degraded by the hydrogen,
. and the extra absorber also scattered some pions out of the telescope,
so it gave a value of the background that was too small, However, the
measured background rateAdiffered by only about 2.5% between these
two methods, so tha.f it was possible to use the average value without
in‘troducing‘ significant error in the results, ‘

There are strong objections to using a telescope of this type over .
.the en'tire angulé,i' region, because it would be necessary to change the
absorber thickness from several inches of copper to a small fraction
of an inch as the scattering éngle was varied, Hence, the telescope
efficiency would vary drastically'with.scatteriﬁg angle, It \*(ould’be
nearly impossible to meévsure this efficiency to better than 3 to 5%
accuracy, so the data would be subject to a r‘a.th‘er. large systematic

error, However, this telescope was used for scattering angles of only
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10 deg to 32 deg.. In this angular region, the ene.rg.y of the scattered
beam and the apparent target size were almost constant, so it was
- possible to use the same thickness of absorber at all angles and to'assume
that the telescope efficiency was constant-throughout this angular region,
This-efficiency was determined by normalizing these data to those ob-
tained with the high-efficiency telescope at 32 deg (see Section III), and
was found to be 0.551+ 0,008, - The efficiency was also calculated by
using published data on pion cross sections in Co'ppero‘lg’ 23 The cal -
culated efficiency varied less than 0.5% between 10 deg and 32 deg, The
calculated va.lﬁe of 0,518 agrees well enough with the measured value to
indicate that the calculations have some validity. The cross section

was also measured with both telescopes at 22 deg, The two measure-
ments are found to agree, if the efficiency at. 22 deg is assumed to be

the same. as that measured at 32 deg. Finally, fhe incident pion beam
was sufficiently similar to the scattered beam at zero deg for the effi-
ciency at zero deg to be measured by using the unscattered beam. The
ratio S5, Sé6, S3/85, S6 was measured. After corrections for attenuation
in S5, for the muon contamination in the incident pion beam and for the
fraction of scattered pions that decay into muons before reaching the
‘telescope; an.efficiency of 0.564+ 0,17 was obtained at zero deg. Thus,

it is thought that the error introduced by assuming the efficiency constant
between 10 deg and 32 deg was negligible.

The differential cross section was measured for .both left and right.

scattering at all angles.and found to agree, Accidental coincidences v
- were negligible, and the cross section was found to be independent of

. both beam level and counter voltages,

B. Results and Errors

The data are given in Table IV-I, The errors quoted are statis-
tical errors only and represent the standard devidtion of the measure-
ment. These data are plotted in Fig, IV-4, along with the predicted

' shape‘ of the cross section.for both constructive and desltructive inter-
ference, These curves were predic;ced on the basis of the cross section
data at c. m. scattering angles greater than 44 deg (Table III-2), by the
‘method described in the Section VI. The uncertainty in either of these

curves is small compared with the separation between the two,
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Table IV—L Results. of the differential cross-section measureme_nt.s: at:

.small angles, The errors given are standard deviations and are

independent.
e = 0.00+0,06
9Tab . f(l' +, e)(d_o_/dﬂ)lab (1 ; e‘). [I(e)/ro]empty
- (do/dQ) T
/! 1(6)/1
e [()/O]fun
10.0 ©14.0 36,59+1.17 ~  18.71£0.60 ° 0.60
14.0 19.6 30,97+0.90 16,05+ 0,46 0.30
18.0 25.2  26.,19+0.59 13.82+ 0,31 . 0.18
122.0 . 30.6 24.18+£0.64 - 13.05%0.34 0.12
26.0 36.0 20.61+0.69 ~ 11.42+0.38 10,09 -

32.0 44,0  16,94£0.17. 9.82%0.10 - -0.07
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Fig. IV-4, Differential cross section in the region of the
' Coulomb interference. The experimental points are
from Table IV-I. The two curves show the behavior
predicted by the data for 44 deg to 165 deg (Table II-II)
in the case of constructive interference (solid line) and
destructive interference (dashed line).
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The results are satisfactor'y".,“. The data seem to rule out destructive
interference between nuclear. and{Coulomb forces, and agree quite well
- with the 'ero\ss' sectionvpred’i.cted under the assumption of constructive |
.'inter.fereriee;. Constructive interference is in agreement with the accepted
description.of low-energy pion- nucleon scattering ' Tha:t is, that the |
cross section is dominated by the P3 3 phase shift, wh1ch is p051t1ve
and passes through 90 deg around 190 Mevn_

There were two pr1nc1pal sources of possible systematlc error,
"One of these was the assumptlon.that the efficiency of the telescope was
constant for scatterlng angles between 10 deg and 32 deg in the .labora-
tory system., The other was the large target-empty subtraction at small
angles, Both of these subjects were discussed in.the preceding section,
and the case was made that probable errors arising from these sources

were smaller than the quoted' statistical errors,
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V. TOTAL CROSS-SECTION MEASUREMENT

- The total;'l;(»::l'r:(‘)'-vss section op for 310-Mev pions on protons was
- measured by attenuation, The purpose of this measurement was to
éheék the a.bslol'ute‘ scale factor ¢ of the diffei‘éntial c‘foss-section.data',
and to reduce thé uncertainty'in this factor. In the approximation that
elastic scattering is ,thé only channel through.wh‘iéhélomMe\} positive

pions and protons interact, we have

]
o'(e ) = 27(l +¢) Pe do (6) sin 6 d6
T' ¢ o f e e
, 0.

“where '66 is the cutoff angle (see Fig. V-1); pions that scatter at an
~.angle less than BC are detected in the back-up counter and appear as if
no scattering had occurred, The upper limit on the integral is nece-
ssary because pions that are scattered at an angle greater than 9; pro-
duce protons that recoil at an.angle .1ess,than.6c, These protons. are
detected in the back-up counter, so here too the event appears as if no
scattering had occurred. _

The approximation that elastic scattering is the.only interaction
.is not exactly true, Two other reactions are known to take place at this’

energy, They involve pion production:
‘rr++ P~ -n-++ 'n'O .+ P

-rrer—r».'rrJr-i-‘l'i"l-+_3r1° »
We are interested in the total inelastic cross section GI, which is the
sum of the total cross sections for these two reactions, There are
almost no experimental data on 0. at 310 Mev, However, a vrea,son_a‘.ble

=2,.85+.5 mb,

I
estimate of the value can bé made, Willis has measured ¢

and the ratio o{mwt+ p - -rr+ + 10 + p)/O(';r++ P — 1-r+ + 1r+ + n.)}E: 1.5+1.5-0.5
mb at 500 Mev, 24 In a.theoretical iaaper, which uses experimental data
onmt +p—> -rr++ 0% n at energies near 310 Mev, Rodberg pr‘edicts

0; (ﬁ++ p - 7+ 704 p)= 0.4 mb at 310 Mev, 25 1f we accept this value

and assume Willis's ratio holds at 310 Mev, we have (:7I =~ 0,6 mb at

310 Mev, Theories of the energy dependence of Ogs coupled with

s 26,27
Willis's measurement at 500 Mev, predict 0, ® 1/2 mb at 310 Mev, 26, 2

I



-43-

Thus, a reasonable value of GI appears to be 0,5+.5 mb. Since the total
- elastic cross section is about 60 mb, the inelastic scattering is almost

negligible,

A, Experimental Arrangement

The arrangement of the counters and the hydrogen»target used to
measure .the total section.is shown in Fig, v-1, A de,seription.of the
counters is given.in Table III-1. The second pion beam (described

.'.in-Sebction IV) was used with the circulating beam of the cyclotron cut

to approx 10"% of maximum, The number of incident pions, In, was
defined by the triple coi.nc':i‘den'ce rate S7-C2-58. The number of incident
v meso_ns.thé.t .p:assed through 'the,tar,get unscattered, I, was given by the
qua.druple'coincuiden.ce 57-C2-58-59. . The position.of S9 was varied to
change the cutoff angle 6 . Figure V-1 shows the two extreme positions
of S9. correspondlng to 6 ;8.3 deg and 15.2 deg. The tota.l cross

" sectjon.is given. as _— o 1 o o '

Y -:QT‘»('HC:) ~ N fIn I I.'°

where primed quantities are the target-empty measurements, and the
unprimed quantities are ta.rget-full data; N is”' the. target' thickness in

protons/cmz;. The rms statistical co'unting error is’

‘ AGT(GC) =

The total cross section was measured with two targets designated T2
and T3, which were-5.5 in. and .12 in, thick, 'respectively.' Typically,
I/IO ~:0,914 and I' /1 "= 0,976 for the long target,. and I'/I =.0,948
a.nd_I/I0 0.977 for the short target,

The incident pion beam was corrected for muon.and positron
contamination, as described in Section II, The same number was sub-
tracted fr;orn‘I_a_§;‘_.f1,’,.0m~10,\.,a>,‘s- essentially a,}l_of the -muoﬁ contamination .
passes through .the target without scattering out. “The fraction of the
'meson.bearrr.tha't was scattered out by multiple Coulomb scattering in
.counter S8 and the hydrogen target was negllglble for this geometry 14
The muons that come from pions that decayed. between the beam-defining

counter S8 and the. back-up counter S9 passed through the back-up
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v Figl V-1. “Scale drawing ‘of'thé hydrogen target and counter -
.+ ;- . .-arrangment used in the total.cross-section measurement.
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counter, Hehce, the‘e_er.decay.s were ‘not._confus.,ed.‘witvh scatter.ing eve_nts..
The cutoff angle was corrected to account for. the finite target length,
Thie co,rre‘c’tion.arn'oun'te‘d to about 1/2 deg., Accidental coincidences
were completely negligible; cross A section measutrements. Were Iﬁade at
' norma.l beam level, 3.times normal,. and 1/3. normal for 6 bl 0.5 deg.-
All these measurements agreed. Finally, the data at seve_ral angles
were also taken with the coincidence ’circui>ts switched, The results
were found to be 1ndependent of which. c1rcu1t counted trlples (I ) and

which circuit counted qua.druple c01nc1dences (I)

"B. Results and Errors

‘The .resul.ts.of the total cross-section.measurements are given
~in Table V-I, and are plotted in Fig. V-2. The errors listed-~a.re
_independent countingnstatistice.l errors only, There is also a 2%error

- common to all points.that arise from uncerta_,'itnﬁtieS in:-target thickness,
. muon- contamination, and:cutoff -angle, | ,

There are several items to note. cohcerhing:the i’nferna.l consistency
of these results, First, the data from the two different targets agree
quite well; Next the. varlatlon of Oop (6 ) with 6 agrees with the
dependence pred1cted by the d1£ferent1al cr-os_s sectlon_.(see Flg. V-2).

- Thus, if one uses these total cross-section data to _coinpute.. the scale
factor e, .the valoe obtained is independent of the cu’coff. angle chosen,
The. value of ¢ obtained from these data also aglreedeith‘ the differential

~cross-section data, A ThevValue obtained from the total cross section was

¢ =—01 8_:1':,'02‘5, compared wifh the value 0.,003:.06 given with the differential

_cross-section data in Table III-II,' This total cross. section.also looks

reasonable when compared to ex1st1ng 1r+-p total cross sections in this .

28,29, 30
energy region,
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Fig, V-2, Total cross section of hydrogen for 310-Mev 1r+as
a function of the cutoff angle BC. The experimental points
are from Table V-I. The curve is the dependence pre-
dicted by the differential cross-section data when norma-
lized to the point at 10.5 deg.
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’_I‘ablé V-I. Re sults of the total ¢ros s'-:se:_:c't.io.n measui'er'rié.hts described
in Section V. The errors listed are standard deviations ‘a".rild are due to
counting» statistics only, Each point also contains a 2% systematic
error due primarily to ﬁncertaiﬁty in target Vthi’ckné'ss, muon-contami -

natibn, and cutoff éngle;

Cutoff angl-e, ' Total cross section, : Target number?®

6C . o : 0(9(:)

(deg) . {mb) ‘_
8.3 0 59.8%1.2 - | T3

105 56.9+0.8 © - T3

12.9 - . 54,2+0,8 o < T3

15.2 - 52,4+ 0,8 L T3
101 57.5%1,0 - - - T2

14.3 . 52.6%1.0 T2

% Target T3 was 12 in, thick and Target T2 was 5.5 in, thick,
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' VI. THE PHASE SHIFT ANALYSIS

A, Search Program

A phase shift analysis of these data was made with the aid of an
IBM 709 computer. The computer made a 1east -square fit to .the_
experimental data using-the’ grid search method. It computed the usual
quantity, XZ =) [(X-i - %, /E s whére XiE is thevé;xperimental
value of x5, Ej 1% thé.experlmen‘cal error, and Xic is the valﬁe of x;
calculated from a given set of phase shifts, The summation.is over
- all experimental data., The se data consist of the differential cross-
section data given in Table VI I, which is a summary of those glven in
Tables III-II and IV-I, the meaSurements of the polarization of the recoil
proton that were made simultaneously with.the cross-section measure-
ments (Table VI-II), 31, and the value of the total cross section.at
-8, =10.5 deg from Table V-I. Starting from a given set of phase shifts,
the computer varied each.phé.se shift by small increments until 'XZ was
- Eninimizeda It cy_cled throu_gh all phase shifts several ti{nes until it
reé.ch_ed a mlmmum XZ:at §vhich a” small change i.nvany f)hase shift
caused Xz_to increase. This rﬁinimum was not ne_cessafily the absolute
minimum, but only a depression in the hyperspace in which XZ is plotted
as a function of the phase shifts, There may be several such minima.
Which one the computer finds depends upon the set of phase shifts it
starts from, In making our search, we started at several hundred
different random sets of phase shifts in an effort to find all these minima,

In order to relate experimentally observable quantities with phase
shifts, the non—spin-ﬂip scattering amplitude £(6), and the spin-flip

amplitude g(6) are expanded in terms of partial waves:32.

£(0) =x Y {(£+1) exp (i6,") sin 6,7 + 1 exp (15, )sin §,” } P, (cos 6)
. 1:0

[>e]
. . + . - . -
g(8) = x ﬁzl {exp (;6£+) sin §, - exp (16.2 } sin 6, } P, l(c:os 8)

where 6; is the phase shift for the state J = £+1/2, where £ denotes
orbital angular momentum. The phase shifts are real quantities in the

absence of inelastic scattering, The X is the center-of-mass wave-
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Table VI-I, “Summary of the 'di"ff'ereritia;13~’cros‘s -section data’given .in
Tables III- II and:IV-I that" were used in-the phase -shift analysis.”
e = 0.00+0.06. ‘ ' : ’ '

Center - of-mass scatterlng ) D1fferent1al Ccross sectlon
~angle (-) 'v - ‘ Co (1 + e) (d()/dQ)'IT :
(deg) . .- . . . ' ' (mb/sr)
14.0 . . 18.7120.60
19.60 ,  16.05£0.46
25.2 - 13,8240.31
30.6 - o 12.99+0.25
34.6 12.28+£0,27
36.2 . 11.65%0.27
44,0 - 9.82%0.15
51.8 - 8.59%0.26
56.8 L 7.54+0.28
60.0 ‘ 6.58+0.22
69.6 4.7320.10,
75.3 ' 3,62+0,09
8l.6- , 2.77+0,08
97.8 | . 1.66%0,07
105.0 . - 1.51%0.06
108.1 | 1,62%0,07
'120.9 : ' _ 2.08+0.08
135.2 2.93+0,14
140.6 ' 3.360.12
144.7 I 3.7620,15
152.2 | o 4.,10£0,17
156.4 - . 4,51%0,17

165.0 . 4.88%0.12
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Table VI-II, Experimental measurements of the polarization P of the
recoil.proton, The sign of the.polarization.is positive when a prepon-
‘derance of the protons have their spin pointing in.the direction

;Pix Pf'f,' where P. and P are-initial and final pion-moméntum vectors,

‘Center-of-massv scattering ‘Pola:rization P of the

angle, 8 v . ‘ :

Bates ‘cm recoil proton.. .
(deg) _
114.2 , +0.044+ ,062.
124.5 ' ) ' - -0.164+.057
133.8 - . | - -0.155+.,044

145.2 - . -0.162+.037
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length (over 27) of the pion; Pﬁ and P lare associated Legendre

J
.polynomlals Qf degree/and order 0 and 1, respectively, The differential
crcss section dg/dQ and the polarization P of the recoil proton are

expressed in terms of f(6) and g(6):

do/dq = If(e)[2 + [g(@)[z;

P=2Im[g"(6) £(0)] / [|£(0)F + {glo) 1.

The polarization is taken in the direction of P, XP,, where P, and P,
are pion momentum vectors before and after séattering., The effects
of Coulomb scattering were included in the analysis, The method used

was essentially that of Stapp, Ypsilantis, and Metropolis, 33, 34

B, Results and Errors

The first thing that was apparent from this anélysis was.that we
could not adequately fit our data using oniy'S a.n_d P waves (£ max - 1),
but that the data could be fitted with S-, P-, and D-wave phase shifts
(£ max =.2). We also foﬁnd_'_ch_at ﬁhere is only one set of S-,P-, and
D-wave phase shifts that fit the data, Other solutions were found, but

2 low enough to have more than a 2 or 3% chance of belng

none had a y
a valid solution, Table VI-III lists the ‘phase shifts a.nd the x2 for the
SPD solution (SPD-Fermi I), and the best SP fit (SP-Fermi). The
large XZ of.tﬁe SP-Fermi set indicates that it is a very poor fit to the
-data, Each solution is _de sigﬁated by a name designed to show the
position that this solution takes with régard ,t‘o' the various ambigui.tiés,;_
.e.g. Fermi or Yang, I and Il refer :to the D-wave ambiguity. 3 I indicates
~ the type of solution for D3 3 " 3 5 >0, |

Figure VI-1 shows: the cross-section data on the center-or-mass.
frame, The dotted line represents the SP-Fermi solution wh1ch does
* not fit th.e data adequately in the backward c'i.irec,t_io‘n,,'. The solid line
‘represents the SPD-F_erm_i -1 fit which does fit the data. Figure VI-2
‘Shows .the,experimehtal polarization data and the calculéted-values from
SP-Fermi and SPD-Fermi I, This clearly shows.ho'wv.poorv.the* best
SP fitis. ' | '

Besides resolving the ambiguities, the polarization data reduced

the errors on the small phase shifts to 1/2 or 1/3 the values obtained



Table VI-III, Phase-shift solutions to 310-Mev 1r+- p scattering data when
all data are included (differential cross-section data of Table VI-I, polarization
data of Table VI-II, and the Gc = 10.5 deg total cross-section measurement

given in Table V-I),

Phase Shifts (deg)

Solution XZ
S5 1a3)  Pgylag)) Pgyoglags) Dy Dy g Fyog Fis 7 found expected
SP-Fermi -22.3 . =8.1 136.1 a a a a 92 24
SPD-Fermi I -18.5£0.6 -4.740.6  134,8+0.6 1.920.4 -4.0£0.4 a a 15.8 22
SPDF-Fermi I 17.242.6 -2.9+4.0  135.040.6 3.1#2.6 -4.942.1 0.5+0.6 -0.6+1.4 14.1 - 20
SPDF-Fermi II -35.5+0,7 -16.1£0,7 151,4+0,8 -11,4+0,5 13,1£0,5 -1,1£0,5 -1.8+0,3 18,3 20
SPDF-Minami-Yang I 123.1 -22.4 3.1 ©158.6 0.2 -2.8 -0.1 17.6 20
SPDF-Yang II -32 142.2 160.4 178 6.4 -1.7 -1.3 26.6 20

 Held at zero throughout the analysis,

—zg-
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Fig. VI-1. - The experimental differential cross-section data -
given in Table VI-I, The dashed line shows the cross -
section calculated from the SP-Fermi set of phase shifts
given in Table VI-III. The solid curve corresponds to
the SPD-Fermi-I set, ' w
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Fig., VI-2. The experimental recoil polarization data given in
Table VI-II, The solid curve is obtained from the SPD-
Fermi-I sét of phase shifts and the dashed curve is from
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‘when only our cross-section.data were used in.the analysis, These
.errors (from our cross- section data only) Were, in. turn, only 1/2 to
1/3 as large as errors in previous analyses.- :

At this point, the orlglnal goals seemed to have been rea.ched
v The S- ,P-, and D-wave phase shifts were uniquely determined. w1th
very small errors ‘purely on the basis of these experlments These
errors were, in fact, so small than an investigation of the effects of

F waves was called for, as it was feared that their inclusion might

s
well cause.chahges of greater than 0.4 deg_ree'in the D-wave phase shifts,
| - Two very surprising things happened when a search was made
for SPDF vsolutions.,' As expected; the Fv‘ermi.—»'[ solution turned up with
small F waves, approx 1/2 deg, and with the S-, P-, and D-wave phase
shifts essentially unchanged from the SPD solution, but the errors on
the phase‘shift‘s had increased by a factor of 5. These large errors are
very disturbiﬁg' Secondly, those old amblgultles which the.pola.‘riza—
tion data had resolved in the SPD and_lys1s reappeared, -F-wave phase
shifts of only 1. and 2 deg allowed Fermi II to become a good fit to the
data, Other types of solutions also became good fits to the data {Yang
I and the Mi-nami-Yang I.)., The solutions to ,the'SPDF' analysis are alse
’given.,bi'n Table VI-III, We cefta.inly'- no longer have a unique set of phase
sﬁi'fts“ if the. data are analyzed in SPDF waves, The data were not fitted
4s1gn1f1cantly better when F waves were allowed to be nonzero, but this
" is to'be expected because the SPD fit was already very good. Even
‘though we reject the two Yang-type SPDF solutions for the usual reason
(Yang-type solutions do not seem to agree with dispersi’onrre.lationsj),
‘ we are left with two Fermi-type SPDF solutions, We have two Fermi
_solutions because We.é_re- unable to resolve the D-wave ambiguity if
F-wave pha_.se shifts are a.llowed to be nonzero, It is worth noting that
the phase shiffs of the SPDF-Fermi [ solution.are strongly correlated,
That is to say, fixing the value of one of them substantially. reduces
the uncertainty in the rest, or the phase shifts can change substantially
while ,remainirig a Ireaso,na.vbly geod fit to the data if they change in a cer- |
tain way. For example, SPDF=Ferm.i-l"‘_can be.dis.té)rted to.a point where
S, ,.=-21.0, P, .= -10.2, D, . =-3.0 and D, . = +1.0 with an M value

3, 1 " 301 40 P33 . 3,5
still only 18.6. -
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VII, DISCUSSION OF RESULTS

This inve sfigation indicates that it is difficult to obtain a meaningful
set of phase shifts by using this method of analysis, It is very depressing
to see that, by allbwing small F-wave phase shifts v(l or 2 deg),‘ we have
introduced. a new éolutibn (Fermi [I), which differs by 13° to 18° in S-,
P-, and D-wave phase shifts from the original Fermi-I solution. This
is precisely.the kind of thing that we had assumed would not happen, We
know of no a priori reason to limit the values of the F-wave phase shifts
to less than those obtained in the SPDF solutions given in Table VI-3,
Tl.lerefo_re9 these SPDF sets must be considered as legitimate solutions,

We have not found a valid reason for discarding either of the two
Fermi-type SPDF solutions, The D-wave phase shifts of the Fermi-I
solution seem to show some agreement with the values predicted by Chew,

Low, Goldberger, and Nambu from dispersion relations (D3 3 = + 0,3,

. _D3, 5 = -2,5 deg at 310 Mev), 35 However, these predictions do not include
the effect of the pion-pion interaction. We had hoped to determine the
D-wave phase shifts accurately enough to obtain some information about
the pion—pioﬁ interaction by comparing the experimental phasé shifts with
the predicted values. of Chew et al,, but we have not yet‘,reé,iche'd this point,

It seems that we are unable to determine accurately even the larger
phase shifts at this time,l although ours are the most extensive and most
accurate 1r+-p scattering data available, At this time, there does not
appear to be any theoretical method of simplifying the analysis, However,
this kind of help may appear. in the future,

There is some reason.to hope that these difficulties can be cleared up
purely on the basis of the experimental data. The fact that we have four
SPDF solutions instead of one is probably due to the very limited angular
region of our polarization data, Figure VII-1 shows the behavior of P
vs 6 predicted by the various SPDF solutions. As e_xpected; they differ .
violently at angles at which no experimental data tie them down, One
or two measurements in this region may well result in a unique SPDF
solution, depending, of course, on where these additional points fall. It
is even possible that if enough points were measured so that P were well
determined. as a function of scattering angle a meaningful SPDFG fit could

be obtained. We hope that after including polarization
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Fig. VII-1. Variation of the p‘olarizétion»with scattering angle .
predicted by the four SPDF solutions given in Table VI-III,
The experimental data are also shown.
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data taken 'over. a wide angular region, one may still obtain.an adequate
fit to the data by using only a few phase shifts (lf max - 2 or 3), and that
. the results of the analysis will remain essentially unchanged when £ max
is increased by one. Although it has been.impossible to measure the
polarization P for Gcm < 114 deg, it does not seem unlikely that these
data may be obtained in the near future. For instance, a helium analyzing -
‘.target could be used in place of the carbon target to analyze the polar-
ization of low-energy protons. The counting rate would be the problem
. here, because this helium analyzer would be.less efficient by an order
of magnitude than the carbon analyzer which gave approx 1 count/min
for 106 pions incident per sec, Another method would involve starting
-with a partially polarized hydrogen .target, Then a measurement of

the azimuthal asymmetry'iin the differential cross section for scattering
_from this target would yield P- PT" where.PT is the polarization of the
target. There is no inherent limitation to the angles at which P could
be measured by this method; however, no such target is available at
. present, ) , :

Another way of attacking this difficulty might be to repeat these
same experiments at other scattering energies, With data at several -
-energies-one might use,disﬁersion relations to rule out some - sets,
Dispersion relations relate the real part of a scattering amplitude to
an integral over the imaginary part as.a function of energy, and thus
restrict the energy dependencé,of a possible set of phase s}lifts, The
most familiar dispe.rs.ion.i'e,lation deals with.the forward scattering
‘amplitude. - In this case the imaginary part 1s related to the total cross
section by ' '

Im £(0) = oT/4nx,

The energy dependence of the total cross. section is reasonably well
‘known, therefore the inte_gi’al, and thus a.predi.ction.bf.the real part of

the forward scattering amplitude, can be made, This is of very‘liftle

use, however, because all the various sets of phase shifts given .in

Table VI-III yield the same value of the real part of the forward scattering
amplitude, namely Re f{0) = -0.686+.012 in units of the pion Compton
~wave length f/uc., This value is, incidentally, in good agreement with

36,37

the predicted values, The reason that all the phase shift solutions

give the same value of Re f(0) is that it has a physical significance in
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terms of the cross section,

Re f(0) = {[do/da (0)] /4Tr)i }1/2-‘,
Thus it is essentially fixed by the differe.ntial-—cross=sectionfdata., :

- Another dispersion relation that has received,sofr.le attention deals
with the forWard spin-flip amplitude g{0), This is, of course, identically
_zero, therefore one uses the quantity Eig(@)/d sin. 9]6 0 * which_‘is

nonzero, ‘Davidon and Goldberger have employed the dispersion re-~’
+ lation of this .quantity in.an attempt to show that the Fermi type of solution
is favored over.the Yang type. In this case neither the real nor the '

1mag1nary part has any 51mple physical 1nterpreta.t10n “This is likely ,

"~ to be a good test of the phase. ShlftS however,

it is- very difficult to apply, because one must know the phase shifts as
-a function.of energy in. order to carry out the integral. Therefore
-data at other energies that are comparable to these results at 310 Mev
.are needed to make use of the dispersion-relation for the spin-vflipA
forward-scattering amplitude. | '

This was intended to be a decisive experiment, but it séems to
have merely extended the horizoh into a region of neW"dif'ficulties".how-
‘ever, it is hoped that th1s work has been a. S1gn1f1cant step in the study

of pion-nucleon scatterlng
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