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assumes any legal responsibility for the accuracy, completeness, or usefulness of any
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necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. ' -
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 GHARGE-EXCHANGE SGATTERING OF NEGATIVE PIONS
BY HYDROGEN AT 230, 260, 290, 317, AND 371 MEV

. John C. Caris

lLawrence Radiation Laboratory
I\ " University of California
o | Berkeley, California

March 18, 1960
ABSTRACT

The differential cross section for. éharge—ex’ch‘ange
scé,ttering of negative pions by hydrogeﬁ has been observed at 230, 260,
290, 317, and 371 Mev. vThe reaction was observed by detecting dne
gamma ray from the ‘ITO decay with a scintillation-counter telescope.

A least-squares analysis was performed to fit the observations to the

function

5

—a)z IZI alP!_l (COS 9)

in the c. m. frame. The best fit to our experimental measurements

requires only s- and p-wave scattering. The results (in mb) are:

a

a

a

1 2 3
230 £ 9 Mev 2.50 +0.10 1.39 + 0.15 2.73 +0.28
260 % 7 2.02 +0.08 1.75 £ 0.14  2.15 % 0.22
290 =9 1.45 £ 0.06 1.80 + 0.10 1.89 + 0.18
317 + 8 1.40 + 0.06 1.85 + 0.10 1.50 £ 0.17
371 £ 9 1.08 + 0.05 1.63 + 0.08 1.18 + 0.12

The least-squares analysis indicates that d-wave s‘cattering is not

established in this energy range.



I.. INTRODUGCTION & -~ = "

' We measured the differential cross section for charge-

" exchange scattering of negative pions on'hydrogen at 230,260,290, 317,

and 371 Mev,-using a-scintillation-counter telescope sensitive to gamma

rays from the reaction"
-, .0 , .
T ¥p-=>T +n-=>n+2y.. : : (1)
The reaction was meéasured by detec-ting ‘one gamma ray from the decay

of the TrO meson. - We ‘performe'd the experiment at Berkeley in the

meson cave of the 184-in. synchro-cyclotron. The energy dependence

"of the gamma-ray counter eff1c1ency was measured in a separate experi-

ment. The 1r0 .angular dlstr1but10ns were obtained from the observed
gamma-ray distributions by an analysis performed by using the IBM 650

computer.

The purposes of our measurements wer'e:“
" {(a) to investigate the TTO angular distributions at energies at
which no data existed or, where more were desirable;
(b) to design and execute the wdrk so as to attain greater
- ac‘curacyjthan previously reported in our energy range;
‘(c) to pay special attention inthe analysis to the search for
d-wave scattering which has not been observed for
' charge- exchange scattering; and
(d) to make our work useful for future phase shift analyses,
A brief survey of existing charge-exchange results is appropri-

ate.. When our work begah nio angular distributions for charge-exchange _

scattering were known from 220 to about 500. Mev except the counter work

of Korenchenko and Zinov 1 at 3A07' and 333 Mev. The ZZO-Mev.measure-
11

" ment was performed by Ashkin et al. ‘Recently we have learned of

- - additional differential cross sections by Korenchenko and Zinov at 240 and

270 Mev. 2 Earlier angular distributions measured below 220 Mev 3-11

have recently been augmented by work at Chicago by Garwin et al. at 128

Mevlz-an'd by Kerman et al. at 61, 95, and 150 1\/[ev13 using a lead glass



Cherenkov detector for gamma rays. All other measurements were
made with gamma-ray-sensitive scintillation-counter telescopes.

All reported work below 330 Mev has been.analyzed in terms
~of s- and p-wave sca'ttering only. No evidence was found suggesting the
need to include d-wave scattering. The size of experirhental errors,
due largely to poor determination of the counter efficiency, precluded
any conciusion céncerning d-wave scattering at 307 and 333 Mev.

Literature survey revealed three possible improvements we
- could make to reduce the size of errors in existing experiments and to
increase the probability of detecting d-wave scattering. The specific
objectives guiding the design and execution of our work embodied these
: irhprovementsq | v |

' The charge-exchange differential cross section cannot be ob-

served directly, . since the ‘l'l'o meson decays isotropically in its own rest
frame in a time interval somewhat less than 10'16 .sec. One must deduce
the 1r0 angular distribution from a gamma-ray Angular distribution ob-
served in the laboratofy system. This laboratory photon distribution is
aberrated in direction and Doppler shifted in frequency by the motion of
the decaying 'rro meson.- We measured the reaction by detecting a single
decay gamma ray from the 'n'0 meson.

Two kinematic characteristics of the reaction deserve mention,
First, it is impossible to detect with our counter more than one decay
-photon from a given Tl'o decay. The minimum separation angle between

two photons from a decaying * meson is

6_. =2sin"’ _W:S%?s , : @
where Two is the 'n'o meson kinetic energy in Mev. - Minimum separation
. angle, for a given Tﬂ_O, occugs when decay photons emerge in the 'rro rest
frame perpendicular to the ® direction of motion. Minimum separation
angle occurs for ‘ITO mesons produced at Odeg, i.e., those with greatest
Tn_O., For 371-Mev 'rro mesons Gmin = 15.5 deg. . Our counter subtends
an angle of 11.8 deg.

Secondly, one observes at each laboratory angle a broad spectrum

of photon energies. The photon angdlar distribution only approximates the



1'rO angular distribution in both energy and direction. Figure 1 shows
that it is kinematically possible to observe at any laboratory angle a
decay photon from a 1r0 meson emitted at any angle. Thus, the net

gamma-ray counting rate at a given observation angle represents the

- counter's integration over the spectrum of photon energies observable

at that angle such that each photon energy is properly.weighted by
B (a) the detection efficiency for each _photOnb energy, and
~ . (b) the appropriate differential cross section for the pro-
duction of photons withv each energy in a given direction.
These kinematic characteristics are background for.the'following dis-
cussion.
' Three poss.iblre improvements in the experimental fnethod for

charge-exchange work using scintillation-counter telescopes were

evident from a literature survey. Improvements were mandatory before

any conclusion concerning d-wave scattering was possible.

First, no experiment had measured the gamma-ray angular

distribution more forward than 20 deg (lab) except Korenchenko and

-Zinovl at 15 deg (lab). D-wave scattering has a significant effect on

forward and backward peaking as well as a smaller peaking effect at
90 deg (c.m.) We demoﬁstrated that 0-deg measurements were possible
provided the incident pion beam, Which traversed the counter, did not
jam the ariticoinc’iden’ce‘ counter.

| Secondly, only two experiments had éxplicitly considered

4,7 Such éon-

energy variation of the gamma-ray detection efficiency.
sideration is essential to treat analytically the gamma-ray spectrum
observed at each laboratory-system angle. Most reported work used

an average counter-efficiency number for each laboratory angle. These
numbers were partly measured and partly estimated. 5-10 To analyze

the net gamma-ray counting ratés, explicitly considering energy variation
of the counter efficiency and analytically treating the gamma-ray spéctrum
obsérved at each lab angle, .we generalized, to include provision for
d-wave scattering, the é.naly_sis method reported by.Anderson and Glicks-
man. 7 The method's details are discussed in Sec. V and Appendix A.

Thirdly, the largest single source of err‘or in reported work

"is due to detector-efficiency indeterminacy.  These errors are charac-

teristically 10% to 15%. Ashkin et al. 1 report 5% indeterminacy at
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220 Mev.. Most reportéd work neglects counter-efficiency variation for
photons incident upon the counter face off center and off normal. We

found by measurement that such variation is not negligible for our geometry

(Sec. VLLF). We developed the counter calibration method discussed in

.Sec:. VI for two reasons:

~(a) to measure the detector's explicit energy dependence
necess’ary for the analysis method mentioned above, and-
(b) to reduce efficiency indeterminacy to less than 1_0%.
The three preceding paragraphs summarize the general ideas

that guided the design and execution of our experiment.



II. EXPERIMENTAL ARRANGEMENT

A, Magnet System"

Our experimental arrangement-'foi' the'Z;éO-, 31‘7—, and
371-Mev measurements is shown in Figs. 2 and 3;: '

Negative pions created on an internal beryllium target by
the impingiﬁg 730-Mev proton beam were:pé.rtially momentum-analyzed
by the cyclotron fringe field. We used an 8-in. -bore doublet quad-
rupole magnet between the cyélotron vacuum tank and the 8-ft-diameter
iron collimator. :

| Final momentum analysis and bendihg, through 55 deg was
performed by a wedge focusing magnet. We designed the“pole tips,
beam entrance angle, é.nd beam exit. angle to give equal horizontal
and vertical focusing. The 8-in. -bore symmetrical triplet quadrupole
adjusted the beam focus on the liquid hydrogen target.
| We used a 2-ft-thick lead brick shield for the counter area.
The 3-in. -diameter collimator was cast in a 4X4X24-in. lead brick.
We inserted telescoping brass tubes in the 3-in. diameter tube to
provide the l—3/4—inv., -diameter collimator used at all energies.

- We performed measurements at 230 and 290 Mev during a
second experimental run. The arrangement was modified to use
available magnets. Two smaller magnets, each bending the beam
approximately 30 deg, replaced the wedge focusing magnet. We sub-
stituted a 4-in. -bore triplet quadrupole for the 8-in. -bore quadrupole.
Otherwise, the experimental arrangement was identical for both runs.
A slightly larger energy spread was observed at 230 and 290 Mev

owing to the magnet substitutions.
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Fig. Z. . .Dia,.gra.i'x_] of the experimental arrangement.
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- B. Pion Beams_

~Table I summarizes the pion beam characteristics.

Table 1
N egative‘—p'ion-bear‘n characteristics

. Energy {Mev) AT (Mev) % Muons % Electrons
230 ' +8 10 £ 1.0 47+1.02%
260 £ 7 10 £ 1.0 34 2P
290 £9 7.4+0.8 1.0+ 0.5%
317 +8 . 6.0£1.0 2+ 1P
371 ) £9  4.0%1.0 2+ 1P

a : . . ‘o1
- Electron contamination measured with gas Cherenkov counter.

Electron contamination .estimated by calculation.

We determined magnét fields by wire-orbit measurements.

- Final energies, energy spreads, and muon contaminations were obtained

by range-curve analysis. Figure 4 shows the integral and differential
‘range curves for 371 Mev. The range curve 'segmentvbetwee‘n points
A and B is the region where pions dre stopping.
We defined the beam energy as corresponding to the mid-
point of segment AB. The energy spread was defined by
" (a) considering the full energy spreé.d to extend from the
10% to 90% points of AB, and |
-{b) correcting this estimate to include pion range straggling '
_ in copper.
Table I includes a 1.5-Mev subtraction for incident-pion energy loss in
‘the first one-half of the hydrogen target. |
. Point B determines muon cgﬁtamination from
(a) pions de-caying before the last bending magnet, and
. (b) those pions decaying after the bending magnet which

produCe muons with ranges greatei' than 230 g/crn2 Cu.
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The muon contamination was corrected in two ways.. We showed by
calculation that muon-beam contamination with ranges less than 230
g/c_mz- Cu was 1+0.5% for all energies. Secondly, we calculated muon

losses due to multiple Coulomb scat:tering”in the thick copper absorber.

g Th1s correction was neg11g1b1e for our beams.

Electron: contamination was measured for the 230 and 290-Mev
beams by using a gas Cherenkov counter as the central unit in a three-
counter telescope,. We used sulfur hexafluoride gas at 40 and 80 psi
pressure. No such counter was available during theAruﬁ at 260, 317,
and 371 Mev. Our electron-contamination estimates: by calculation
agree well with those measured. ‘

Figure 5 shows horizontal and vertical pion beam profiles at
the hydrogen target. We measured profiles with a 1‘-inl..—diameter '
counter in coincidence with the beam monitor counters. . Profile width

due to l-in. counter resolution is subtracted from Fig. 5.

C. .Electronics

Figure 6 shows the electronics block diagram. Evans coinci-
dence unitsl4 and Hewlett- Packa',rd‘ type 460A distributed vamplbiﬁers were
used throughout. Our scalers were driven by Perez-Mendez — Swift
amplitude discriminators. 15 They have an adjustable threshold from
0.1to 1.5 volts and are rated at 10 pulses per second 1nstantaneous
rate.- We used a Hewlett-Packard type 520A prescaler, rated at 10 PPS,
in the beam monitor circuit and Model II decade scalers, 14 rated at
106 pps, for final sraling throughout. |

}Photomﬁltiplier tube bases for monitor counters 1 and 2 were’
modified for high instan'tanepus counting rates by placing a 1-pf capacitor
at the last; stage. Dynode voltage decreased less than 1% during beam
fallout pulv‘ses. N , _ o o

- Each coincidence‘ciicuit was pulser tested for 5><1‘06 pPpPs
instantaneous rate. The pulser output dupliéated the cyclotron rate, 64
pulse groups per sec, each of 400 gsec duration. * Instantaneous counting

rates for these tests exceeded rates used during the experiment.
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Fig. 5. Horizontal and vertical beam prof:les measured at the pos1t10n
of the liquid hydrogen target. :
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* Fig. 6. Electronics block diagram.
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A gamma ray was inferred by the conditions:
- (a) a monitor coincidence between 1 and 2;
(b) a  Coincidence I from simultaneous monitor coincidence, N
Cherenkov pulse, and Sc. I pulse; and , )
-(c) a Coincidence II from simultaneous Coincidence I pulse, -

Sc II pulse, and no simultaneous anticoincidence pulse.

D. Counter Telescope

We measured the charge-exchange réaction by detecting
_s1ng1e decay gamma rays from the m mesons. Counter details and
the hydrogen target arrangement are shown in Figs. 7 and 8.
A familiar type of scintillation-counter telescope was used
(Fig. 9). It contains a removable Pb converter 1/4 in. thick and a
lucite.,‘Cherenkov counter which eliminates accidental counts due to
slow charged particles. Figure 10 shows a lead curve ob,served‘ while
counting gamma rays from the charge-exchange reaction.
-Sc. I, Sc.II, and the anti-coincidence counter are composed of
a solid solution of para-terphenyl in polystyrene and are viewed by RCA
6199 photomultiplier tubes through lucite light pipes. Two RCA 6810
photomu1t1p11er tubes, with signals added, view the Cherenkov counter.
We magnetically shlelded the photomultiplier tubes two ways.
- Each phototube was first surrounded by two concentric shields. The
inner shield was 1/32-in. -thick p metal and the outer shield was 1/4-in.-"
thick soft iron. Rubber O rings provided spacing betwee.n shields.
, SeCOf.riHly,v the telescope was mounted within a 1/8-in. -thick soft iron box.
A small beta-active source attached to each scintillator pro-
vided a means for da11y checks on the detection sensitivity of each coin-

c1dence channel.

. ® ‘

The lead converter defined the counter's subtended solid angle.
Edge effects due to gamma rays striking the converter near the edges or -
at an apgle from the normal are not negligible.. We corrected for these
effects by experimental fnea‘surements (Sec. VII).
, Beam -monitor scintillator 1 was 3X3X1/4 in.,. scintillator 2was
2-in,'in diameter by 1/4 in. thick. They were viewed by RCA 6810A
photomultiplier tubes. Their composition was para-terphenyl in poly-

styrene.
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Fig. 7. Liquid hydrogen target and counter telescope diagram.
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Fig. 9.. Gatha-ray counter telescope schematic,
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Fig. 10. Gamma-ray telescope counting rate as a function of
Pb conver:‘.er thickness, The lead-in to lead-out ratio is 17 to 1
for a 1/4-in, lead converter. The target-full to target-empty

ratio is 8 to 1 for a 1/4-in, lead converter. This curve observed
at 40 deg (lab). ‘
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- All counters exhibited'broad, flat plateaus. No long-term

drift of the counter-telescope efficiency was detected..

E. Liquid Hydrogen Target

16

The hydrogen target reservoir has been previously described.

"The spherical vacuim jacket was formed by welding toéether two spun

aluminum hemispheres. - The jacket was 0.090 in. thick. Beam entry
and exit windows were laminated M'y'larv,sheet' 0.0ZO in. thick and 4.5 in.
in diameter. An aluminum flange clamped the end windows in place.
Vacuum seal was made by an O ring between the Mylar sheet and the
flange base.

Hydrogen-cell walls were 0.020-in. -thick laminated Mylar

sheet. The walls were bonded by a Versamid-epoxy resin to 1/4-in. -

thick brass plates forming the top and bottom. Cell dimensions were
5 in. high, 4 in. thick, and 8 in. long with 2-in. end radii. A 0.001-in.

aluminum foil heat shield, with beam entry and exit. holes, surrounded

the hydrogen cell.. The cell's condition was visually checked through the
end windows. The hydrogen cell was emptied by:

(a) closing the target cell vent line by a solenoid valve, and

" - (b) intfod.ucing _H2 gas pressure (5 psi) into the vent line. |
A grid of dots placed on the cell faces served two purposes:
~(a) target alignment, and A

.(b); farget thickness measurements.

Beariy—p_roﬁle measurements defined the beam's trajectory in space.

The target was aligned by adjustment screws so that the beam axis tra-

- versed the hydrogen cell's center. An internal pressure of 1 atmosphere

bows the hydrogen cell walls. The gri'd‘ enabled us to measure the:bow . .-

» accurétely.
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III. - EXPERIMENTAL TECHNIQUE:

Observation angles ranged from 0 to 155 deg (lab). We - A .

measured the gamma-ray angular distributions for at least nine

. laboratory-system angles.. Running-time limitations determined this ..

number. Net gamma-ray counting rates per incident negative.pion ’

_}re<sulte<bi from series of eight individual mea_surementé at each lab angle.
Eight measurements were necessary to include all combinations of target
fﬁll and empty, Pb converter in and out and, Maccidental" cables in and .

out. Net counting rate is given by

2>
€<
|

Net N

.

6
( <

Y <l> o
M H,,Pb M H,, NoPb

Ha,

/

" accidental

. ) ’/l.‘.. - B X “ .‘- X
Pb \M H,, NoPb V) Nom,, Pb \M/ NoH,, NoPb

(3)

' g‘) NoH,, Pb G’)

27

NoH.,, No Pb
djental

acci

We measured accide}ltalx\éounts by delaying the monitor coincidence cir-

cuit output by one fine-Structure bunch time (5.4X10"
-gamma-ray counter. .
VIIL.

part of a regular cycle.

Sec.

incident pion energy.

variance with those of differént cycles.

85e’c)_ relative to the
Accideéntal measurements are discussed fully in
We made measurements of net cdunting' rate at each angle as
At least three cycles were completed for each

No net counting rate was found Statistically at

" Table II shows typlcal counting

rates for 260-Mev incident negatlve pions.

We took special precautions at 0 and 10 deg.

At O deg the in-

‘ .c1dent pion beam traversed the counter and was electromcally re_]ected

by the anticoincidence counter.

various incident pion fluxes.

We made careful jamming checks for

Forward data were found independent of

beam flux below 8000 incident pions per sec on a time-average basis.

Fluxes from 13,000 to 17,000 incident pions per sec (time average) were

used for angles of 20 deg or greater.

—<
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Our measurements were made during two separate cyclotron
experiments. Measurements at 260, 317, and 371 Mev were made

. . . 1 . .
simultaneously with our colleague Perkins, ! who studied the reaction

11'_+p—>-'n'_+n+Tr+. | o _ (4)

The experiment of 230 and 290 Mev was performéd simultaneously with

our colleague Goodwin, ‘who studied the elastic scattering

w_+p—f1f-+1:$. L ' (5)

We measured the m_ -proton total attenuation cross section at 230 and
290 Mev in an experiment that will be reported elsewhere.
Miscellaneous experimental details are:
(a) all photomultiplier signals were at least 4 volts at the
coincidence circuit inputs, | A
(b) the detection sensitivity of coincidence channels was
maintained constant by daily source count checks and
slight photomultiplier tube voltage adjustments based
thereon, and _
(c) discriminator tripping levels were maintained -
uniform at 2 volts input photomultiplier pulse by daily

~pulser checks.
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IV. DATA ANALYSIS

Most reported experiments analyze the observed gamma-ray

-angular distributions by using

do (Y/M_)

T mGATE . | ()
where (y/M)net, is the net gamma—r:‘a,y é.ounting rate per incident pion, -
nt is the target thickness in protons/émz_, f is the pion percentage of
the beam, GARQ is the corrected solid angle m sterad (see Sec. VII),
and € is the detector efﬁcienéy for the a.verag,e gamma-ray energy
observed at a given angle. The gamma—ra}’r differential cross section

is fitted to the function

do
Y - ‘ ' ’ ‘
a5 | = g blpﬂ-l(n) : ,: . (7)

It is convenient for the least—_squaresranal_ySis to designate the
‘coefficients as a, through ag. For this reason we express the differential
‘¢ross 5ection in the form above rather than in the form do _ § 2, Pf(cos 0) .
- dw -~ £
The charge-exchange differential cross section is then obtained in the

form

dawo » _ _
do Z 2gPy_qla) 3 (8)
1 , : ‘
by use of the fact that each a? is directly proportional to the corre-
sponding b,. > N » ‘

This treatment is not quite correct, however. The detector
efficiency for the average-energy gamma ray used in Eq. (6) is not'a
good approximation to .the average detection efficiehcy,at a given angle,
since we know thelinc.ident gamma, rays range widely in energy and the
d_étector _e‘ffi.cie:ncy; varies rapidly with energy. Korenchenko and-Zinov _

: adopted this approximate treatment for their experiments at 240, 270,
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307, and 333 Mev. L 2 The above introduction makes clear the need for
a more exact analysis method if one is striving for the maximum ob-
tainable accuradcy. v

We refer the reader to Appendix 1 for a complete derivation
of the analysis method used for our éxperiment. " This method avoids
approximation at the expense of §reater complexity. To exhibit the _
method's ideas we will present a brief outline of the relations derived
in Appendix 1.

' Beginning with Eq. (8), expressing the charge-exchange

cross section in terms of the desired coefficients, a_l, one derives the

gamma-ray differential cross section in the laboratory frame,
5 +1
do

S : : P, (x)dx
Y 1 Z ap f £-1
. WP () L3 e O
R |

where the symbols used are defined by Table XXII anci Fig. 35 of Appen-
dix 1 and the equation is numbered as in Appendix 1. The integral of
(9 ) expresses vthe analytical form for the gamma-ray spectrum observed
at a. given angle. The g‘"amma-fay differential crbss section is related to
the ob'sei'ved counting rates by definihg an ”appa.rént" cross.section for

famma-ray production in the center-of-mass system,

do. (v/M)_, (vg-nga)

T~ TG AT : o)
- Equating ( 9) and.(10) we have . .
5 5 _ O +]
(y/Mnet(ye—pez) i} Z o ) [ e‘x,z)P1_~1(x)dx ()
ntGAR Fee i A B3 0 (e

where the detector efficiency e(x, z) haé been placed under the integral
sign. The quantity GAQ depends slightly on x and should ideailjr be in-
cluded in the integrandvof (11). Neglecting this dependence formally
is a very good approximation because (a) the dependence is slight and

~ {b) suitable averages have been made for the quantity GAQ (Sec. VII. B).

4 gl
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The analysis treatment is exact except for this approximation. .
To express ( 11 ) in convenient form for least-squares

sqlution for the coefficients, aﬂ, we define

/M) (vgmp2)t
Y(z) = —aan
+1 _ :
GE(Z) - K’E f E(x, z)%_l(x)dx ) .V o , - (12)
- - -1 (y-nx)‘2 : '
+1
_ P, .(x)

Kl - '——‘g"-l‘—z dx.

| 1 (y-nx)°

- Finally we obtain a set of linear equatidns

5 |
Y(z) = Z a X,(2), ’ {13)
=1 - »
where
Xy(2) = Py 1) Tp(2) Ky S | (14)
and
o [Yy.z - ‘ ‘
oy =20 o)) - o (1)
! Y. -n z ‘
0o "o : . |

There are as many equations in the set ( 13 ) as there are 1aboratory—
system observing angles. '
The integrals -?I(z) Kﬂ are integrable in closed form.

Numerical evaluation of the expressions for ?ﬂ(z)-, Kg’ !_l(y), and
Xﬂ(z) was performgd using the IBM 650'compute1j.

We now define the least-squares problem and outline its
solution. The least-squai‘es problem is to solve sets of equations ( 13 )
for the coefficients ag- We have either nine or ten such equations in

each set. A special characteristic of our problem is that the quantities

,'Xﬂ (z).are not members of a complete orthonormal set of functions.
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- Therefore, we derived a general ieaét-squares solution and programmed

it for IBM 650 computation.. We applied the gener'al least-squares theory

of Deming18 to our problem. o _ ‘ o .
’I‘his program, named LSMFT, ‘performs_a‘, least-squares

solution of { 13) for coefficients aﬂ,,' considering asrhany as 10 variables

Y(z), 50 variables Xﬂ(z) and 5 parameters a Fewer variables and co-

efficients may be used at the programmer's giscretion. The variables
Xﬂ(z) need not have any particular functional propefties. The program
first obtains a trial solution for the coe.fficients, aﬂ, by ‘solving five or
fewer of the equations ( 13) by a matrix-inversion subroutine. The
program then uses the trial solution to obtain final values for the a, by
minimizing the least-squares sum of weighted residuals. At the programmer's
discretion the program .a.uto-mat.ical'ly iterates the solution any‘nurﬁber of
times. In practice we Ifound, as expected from Deming’'s theory, that iteration
more than once does not im.p.r0ve, ithe solution.

‘ Input data required for the LSMFT program are the experimental

values of ¥z), Xﬁ(z), their weights defined by

1
W, = — (16)
I (O
- W 1

Fo(z) (aX,(2)°

the number of equatibns in the set, and thebnumb(’er of parameters, a.t,
to be used in the fit. The errors, AY(z).a.nd AXE(z)_, were computed by
propagating, through the'expressior}s for AY(z) and Axl(z), the errors
~assigned to their individual factors. _ ‘

' The computer output f.orv LSMFT includes the trial solutions »
for ag; the final leastv—squarvés solutions for ay; the reciprocal, or error, :
matrix; the least-squares sum; and information useful for checking the

program's internal operation. - S ' N
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V. RESULTS

- We present the results in two parts: {A) results of the experi-
' mental observations, and (B) results of the least- squares analyses based
on the observatlons

A. Experimental Results 3

~Figures 11 through 15 show the observed gamma—ra?y angular
distributions. To indicate the relative sizes of the various countingrates
combined by Eq.(3) to give the net gamma-ray counting rates we presented
- Table II (See Sec. III). Thisv table gives the observed counting rates for
260-Mev incident pions. Relative counting rates are typical of those for

other incident pion energies. Tables III through VII present the corrected

o experimental results used for the least-squares analysis. (In Sec. VII

there is a detailed discussion of the corrections applied to the observed

counting rates and the experimental geometry. ).

B. Analysis Results

We recall that the least-squares analy51s by LSMFT program

performs a fit of the experimental observations to the function
5

The analysis results in the coefficients, a Q’ thexr errors, & al, and
statistical criteria for the goodness of a given fit. To obtain evidence
pertinent to the presence of d-wave scattering in the charge-exchange
_reaction we performed least—squafes analyses assuming that only s-wave
séattering is present, assﬁming thé,t oniy s-andp-wave scattering are
present, and thenassuming that s-, p-, and d-wave scat‘tering are present. '
Tables VIII through XII present the results of these least-squares analyses.
The réporte'd errors in the coefficients were computed from the error

matrices given in Tables XIII through XVII by the relation

2 2 _ }
(BaE) = CpgT = Cpgo . v (17)

where Cgg is a diagonal element of the error matrix and ¢ is the variance

of a function of unit weight.
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- Table 1II

' Experimental results for 230-Mev incident T mesons

" Net count rate

Angle Observed Final

_ (lab) ~ (corrected for corrected
 (deg) accidentals oné)y) (Y/M)n

* (counts X10~

0 87.19 +2.45 88.24 % 2.49
10 78.20£3.18  79.12 % 3.21
20 72.44%1.21  73.28 % 1.27
30 61.17£1.22 . . 61.85=%1.26

40 46.30 £ 0.96 = 46.77 £ 0.99
60 22.94 % 0.84 23.09 + 0.85

. 90 9.98+0.55 . - 9.97+0.55

- 120 11.04 + 0,56 11,07 £ 0.56

140 12.04 + 0.53 12.09 + 0.54

155 13.92+0.72 . 14.00 £ 0.73

(counts %?10'-)6) ‘

O . O O O © O O o o

G AQ

(steradian)

.03700+
.03695+
.03673+
.03638%

.03514+
.03458+
.03515%+
.03599+
0.03647+

03599z ..
.00035
.00035
.00035
.00036
.00036

.00037
.00037
.00037
.00036

00036

2.138 £ 0.038

y =
n =1.890  0.044

y, = 1.036 % 0.002

Ny = 0.2711+ 0.0062

nt = (4.56% ‘,09)><1023 protons/c_:mz_
f = 85.3%41.4% |
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. Table IV

‘ Eiperimental results for"2.6>0-M'ev inci:dent T mesons

Net coﬁnt rate

“Angle Observed Final
(lab) (corrected for corrected :
" (deg a ccidentals. orgly) (Y/M)r_)e‘,t-.;' GAQ '
(counts X10 {counts X10 6) - (steradian)
0 87.00 £ 2.92 87.97 +2.95 0.03702 + .00037
10 79.98 =+ 3.07 80.87 = 3.09 0.03695 + .00037
20 . 73.95 £ 1,59 74.75 £ 1.64 0.03673 + .00037
28.7 62.32 + 1.44 62.97 + 1.48 0.03644 % .00036
40 4195+ 1.13 42 .32 £ 1.15 0.03599 + .00036
’60A .20.55 + 0.86 . 20.65 £ 0.87 0.03514 + 00035
83.2 . 8.76 £ 0.66 8.73 + 0.66 0.03455 +-.00034
110. 7.08 '+ 0.56 "7.05 £ 0,56 . 0.03480 + .00035
155.7 8.43 + 0.54 8.44 + 0.54 0.03660 + .00037
Y =2.264 % 0.029
n = 2.031 +0.032
Yo = 1.038 + 0.001
Mo = 0.2891£0.0047 |
nt = (4.56:!:.09))(1023 proton.s/cm2
f =87.0%+2.2%
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- Table V

Experimental results for Z90-Mév inqid_éh;c T m‘esoﬁs

Net count rate

Angle Observed’ Final

(lab) {(corrected for . . corrected o
(deg) accidentals,pélly) (\(/M)n -6 . G A2
o {(counts X10 ) . (counts»gflO ) (steradian)

0 86.26 % 2.34: 86.93 + 2.49 0.03702 + .00037
20 - 71.21 £ 1.35 o 71.69 = 1.41 0.03673 + .00037
30 52.77 £ 1.19 ' 53.03 + 1.24 0.03638 = .00036

- 40 '_ 38'.38 + 1,06 » 38.49 % 1.09. 0.03599 + .00036
60 E' | 14.47 = 0,.69 - 14,31 £ 0.70 0.03514 + .00035
90 . : 4,73 £ 0.50 - 4.55+0.51 0.03458 + .00035 -

120 4.53 % 0,43 4.40 + 0,43 0.03515 £ .00035

140 ' 4,03 £ 0.37 3.91 % 0.37 0.03599 = .00036

155 5.00 + 0,66 4.91 £ 0.66 0.03647 + .00036

y =2.385+0.036
mn =2.166+0.039 b
Yo = 1.047 £0.002 |

My= 0.3 111+ 0.0058
nt = (4.56 .09))(10?‘3 protons/cmz
f =91.6% + 1.3%
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Table VI.

_ Experifnenta.l results for 317-Mev incident 7 mesons

Net count rate

Angle . Observed Final

(lab) {corrected for corrected

(deg) accidentals gnly) (y/M) GAQ_

(counts X10 (counts %10 6) (steradian)
0 84.31 +3.01 | 84.64 + 3.06 0.03702 + .00037

20 69.41 + 1.31 69.58 + 1.37 0.03673 + .00037

28.7 58.42 + 1.51 58.48 + 1,57 0.03644 + .00036
40 40,14+ 0.88  40.01 £0.95 0.03599 + .00036
60 16.69 % 0.63 '16.39 + 0.67 0.03514 + .00035
83.2 5.08 + 0.59 4.76 + 0.62 0.03455 + .00035
110 © 3.05+£0.44 2.80 £ 0.45 0.03480  .00035
140 4.06 +0.32 - 3.87 + 0,34 0.03600 % .00036
155.7" 3.17 £ 0.42 3.00 + 0.43 0.03660 + .00037

y =2.492 % 0.031
n =2.283 £ 0.034"

o= 1.049 +0.002

110 0.3255% 0.0050

nt = (4.56 £ .09) X10 23 protons/cm2
f =92.0% +2.2% |

EEN e
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Table VII

Experimental results for 371-Mev incident 7™ mesons

Net count rate

Angle Observed Final
~{lab) (corrected for corrected
(deg) accidentals %nly) (y/w GAQ
(c ounts X10 (counts%&lo {steradian)

0 87.38 + 2.86 86.,10 + 2.99 0.03702 + .00037
10 75.23 £ 2.36 73.83 % 2.49 0.03696 + .00037
20 1 67.63 £ 1.47 66.24 + 1.66 0.03673 % .00037
28.7 ' 5491 £ 1.01 53.51 + 1.20 0.03644 + .00036
40 33.73 £ 0.73 32.28 £ 0.90 0.03599 * .00036
60 - 14.03 £0.56 12.75 + 0.69 0.03514 + .00035
83.2 4.9 lid: 0.43 3.92 £ 0.52 0.03455 + .00035

110 2.65 £ 0.45 1.93 £ 0.50 0.03480 + .00035
140 1.34 £ 0.35 0.72 = 0.40 0.03600 + .00036
155.7 2.90 + 0.33 2.39 +0.39 0.03660 + .00037

y=2.699 £ 0.033
n=2.507 + 0.036
Yo=1.060£0.002
ny= 0.3578%0.050
mt= (4.56 +.09)X10°
f =94.0% +1.5%

23 protOns/cm2
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_Table VIII

Result s of rhe ast squares fits of the 230+£8-Mev measurements

‘to the function Eﬁ !(gi,) for d1fferent values of £ (the number
of coefficients used for the fit) and k (the number of degrees of free-
dom) .
g=1,k=8 #=2,k=7 #=3,k=6 0=4,k=5 £=5,k=4
aq 3.24+£.10 2.99+.10 2.50+.10 2.50%.10  2.50%.10
a, --- ©1.62%.16 1,391:.15 1.47+.16 1.47+.16
a, - - 2.73+.28 2.77+.28  2.82%.30
a4 --- ' --- : --- 0.29x.25 0.26%.26
ag -—— --- --- o --- ©-0.34%.78

Least—.squares

sum S of

weighted ,
residuals 183.7 : 85.35 2.41 1.09 ©0.89




.\ Table IX

‘Results of the 1 Os’c-'Square"s fits of the 260+7-Mev measurements
" to the function o] =) a, Pl(f') for different values of # (the number

" of coefficients used for the fit) and k (the number of degrees of free-
dom) . . e o

£=1,k=7  2=2,k=6 f£=3,k=5 4£=4,k=4 £=5,k=3

2.80+0.08 2.20+0.08 2.02+0.08 2.02%0.08 2.02+0.08

a
a; . 2.1840.14 1.75%0.14 1.7620.15 1.75%0.15
ay - - 2.1530.22 2.16+0.22 2.20%0.24
a, o --= ===~ 0.05%0.19 0.03%0.20
ay . R aee s -0.25+0.55

Least-squares

sum S of

weighted :
residuals 299.3 93.29 1.62 1.56 - 1:35
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- Table X

Results of the 1 -gst'_— quaréé fits do}f the '290.:1:_-9',—Me_v rﬁeasurements
to the function o = ) PI-(?) for different values of £ (the number

of coefficients used gor the fit).and k (the nuih;bef of degrees of free-
dom) ' '

g21,k=7 g=2,k=6 £%3,k=5 g=4,k=4  g=5,k=3

a, 1.7720.06 1.68+0.06 1.4520.06 1.4520.06 1.450.06
a, --- . 1.81%0.11 1.80%0.10 1.77#0.11 1.77%0.11
a, ——— - 1.8920.18 1.89+0.18 1.910.19
a, - a-- - -0.1720.16 -0.1820.16
a. .- N - .- -0.1620.45

Least-squares
sum S of

weighted . :
residuals - 462.9 107.68 2.03 - 0.94 0.82
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Table XI
‘ ‘Results of the l st équafee fits, of the 317+8-Mev meé%'s:urements
to the function Fro) (f') for dlfferent values of # (the number
~ of coeff1c1ents used or the f1t) and k(the number of degrees of free-
dom).

#=1,k=7 #=2,k=6 £=3,k=5 f=4,k=4  g=5,k=3
a'lk 1. 51:1:0 05 1.51+0.06 '1.40+0.06 1.40£0.06 1.39£0.06
'-az --- '1.86+0.10 1.85+0.10 1.85+0.10 1.87#0.11
a, - S 11.5040.17 1.49£0.17 1.50£0.17

A, - --- - ©0.02#0.15 0.01%0.15
‘a-5_ - S e - -0.35+0.42

Least-squares

sum S of

weighted .
residuals 514.2 82.44 1.69 1.65 0.93




Table XII

Results of the least-squares fits of the 37149-Mev measurements
to the function @ "L % pﬂ(T) for different values of 'Q(thel‘number

of coeffcients used for the fit) and k(the n umber of degrees of free-
dom) ' ' ‘ ‘

£=1,k=8 @£=2,k=7 f#=3,k=6 f=4,k=5 = f£=5,k=4

a, 1.30+0.04 1.18+0.05 1.08+0.05 1.08+0.05 1.08+0.05
a, --- ~ 1.72%0.08 1.63+0.08 1.62+0.08 1.62+0.08
a, - e 1.18+0.12 1.18+0.12 1.16£0.13-
a, e L——— --- . -0.07+0.11 -0.06+0.11
ag --- -—— - - 0.16+0.27

Least-squares
sum S of

weighted : -
residuals 660.5 94.23 4.47 4.12 . 3.80

-y

('
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~ ~Table XIII .

. Error matrices for the one-coefficient fits

230-Mev ), = 0.00930
260-Mev ey T 0.00625
290-Mev ¢ q = 0.00332
317-Mev ey =0.00268
371-Mev ¢, = 0.00192

11
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Tablé XIV.r Errof matrices foF the tworcbetficient fits

230 Mev
.00903 - .00297
.0240

260 Mev
.00658 - .00475
.0192

290 Mev
.00380 - .000326
0110
/ o
317 Mev
.00331 - .000034
.0104

371 Mev

.00220 - .000357
00659




oWt
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" ‘Table XV. Error matrices for the three-coefficient fits

230 Mev
.00942 - .00125 -.0120
' ©.0214 -.00620

.0759

N

260 Mev
.00615 - . 00350 -.00340
.0198 -.0101

. 0467
290 Mev -
- .,00384 - .000269 -.00332"
0106  -.0000099
.0319
_317 Mev
.00334 .0000070 -.00191
.0103 -.00029
0274
371 Mev:

. .00218 - .000231 -.00119
.00647 -.00112
.0152




Table XVI.
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Error matrices for the four-coefficient fits

.00946 -.

.00618 -.

00144 -.0121 -.000648

.0260 -.00409 .0167
.0775 .00839
- .0644
260 Mev ,
00372 -.00350 -.000806
.0221 -.00889 .00909
| 0474 .00489
.0364
290 Mev '

.00384 -.

00334

.00218 -,

000341 -.00334 -.000431

0113 -,000108 .00455
.0319 -.000644
. ' 0262
317 Mev
.00035 -.00192 .00020
.0108 -.00047 .00325
.0275, -.00127
.0225
371 Mev
000192 -.00119 .000173
00696 -.00108 .00256
.0152° ,00012

0127
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. Table XVII. Error matrices for the five-coefficient fits

230 Mev

00952 -.00149  -.0130 -.000116 .00624
L0261  -.00344 .0163 = -.00420
©.0921  .000406 -.0936
.0689 .0518
©.609
260 Mev
00628 -.00395 -.00270 -.00118 -.00463
0229  -.0115 .0103 0143
.0571  .00051 -.0536
‘ .0386 .0249
: 302
290 Mev
00385 -.000349 -.00350 -.000367 .0Q0157
0113 .0000030 .00449 -.00109
.0342  -.00151 -.00213
0265 .00828
.205
317 Mev -
.00335 -.000012 -.00192 .000229. .000909
0112 -.00031 .00294 -.00830
0277 -.00139 -.00359
.0228 00642
175
» 371 Mev
.00219 -.000164 -.00108 .000147 -.000953
00699  -.000857 .00250 -.00196
0160 -.000100 -.00789

0127 .00190
- ,0725
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For random processes, ‘such as observed countmg rates, whose frequency
is distributed accordlng to the Poisson distribution the variance of a
‘function. of unit weight is taken as unity. Section VIII discusses the least-
squares analyses in deta11

50 23 ay “and ag as é function of incident
pion kinetic energy are plotted on Figs. 16 through 20. Figures 16,17, and

The coefficients ais ‘a

18 also show the experimental results of Korenchenko and Zinov.
The charge-exchange angular distributions computed from the
" coefficients a, ‘by Eq.(8) are shown in Fig. 21. The coefficients used are
those for the three-coefficient fit, which is the '"best" fit as described in
Sec. VIII | |

Figure 22 shows the charge-exchange total cross section as a
function of incident pion kinetic energy. The total cross sections shown

in Table XVIII were computed by integrating Eq. (8),

o = 411:(a1:|:6a1). B , - (18)

All known charge-exchange experiments are plotted on Fig. 22.
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Fig. 16, Coefficient a, vs. incident pion kinetic energy.
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Fig, 18, Coeff:icient“a;3 vs. incident pion kinetic energy.
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Fig. 19. Coefficient a, vs. incident piorl kinetic energy for both
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-56-

o
|
i

o
I I

—

- |

1

_{

~—0—f
i t

Coefficient ag ( mb/sterad)
5
I 1
|

[N W AR WV TN NNSEN NE U LA USROS NN N N
200 250 300" 350 .

Incident pion kinetic energy (Mev)

MU-19808

Fig. 20. Coefficient a. vs. incident pion kinet:c ‘energy for ‘the 5
coeff1c1ent fit to th.e data.,



-57-

7.0~ ' ‘ N

Differential cross section (mb/sterad)

230 Mev
__-==260 Mev .
290 Mev e
w317 Mev B
e 37l Mev 4
] ] TR B | N
0 . 30 60 90 120 150 180
Angle (c.m.) of T° meson

(deg) ,

g MU-19809

Fig. 21. Charge-exchange angular distributions in the c.m. system
computed from the "best fit'" coefficients for the three-coefficient
fit. The errors shown indicate the size of the error bands.
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- Table XVIII

Charge-exchange total cross section

computed from o = 41r(a1:l:6a-1), mb

Incident pion . Total

kinetic energy cross section |
(Mev) (mb)
230 30.4 £ 1.3
260 25.4 1.0
290 18.2 + 0.8
317 _ 17.6 £ 0.8

371 - 13.6 £ 0.6
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VI. COUNTER-TELESCOPE CALIBRATION

‘A. Introduction’

The purpose of the gamma-ray counter calibration was to
measure by a direct method the absolute detection efficiency as a
function of incident gamma-ray energy.

The method we used measures the counter's response to a
well-collimated brémsstrahlung beam of various peak energies from
the 325-Mev Berkeley ssmchrotro,n. Obtaining the efficiency, e(k), from
these measurements is discussed in Sec. VI. D. Absolute efficiency
determination depends on ’acc'urat.e measurement of the low-intensity
bremsstrahlung beam we used. Monitoring this feeble beam was made
possible by a sditable choice of collimators and by using a pair spectro-
meter as. intermediate beam monitor between a thick-walled ionization
chamber 19 and the gamma-ray counter (Sec. VI. B). .

We also measured the relative counter efficiency as a function -
of incident beam's position and angle of incidence upon the gamma-ray

counter telescope.

B. Experimental Arrangement

Figure 23 shows the experimental arrangement for the counter
Acalibration. The 5/16-in. -diameter lead collimator was found necessary
to reduce off-axis beam intensity incident upon the pair spectrometer,

(a) to reduce pair spectrometer accidental coxlmts for a given

beam intensity along the beam axis, and

(b) to illuminate the pair spectrometer converter only near the

beam axis.

19

Cornell chambers I and II, thick-walled ionization chambers

carrying the bremsstrahlung beam absolute calibration, were identical.

-Cornell chamber I was used for pair spectrometer cutoff curves and

bremsstrahlung spectrum normalization. It was removed from the beam
line during measurements of response, of the gamm‘a—ray counter and
Cornell chamber II. Cornell chamber II was removed from the beam

line during counter-response measurements.
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- Fig., 23, Experimental arrangement'for gamma-ray counter calibratioﬁ.

-



.5
2

-62 -

The pair. spectrometer made p0851b1e monitoring of the
bremsstrahlung beam over the large range of beam intensity between

(a) the relatlvely high intensity needed to charge Cornell

chamber II at a detectable rate and _

(b) the jamming point of the gémmaeray counter at a much

lower iﬁtenvsity. l

The 1/8-in. -diameter lead collimator permitted transmission
of a sufficieﬁtly small fraction of the incident beam to allow simultaneous
operauon of both pa1r spectrometer and gamma ray counter Beam spot
diameter incident upon the counter face was less than 1/4 in. '

A rotating and tramnslating counter mount permitted measure-
ment of the relative counter efficiency as a function of both beam position
and beam angle of incidence upon the counter telescope face.

Sweep magnets downstream from each collimator elirninated

electrons from the beam line.

C.. Electronics and Beam Monitoring

Electronic block diagrams for the gamma-ray counter
efficiency measuremeﬁts are shown in Figs. 24, 25, and 26.
The pair-spectrometer multiple-coincidente circuit was a
diode-bridge type. Three pair-spectrometer channels were used.
An Evans coincidence circuit14 was used for the gamma-ray
counter telescope. ' |
. A Cary Model 31 Vibratiné—Reed Electrometer was success-
fully used to accuratéely measure the small currents obtained from
Cornell chamber II. The Model II Integrating Electfometers one usually
finds satisfactory for relatively high currents were unusable. On the '
most sensitive scales random-drift rates were larger than the currents
to be measured. Drift rates of the Cary Vibrating-reed electrometer

were negligible in relation to the currents measured.
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Fig. 24. Gamma-ray counter telescope: electronics block diagram.
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Fig, 25, Pair spectrometer: electronics block diagram.
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Fig. 26, Cornell chamber: electronics block diagram.
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'D. Theory.,
Appendix B presénts a derivation of the relations necessary
to obtain the gamma-ray counter efficiency from ‘experimental measure-

ments. ‘The counter efficiency as an explicit function of incident photon

energy; k, is given by

¢ (k) = a gn (19)

x
kt

where a is the parameter to be measured and k_, is the measured energy

th
threshold of the counter, in Mev. The parameter a can be related to the

measurements by

ai[Ai. -.mci]' S (20)

Appendix B gives definitions of the faclto'r‘s‘ of Eq (20).

Our purpose here is to brlefly d1scuss how one evaluates
Eq (20). - Exper1mental techn1ques are d1scussed in Sec. IV. E. Experi-
mental and computational results together w1th the final value for a are-
presented in Sec. VI.F.

The quantlty of Y; (counts/ucoulomb) was obtamed from the

product of the exper1menta1 ratios -

v. = G.H, , (21)
where

_ net y-ray telescope counts =, (22)

i net pair spectrometer counts

_ net pair spectrometer counts . (23)

Hi’_' pcoulombs from Cornell Chamber 1L

Integrals A B1’ and C were evaluated by plotting the inte-

_grands and measurlng the area thereunder by planimeter. The inte-

grands were obtained by using the bremsstrahlung spectra B, (k) due to

Schiff, w1th the constant - C set equal to 111. These spectra were
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obtaiﬁed by integrating the Bethe-Heitler cross sectionzo over radiation-
straggled angles and photon angles. The Berkeley synchrotron uses a

- 0.020-in. -thick platinum target (Z = 78) The spectrum used is averaged
over photon angles because electron scattermg in the platinum target
effectively samples all angles of photon emlssmn .Computatm_n of the
spectra was performed by IBM 650 computer. The spectra have not
been corrected for the energy spread in km.ax. due to the spfead in

beam spill-out time. This energy spread ambunts to less than +0.5%.
Figure 27 shows the spectra used. '

The constant a, was obtained from the quotient
= Ni/Bi , - : . (24)

where Bi was evaluated by planimeter integration .a.s described above
and Ni was obtained from the Cornell chamber calibration curve.
Figure 28 shows the most recently reported summary of abeolute-
response measureme;ﬁts for a Cornell-type fhick walled ionization
chamber. 21 The N values reported by Fig. 28 are for an air-filled

' chamber at standard conditions. A 7#1.5% correction to these values
was made to account for the temperature and pressure at whic_h our

- Cornell chamber was filled.

E. Experimental Procedure

The experimental program involved two series of measure-

ments: ‘
" (a) a preliminary series to demonstrate that the method
would in fact work, an'd ' _
(b) 4 measurements needed for the analysis described in
Sec. VI.D.. |

The preliminary series involved --in addition to counter /
plateaus, jamming curves, and del.ay' curves--the foi‘lowing measure- |
"ments. The experimental-setup geometry, including sizes for the
collimator holes, ‘was experimentally determined. We feared the
small-diameter collimators might distort a transmitted bremsstrahlung

spectrum sufficiently to preclude 2% accurate measurements.
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Fig, 27. B’renisstrahlung- spectra used for the gamma-ray counter
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Fig. 28, Cornell chamber calibration curve.
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Pair-spectrometer observations proved that a 1/8ein. -diameter Pb
collimator did not distort a transmitted spectrum. Statistical counting
errors were less than 1% for these measurements, and no systematic

errors due to electronic drifts were detected. Our method was to measure
two samples of the bremsstrahlung spectrum by pair spectrometer at various
energies. One sample was transmitted through a 1’/8-"'_in'. -diame¢er Pb colli-
mator and the other sample was observed without collimation. Counting
rates from both samples were identical within the statistical counting errors.

The experimental prograrh's second part involved three measure-
ments for each peak energy:

- (a) accurate measurement of the peak energgr,
" {b) measurement of the cbunting ratio of the gamma-ray
Ecounter to the pair spectrometer, and
(c) 'measurement of the ratio of pair-spectrometer counting
'to’ Cornell chamber charging. |
Threshold energy of the countef.w’as measured. We also measured the
relative gammaaray counter efficiency as a function of the position and
incidence, angle of th'e photon beam upon the counter face. We will briefly
discuss each measurement,. | ‘

Bremsstrahlung peak energies were detefmined by pair-spectro-
meter cutoff cuvrv.es. Figure 29 shows the fypical cutoff curve obtained \
for peak energy Kmax. = 232 Mev. Net pair-spectrometer counts plotted
on Fig. 29 include correction for accidentals and converter-out counts.

The magne.tization curve for the 350-Mev p‘air;spectrometér magnet is

given in Fig. 30. Peak photon energy was computed from the relation

108 e -
Bp = — N T(T+2R), (25)

where B is the magnetic field in kilogauss; p is the sum of electron and
position radii, in cm; T is the electron kinetic energy, in ev; -and R is

the electron rest energy, in ev. Solving for the kinetic energy, we have

2

T=R+ \/RZ+ 9><104sz (26)

The energy needed to create an electron pair was added to T

to obtain peak photon energy, Kmaxi .
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The ratio of gamma-ray counter to pair spectrometer was
indep'etndent of incident flux. Approximately 0.1% of the flux incident on
the pair- spéctrometer was transmitted by the 1/8-in. -diameter Pb colli-
mator. The net measured 1:'atio was corrected for pair-spectrometer
accidentals and gamma-ray counter accidental a:r_xd converter -out counts.
Cornell chamber II was removed from the béam iiné dufing this measureée- =
“ment. Gamma-ray count rate with the 1/8-in. collimator blocked was
found to be zero. ‘

The ratio of pair spectrom'efer to Cormell chanbér was measured
with a photon flux approximately 100 times as intense as for the previous
ratio. Such flux increase was needed to charge Cornell Chamber II at a
measurable rate. The pair spectrometer was operated under identical
conditions for both ratio measurements. No systematic drifts were
detected.

Figure 31 shows the observed gamma-ray counting rate as
peak bremsstrahlung energy was reduced by causing the synchrotron
electron beam to fall out before peak field. Beam-fall-out delay from
peak field was measured by a Model 545 Tektronix scope whose“tirne scale
was checked~ag$ihst_a standard oscillator. »Count'er energy threshold was
computed from |

e o [7820-T
K= Kma,x'surl 90 7820 ||’

(27)
Y
where 7820 psec is the measured time to peak field; T is the measured
delay from peak field, in pusec; an'd.K is fhe bremsstrahlung peak energy
corresponding to T. v ' '
Figure 32 shows relative gamma-ray counter efficiencies
measured as a. function of incident-beam position and.incidence angle on

the counter face. Incident-beam diameter was less than 1/4 in.
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Fig, 32. Relative gamma-ray counter efficiency measurements as a
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'F. Results

We present in Ta,ble XIX the exper1menta1 results and the
results of the ana1y51s based on those measurements Table XX
shows the results for measurment of peak energy.

‘The weighted average of the individual values for a,.

i is
Q= 0.156&.00_7.

The gamma-ray counter efficiency is .

- . Table XIX .

Results of peak energy determinaton

Cutoff Cutoff T Emax, Kmax, |

(Mev) (kilogauss) (Mev) (Mev)l ! bé:as)r%r—?affgu¥ov€idth
8.24+.05 4.04+.04 135x1.6  136x1.6 | 136+1.7 |
14.13£.03  7.50+£.03 2311.5  231£1.5 23241.6
20.124£.05 20.12+.05 323.9%£2.3 324%2.3 32542.6

p=102.79+.23 cm.
R= 0.511+.001 Mev
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Table XX

1

Gamma-ray counter calibration results

Peak l‘en‘erg‘y (Mev)

Quantity 136 | 232 325
y,/Cornell (8.29£.29)x107  (9.57+.53)x107 (8.88+.38)x10
. (3.58+.10)x10'0  (2.22+.06)x10'0 (1.762.05)x10"
[a; - 2¢;] 1.85+£.18 2.90%.18 3.77%.18
a. 0.126+.014 10.149+.013 0.134+.009

9

0
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‘VII. CORRECTIONS'

This sectio)n classifies the‘c'orrectivons'invto two groups:
(A) those applied to the observed countmg rates, and (b) those applied
to the experlmental geometry Correctlon for pion beam contammatlon

is d1scussed in Sec. II.B.

A Counting-Rate Corrections

In any given experimental arrangement accidental counts
usually arise from more than one source. Our experiment had two
possible sources of accidental gamma-ray counts: (a) random-noise
accidentals due to high singles rates in the various coincidence channels,
and (b) "beam bunching' accidentals due to more than one incident pion
per beam fine-structure bunch. Random*-noise accidentals were shown
by calculation to be negligible. - The calculations were based on mea-

sured singles rates in each coincidence channel, coincidence resolving

‘times, and beam duty factors. The second type of accidental arises

from the monitor coinciderice circuits inability to resolve two incident
pions within less tha.n-"l)(lO"8 sec, i.e., more than one incident pion
per fine-structure bunch. Since each incident pidn may produce an
observed gamma-ray and only one incident pion is detected, accidental
counts arise.

In a h1gh countmg rate experiment, measurements of the

, _acc1dentals made by 1nsert1ng delay lines may not determine the true

accidental rate. To Justlfy our correction method we make the following
a.rgﬁment. The cyclotron beam fllne structure is determlned by the final
proton frequency and the circunﬁferential spfead of 'ehe phase—stable bunch.
Figure 33 diagrams ,the cyclotron beam fine structure.

Beam on

Beam off

€— 54 musec _ —)_»__‘W}__, 13 mpusec

M

Fig. 33. Cyclotfon beam fine structure.
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This fine-structure pattern continues for 400 psec total fall-out time
at a‘repetition rate of 64 per sec. Knowing the average incident pion
flux, one can easily compute the probability for finding more than one
pion per fihe-strﬁcture bunch and the accidental bgamma—ray counting
rate corresponding to this p{r_obabiiifyi The compu‘ted acc'iden_tal
counting rates agreed very closely with the accidental counting rates
measured by delaying the monitor coincidence one fine-structure time,
5.4:><10-8 sec, relatlve to the gamma-ray counter.

We corrected for gamma-ray counts lost owing to (a) photon
attenuation in the aluminum vacuum jacket surroundmg the liquid

hydrogen container and (b) the Dalitz process,
'rro—>y+e++e-7 ' : (29)

by which 0.73% of the gamma rays are replaced by aﬁ electron pair.

. Photon attenuationWas computed in consideration of the photon spectrum
. Oobserved at each laboratdry—system angle. We found that aﬁ average
attenuation valid for all energies and all angles is 0.70% + 0.30%. The
total gamma—fay loss due to both processes is estimated as 1.4_}% + 0.5%.

The radiative capture process,
ST 4p oty o | (30)

makes a small contribution to the observed countlng rates. Kﬁowing the
: 2

negatlve -to-positive pion photoproductwn ratio from deutermm _3 and
ne differential cross section for pos1t1ve p10n photoproductmn from

2

2
hydrogen, we estlmated the radiative capture cross section in the

c.m. frame by detailed balavncin’g,

[ : of - 2 :
do : ' 1r Py do '
= =2— (8) /__ == - (31)
dw) T +p—>y+n . \P'r”r+ dw y+p‘—->11++n
We used this cross section to estimate the corresponding laboratory-
system counting rates. '
V The inelastic reactions

'n'-+p—>n+‘n'0+1ro,

Tr_+p—»p+1r-+1TO | » (32)
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also make a small contribution to the gafnma-r‘ay counfing rate. We
estimated this contribution by assuming (a) that the .Tro angular distri-
bution is isotropic and (b) that the total cross section for each reaction
is equal to that measured for - '

TT-+p,—’n+TT_+‘IT+ ‘ (33)

by Perkins. !

B. Geometrical Corrections

vGeo'.rnétr'ical corrections were made to the quantities G,AR,

and nt of Eq. (A15) (Appendix A).

The factor G accounts for variation of the differential cross

~ section for gamma-~ray production over the range of angles detected at

~a given counter setting. Perkins has reported a detailed discussion of

1

our computation method for G. 7 This factor was found nbegligibly

different from unity for all observation angles. Figure 34 shows the
target and counter geometry used as a basis for thve geometric corrections.
The corrected solid angle, AQ, is given by
ae= A (1+a), | (34)
: d

where A is the Pb converter's effective area in cmz, d is the distance

from Pb converter to hydrogen target center in cm, and a is the first-

order solid-angle correction factor. Both factors a and G were com-
puted by using IBM 650 p'rngra'rn's; The Pb Converter effective area, A,
is 14. 5% iess than the geometrical area. This correctioﬁ accounts for
the decrease in detector efficiency for photons incident uporn the counter
face off center and off normal. |

The target thickness, nt, is corrected for (a) variable
target thickness due to bowing of the walls of the liquid hydrogen vessel,
and (b) the appreciable variation of beam intensity with beam radius as

shown by the beam profile measurements. The average target thickness

is
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oo fme

" where p (r) is the beam prof11e in relatwe units, t(r 6) is the hydrogen

vessel thickness in cm, and n is the’liquid hydrogen den51ty in protons/cm3.
- The ‘integrals of Eq.(35) were evaluated by a summation approximation
made by dividing’ the beam profile into concentric rings aboutthe beam axis

" and the circumference of each r1ng 1nto quadrants,

f]p(r).rd'r_de = T Z_ P(I')‘(I‘i2 - l‘f_l) . | ’. (36)

1

\ff (r)t(r 6)rdrd6 Zg (r)(r —r l)t(r , 0. ) ‘ (37)

: where the index_i denotes the 1th rmg, the mdex j denotes the Jjth qua-

T r. »
drant, r -—1-%—1—1— , and t(r , 93) is the average target thickness in the
~interval Ar, AG The target th1cknesses (in cm) were measured by micro-

meter by usmg the gr1d of dots on the hydrogen vessel walls. The average,
‘target thickness is (4.59+0.09) XIO protons/cmz. This aumber is valid
for the hydrogen vessel at liquid hydrogen temperature and includes a 1%
correction for the residual hydrogen gas present durmg target empty

‘measurements.
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VIIL - DISCUSSION OF RESULTS

. ) Our purpose in this section is to dlscuss the results con-
_tamed in Tables VIII IX, X XI and X1I in terms of the ev1dence for
lthe presence of d-wave scatter1ng Our dlscusswn is motivated by the
total lack of ev1dence for d-wave scattermg in dharge exchange reaction
to date. The only other work in our energy range, by Korenchenko and
Zinov, ' -reports no coeff1c1ents ay and ag. These gentlemen analyzed
their experiment by the approximaté method outlined at the beginning of
our Sec. IV. In their analysis_' of the 240- 270-, and 307-Mev experi-
ments they included only s- and p-wave scattering. At 333 Mev they
made two fits to their data. The first fit, a 3-coefficient fit, assumed
only s- and p-wave scattering and yielded a least-squares sum 8 = 1.51.
The second fit‘ a 5;coefficient‘ fit, included provision for d-wave ;" ":
scatterlng also.. Their result was b4 0.18+40.63, b, = 0.04+.54 and

5
§ = 1.27, where b, and b, are coefficients of the gamma-ray dlfferentlal

| cross sectlon of éq (7) ° They correctly state that no conclusion could
; be drawn concerning d-wave scatterlng from this result. Thus, when
ithey 1nverted the gamma-ray d1fferent1a1 cross section to obtain the
charger—exchange d1fferent1a1 cross section of Eq. (8), only s-and p-waves
were c0n51dered It is unfortunate. that they apphed to their results no
stat1st1ca1 goodness of- f1t cr1ter1a other than the least-squares sum
value. Any add1t1ona1 ev1dence we can report will as51st the resolutlon
of the problem. We have performeda l1-,2-,3-, 4- and 5-coeff1-c1ent
fit of Eq. (8) to the data at each energy. Two statistical goodness-of-fit
tests have been applied to these results. '

As background for this discussion yve recall to mind the
_following point's The exper1mental charge-exchange scattering data

have been {fitted to the function

'% = Zl a,P, j(a). . (8)
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From the physics of the angular distribution we canteadily show which
orbital angular momentum states contributes to a given coefficient ag,-

We find that: . : o . _ -

s and d waves contribute to a3

s, p, and d waves contribute to a,;
" p waves only contribute to az;

p and d waves contribute tp ay and

d waves only contribute to ag.

" We have of course assumed that orbital angular momentum states

higher than the d state are absent.

It is reasonable to expect that the contribution of d-wave

scattering to coeff1c1ents a, and a_ is insignificant relative to the s-

1 2

,and p-wave contributions. Therefore, nonzero coefficients ag or a4(or

both) woald const1tute the most direct ev1dence for the presence of
d-wave scattering. Without considering in detail the extremely compli-

cated expressions for ay, and ag in terms of scattering phase shifts, we

_cén observe from basic physics that

1. coefficient a, arises from p-and d-wave interference,

and thus the4d—wa_ve phase shifts appear in its expression
to first order only,. and‘
2. coefficient' ag, being a pnre d-wave term, is expressed
in terms of d-wave phase shifts to the second order.
With this introduction we discuss the results of the tables mentioned
above and Figs. 19 and 20 (SeeVS.ec. V). ffigure 19 shows our results
for coefficient a,asa function of incident pion kinetic energy' for both
a four— and a five-coefficient fit to,the data. »F_igure 20 shows_our

results for coefficient a_ as a function of incident pion kinetic energy for

a five-coefficient fit to t?le data. As for as cogffici:ent a, is concerned
Fig. 19 shows virtually identical results whether or not the fifth co-
efficient is added to the fitting function,' Eq , (.8). Unfortunately neither
the a, nor a. coefficient is statistically nonzero with high probability,

4 5
even at the highest energy.
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To extract additional information concerning the adequacy

or goodness of thé fits to our data 'we have performed two related statis-

. 26,27
tical goodness-of-fit tests. The first is the Pearson chi-squared test,

and the second is the so-called F test, 27which supplements the XZ test.
We will discuss each test briefly.

The object of the _XZ test is to obtain a criterion for the
number:.of coefficients that must be included in the fitting function to

adequately fit the data. The necessary quantities for the test are

x%=8/c%=5 - | (38)
and
K=N-#2-1, . » - (39)
where S is the 1east—squ'ares sum of weighted residuals, ¢ is the variance
of a function of unit weight, K is the number of degrees of freedom, N is
the n_ﬁmbei‘ of observation angles, and £ is the number of coefficients of -
Eq.;-(‘8) used to fit the data. The value of .XZ and the number of degrees
of free&oz\n, K, define a probability P -- the probability that the value of
xz should ‘exceed the value obtained by assuming a given fitting function.
According to Cziffra and Moravscik, 21 the value of P will in general
reach a plateau value as £, the number of coefficients used in the fitting
‘function, is increased. The value of P is generally rather insensitive to
the number of coefficients once the plateau values have been reached.
Thus 'the number of coefficients needed for the "best' fit is the smallest
2 value on the plateau. ‘
" The plateau value of P may be used to decide whether the
~ "best' fit indicated by the plateau is indeed a good fit. According to
Evans 26 we may interpret the value of P by considering that:
" (a) the assumed function very probably corresponds to the
" observed one if P lies between 0.10 and0.90 (1.65 standard
deviations), ' - '
" (b) the assumed function is extremely unlikely should P be
less than 0.02 or more than 0.98 (2.35 standard deviations).
 Of course these values are somewhat arbitrary, depending on the confi-
dence levels one wishes to use. To summarize the first statistical test,

the Pearson XZ test, we say that if affords a method for obtaining a
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.. briefly outline the F test according to Cziffra and Moravscik.

.S andS

s

-86-

- "best" fit and dec1d1ng 1f this fit 1s mdeed a good fit. It would be desire-

able to also have an auxiliary test to tell us the probablhty that we were
correct in assuming that the coeff1c1ents ag for ﬂ greater than the smallest
plateau value (""best" fit value) are mdeed zero.

The second statistical test, the s0- called F test 27»15 just

such a test used to corroborate the')(2 test. The F test gives the probabi-

lity, on the basis of the aQailable data, that a given ag = 0. We will
' 27

One evaluates the quantity

CS(K) =g (S, | - S

), (40)
0 £-1 g

where K is the number of degree's of freedom corresponding to £, and
P 9.1 are the observed least-squares sums of Weighted residuals
for f1ts using £ and 2-1 coefflclents, respectively. The quant1t1es SI and
9.1 " S ) obey a XZ dlstrlbutlon with ’Kdegrees of freedom2 and one
degree of freedom respectlvely The dlstrlbutmn of two X ar1ab1es
d1v1ded by their respective degrees of’ freedom is deflned as a F1sher
d1str1but1on, F(k k ) where k1
freedom of the numerator and denommato_r, respectwely Therefore

S(k) has an F( 1',_K) di‘stribution,v The probability P for

and k are the number of degrees of

SK) > F (K L (41)

may be shown to be

p= | F(1,K) dF. A - (42)

Fp(K)

To apply the F test in practlce one states that for S(K) > F (K) one may
assume a, = 0 w1th a probability P of belng correct in this assumptlon

Cziffra and Moravsc:1k present a table gw.'meg values of F_(K) for a given
value of K and p. 27 To conclude our discussion of the tepsts we note that

even if the F test indicates with high probability that 2, is 0, it is still
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poss1b1e that a1+1, 142 ‘etc° are not zgro However, 1f the F test
is always used in conJunctmn w1th the X test one need not fear ter-
minating the fitting function prematurely ‘

To perform these stat1st1ca1 tests we used the LSMFT pro-
gram to compute a fit of our results to Eq (8) for f1ve cases:

(a) an s-wave f1t using one coeff1C1ent (a )s

. {(b) an s- and p-wave fit using two coeff1c1ents (a and a, ).

(c) an s- and p wave fit us1ng three coefficients (al, a,
and a3), ‘

- (d) an s-, p-, and d -wave fit using four coeff1c1ents (al,
2, a, and a.4),_. '
(e) an s-, p-, and d-wave fit usmg five coefficients (al,
a,, ass a4, and a5) , |

Table XXI presents the results of the X~ and F tests. We observed
that at each energy the x probab111ty, P, does indeed reach a definite
:plateau at £ =3, i.e., a three -parameter fit is the "best” fit. The
‘absolute values of P on thé plateaus indicate that at each energy the
"best" fit is indeed a good fit. The values of XZ are decideiy less
than their ekpectibn value, K, at each energy. Thls indicates that the
experimental errors on the coefficients have been reported conserva-
tively, 27 There is, as expected, a less than 1% probability at each
energy that less than a three-coefficient fit is adequate. The results
for the one- and two-coefficient fits are incl.uded to dramatically show
the plateaus. We also note the relatively insensitive behaviour of the
XZ probability for £>3. If there were an increase in the importance
of d-wave scattering with increasing energy one might expect to see a
trend towards higher values of P for (=4 and £=5 fits relative to the
P values for £=3 fits. Table XXI shows no such trend in the P values
except at the lowest energy, 230 Mev, where there is no evidence for
d-wave scattering in any w-p reaction. F'inally; we observe that at
each energy the F test probab1l1ty P indicates:

(a) aless than 0.1% probab111ty that coeff1c1ent az= Q, and

(b) reasonable probabilities that coefficients a4=a5=0.
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. Table XXI

‘Results of the Pearson X fest and the F test

L

_ _ Number of Degrees - | 2 v
. Energy parameters of "~ ' X F -test..
- - ' - used for fit, freedom o p_rpbability . proba‘t_a_blthty
 (Mev) & K S - i
230 1 8 183.7 <<0.01 T
' 2 7 8535 <0.01 1 0.03
3" 6 2.41 0.85 = <<0.001
4 5 1.09 0.93 10.07
5 4 0.89 0.91 0.35
260 1 7 299.3 <<0.01 -
2 6 93.29 <0.01 0.02
3 5 1.62 10.90 <<0.001
4 4 1.56 0.80 0.90
5 3 1.35 0.75 0.55
290 1 7 462.9 << 0,01 -
2 6 107.7 - <0.01 0.005
3 5 2.03 0.81 - <<0.001
4 4 0.94 0.90 0.08
5 3 0.82 0.83 0.55
317 1 7 514.2 << 0.01 -
2 6 82.4  <0.01 0.001
3 5 1.67 0.87 <<0.001
4 4 1.65 0.79 0.85
- 5 3 0.93 0.80 0.20
_ 371 1 8 660.5 << 0.01 -
o 2 7 94.23 <0.01 0.001
3 6 447 0.60  <<0.001
. 4 5 4.12 0.52 0.60
5 4 3.80 0.40 0.65
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Thus we. can only conclude that,
(a) only s- and p-wave scattering a-deq_uavtelvy fit our measure-
ments, and

" (b) the presence of d-wave scattering is rather unlikely.

-

The F-test values give us a quantitative measure of the pro-
bability that d-wave scattering is negli'fgible.. However, we should note
that the F test is derived by assuming that the variables are normally
distributed, that they obey an underlying physical law expressible in an
infinite series, and that a large number of terms of the series are in-
cluded in the analysis. 21 Therefore, the F-test values are only partly
quantitative siﬁée one has no formalism to test how closely these as-

sumptions are satisfied in any given case.

= ehra
a?
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IX. CONCLUSION

We conclude on the basis of the statistical tests described
in Sec. VIII that only s and p waves are necessary to adequately fit our
measurments from 230 to 371 .Mev.'>
There appears to be no need to include d-wave scattering to
fit charge-exchange experiments up through 371 Mev. The pub"lished
results -below 220 Mev, the results of Ashkin et al. at 220 Mev, 11 the
results of Korenchenko and Zinov from 240 to 333 Mev, L2 and the
results of this experiment establish this statement.
The w~ -p elastic scat‘tering and 1r+—p' scattering measurments
in our energy range appear to require d waves for adequate interpretation.
A very brief summary of the results of these experiments is: |
1. Goodwin et al. 29 require d waves for the m -p elastic
scattering at 290, 371, and 427 Mev but not at 230 Mev 29 33
2. Korenchenko and Zinov, for the m -p elastic scattering
reaction, show in their analyses.at 307 and 333 Mev a
. slight preference for a d-wave fit, but their result is not
con_clusivel;‘ - , . |
, 3. Foote, et alI; 31 showed in the analysis of their_ recent
‘ ;rr+ -p scatt_er.ing éxperiment at 310 Mev, which included
rneasyurernen;t of the recoil proton polariiatiop, that d waves
were necessary forv obtaining an adequate fit to the data.
These most recent results raise the mterestmg question, Why
are d waves not found necessary to f1t adequately all three m-p reactions at
300 Mev and above ? Of course, the results are not 1ncon51stent with the
p0531b1l1ty that the effect of the d—w_ave phase shifts for charge-exchange

0 .
scatter1ng just cancels out, or that the effects of other m -meson-producing

react1ons cancels the d -wave contrlbutlon Another possibility is that a

51gn1f1cant relat1ve error ex1sts among the various experlrnents The
author thmks the latter possibility rather unlikely, and presents the -
follow1ng comments to partly support this opinion.. We recall that the
work of Goodw1n and this experiment were performed 51multaneously at
230 and 290 Mev The 371-Mev measurements of both experiments were
not sunultaneous but were performeduby using identical pion beams, the

same hydrogen target and the same auxiliary equipment, and operating
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. techniques standardized within our research group. Bbth the © -p
elastic scattering and f -p charge-exchange total cross sections and
angular distribution coefficients agree well with independent measure-
ments of their respective reactions. Goodwin and the author have
standardized the methods of interpreting the statistical goodness-of-fit <
criteria.” These factors taken together tend to.argue against significant
felative errors. '

A few remarks germane to the position of these experiments
relative to future research programs are perhaps appropriate. Future
experimental work on-charge—exchangé scattering could, in the author's
opinion, take at least three approaches, but only one seems to afford
promise in assisting to answer the d-wave question posed by this experi-
ment. The three approaches are:

~.(a) to attain greater accuracy in the differential cross section,

(b) to extend the differential—crpss—section measurements to

higher energies, '

(c) to measure the recoil-nucleon polarization.

. We have been a.b_le'to reduce the size of errérs previously
reported 1,2 only by considerable effort in calibrating the gamma-ray
counter to +5.3% accuracy, by electronic computer analysis using the
more exact expressions, and by a painstaking program of correctlon
The author feels that a 51gn1f1cant further reduction of the errors on co-
eff1c1ents a, and ag will not be easily attained.

To extend charge-exchange experiments by counter techniques

to energies above 400 Mev one must'solve the difficult experimental problem
of differentiating between.gamma rays from the charge-exchange reaction
and those arising from the inelastic n’o ~meson production processes (22)
and (23). The kinematic problem of a three-body final state which sub- o
sequéntl'y decaYs'into photons "is, to say the least, formidable. We
estimated these processes as a 3% to 10% correction to our 371-Mev .
angular distri‘mtion. Therefore, precision work by our method above
400 Mev depends on éccurate correction for the inelastic processes. One
can discriminate against much inelastic background on a kinematié basis

by using two gamma-ray counters to count gamma-gamma coincidences.
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However, the estimated counting rates are not adequate for precision '
work, owing especially to solid-angle factors and the relatively low
efficiency of reach gamma-ray counter. |

Recoil-nucleon polarization measurern.ents seem to me
likely to yield the greatest amount of useful information for a given
amount of experimental effort. To date few recoil-nucleon polarization

measurements have been made. Polarization data have been extremely

" useful in selecting various sets of phase shifts that were otherwise

indistinguishable. 31

A theoretical approach to the d-wave problem is of course
the phase-shift analysis. The 1r+-p scattering, being pure 1 = 3/2 state,
requires three charge-independent phase shifts.for s-and p-wave
scattering and five phase shifts if d-wave scattering is included. Analysis

of the m -p reactions is considerably complicated by the presence of both

isotopic spin states I = 3/2 and I = 1/2. Ten charge-independent phase

shifts are necessary to include s-, p-, and d-wave scattering. The
complexity of the problem is evident if one writes out the explicit forms
for the m -p coefficignté in terms of the ten phase shifts.

I feel that if a d-wave phase-shift analysis is desirable it

should include all the available data over a wide range of energies, and

should be a cooperative effort among various groups interested in the

problem. The cost of uncoordinated efforts, in terms of men's time and
funds, could be large relative to the amount of information obtained.
Such a program couid be undértaken in two steps. Firstly, a
small group could analyze the expressioﬁs involved in such an analysis
to determine what experimental accuracy is necessary--especially for
T -p scattering--to obtain phase shifts of sufficient accuracy to be use-
fully compared with theory. Secondly, the various groups could con-
tribute toward writing one computer program sufficiently general to
process all present data and to make reasonable allowance for future
data. Such a general program should be made capable of solving for the
"best fit" set of phase shifts as a function of energy by tracking techniques.
At least two comprehensive phase-shift analyses including ohly s- and
p-wave scattering have been performed and could form a foundation for

such a general d-wave analysis. 32,33



ACKNOWLEDGMENTS

I wish to express my appreciation to Professor A. Carl
Helmholz and Professor Burton J. Moyer for their coﬁtinuing interest
in this research. Dr. Robert W. Kenney, Dr. Edward A. Knapp, and “
Dr. Victor Perez-Mendez contributed helpful advice and assistance
throughout this experiment. .

I am also indebted to Dr. ‘Walton A. Perkins, III,' for his
generous help throughout the entire work; to Mr. Howard S. Goldberg
for invaluable assistance with the data reduétion and IBM 650 programming;
to Mr. Lester K. Goodwin for his extensive assistance during the experi-
mental measurements; and to Mr. Duane D. Newhart, whose efforts re-
sulted in é. perfectly*functionihg liquid hydrogen target.

"To Mr. James Vé.le, the cyclotron crew, Mr. Rudin Johnson,
and the synchrotron crew, I extend thanks for their cooperation and

efficient assistance during the experimental measurements.

‘This work was performed under the auspices of the U. S.

Atomic Energy Commission,

DR |



£
L

This

~94-

APPENDIX A

appendix pre sents the derivation of the data-analysis

method. We have discussed the ideas involved in the method and the

reasons for its

a,do,_,p\tion even though it is analytically complicated.

The extensive nomenclature required causes some confusion upon

" initial acquaintance.” We must consider three coordiante frames; the

0 ' < :
7 -meson rest frame; the ™ -p center-of-mass frame, and the

laboratory frame.

Figure 35 defines the various angles involved.

Table XXII defines the neceésary symbols. The following nomenclature

rules ai'é helpful:

(2)
~(b)

(c)
(d)

all 'rro quantities in its own rest frame are subscripted

zero (i.e., dw'o),

all 170 quantities in the c. m. frame have no subscript or
superscript (i.e.,dw), ‘ ‘

all y-ray quantities in the c. m. are primed (i.e., dw'),
all y-ray quantities in the iab frame are capitalized

(i.e., dQ).

"The sole exception is that and denote motion of the c. m. frame.
P YO no

in the lab frame.

Symbol
cos_la
-1
cos x
-1
cos 'y
-1
cos z
d-.
“o
dw=da dy'
dw'=dxd g’

dQ

,gi

Y and n
b2 nd Mg

Table XXII
Definition
7 angle relative to m direction in c.m. frame
y-ray angle relative to ‘ﬂ‘o direction in c¢.m. frame
y-ray angle relative to m_ direction in c. m. frame
~Y-ray angle relative to m direction in lab frame

solid-angle element in 1r0 rest frame

solid-angle element into which 'rro goes in c. m. frame

solid-angle element into which y-ray goes in c. m.

frame

solid-angle element into which y-ray goes in lab frame.

azimuthangle associated with dw and dw' in c.m. frame

. .0
denote motion of m rest frame in the ¢. m. frame

denote motion of c.m. frame in the lab frame
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Center-of-mass frame

- MU-19814

Fig. 35, Definitions of the angles involved in the derivation of the
analysis method.
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The_T((;-) mesqri's ;:'e',_n.ter-of‘-rn.‘ass‘ angular distribution may
be written’
5

where index £ runs through £ = 5 to include provision for d-wave

scattering.
Since the 1r0 meson decays isotropically in its own rest

frame, the probability for finding a éam'ma ray in element dwo,:isf
L X F 5 . T (AZ)

The same probability for element dw' in the ¢.m. frame is
dwo _ : ' 5
1en\gf) o, " | - (A3)

and the c. m. differential cross section for gamma-ray production is

‘dzo a,x) doﬂO o [de

_ 1 {770
dodw' dw . 27 \ do')° v (A4)
® 34

where 3o is the Lorentz i:fansforrﬁ’ati'o'n, a

dog 1

dw'

(A5)
(Y"fPS)'Z

By Eq. (Al)and (A5) we have

dzdy(a, x) 1 1 NG ., : .
do do' 2w 2z [/ 2Py -1(a), : (46)
) (Y"nx) =1 )
expressing the gaxffnma.—ray differential cross section in terms of the

. - 0 .. . -1
c.m. angles between ™ and m directions, cos “a, and between gamma-

" ray and m directions, cos x. Figure 35 shows that this formulation
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is undesirable, sincé we observe neither angle. We do observe the
~ ' - 4 . =1
angle between gamma-ray and m directions, cos vy.

The addition theorem for spherical harmonics performs the

"desired transformation,

2
B, _j(a) = AmPr‘n_l(x) cos m'f,', : | (A7)
‘m=0 ' '
A =(2-8__) L-m). pm o) - : (48
Bm T O me ()T T -1 |

& is the Kronecker delta, having unity value for zero m and zero

mO0
value for nonzero m. The gamma-ray differential cross section
becomes . ’
5 5 y)
d GY - 1 2-8 p™ pm 1 A
dode' ~ 2w, _ 2 ay (2- mO) 'l-l(x) ¢ -1{y) cos mg (A9)
(Y_nx) ’:1 ) m:O '

 We simplify by int.egrat"mg out the azimuthal dependence of
eléement dJ = d x df'. Owing to the integral

: o 2m

cos mtg' dg' = 0 for m £ O, Ny ‘ - (A10)

2 for m = 0,

only the m = 0 term contributes to (A9):

5
2
d o : ( a '
Y- 5 . p (y)P, .(x). | (All)
dxde ;_1 PR S B -

Integrating out x and'transforming to the laboratory frame by

_r ‘ - (A12)
2 .
‘(YO‘ﬂOZ)
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yields the gamma-ray differential cross section in the lab frame,
S+l

Oy "t Ppaa® o ax (13), (9)
o (v,-ny2)° oy
A By -1

~ The observed net gamma-ray counting rates, (Qﬁ tare |
e

related to the cross section by defining an ''apparent' cross section

for gamma-ray production in the c. m. frame,

' 2
do_ (v/M)__.(vy-ng2)",
aa (Nt) 1G AQ

(Al4), (10)
where Nt is the average target thickness in protons/cmz, f is the pion
percentage of the beam, G is a geometrical correction factor for finite
target and counter size, AQ is the subtended ’solid angle in steradians,
and (yo—n‘o'z)Z is the Lorentz transformation factor between the lab and
c.m. frames.

Equating (A13) and (Al4), we have

+1

(Y/M)net(YO'ﬂ-OZ)Z__ b o e(x,z)li_.ll(x)dx
Nt iIG A a,Pp _1(¥) —— .

(A15),(11)

The 'éﬁcplicit energy dependence of the gamma-ray detection efficiency
is thus incorporated into the analysis. This treatment is exact except
for the slight dependence of GAQ on x. ‘The dependence has been ac-
counted for by using a properly averaged value ,_fdr' GAQ.

It is convenient to define
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+1 : |
e(x,2z)P, (x)dx .
¢ (2) = —11( L . (A16), (12) =
ﬂ» -1 {y-nx) :
+1 it
: P, (x)dx
kﬂ = ——ﬂ—l '2_ y .
-1 (Y"ﬂX)
| 2
(Y/h”neJYo’“oz)
Y(z)*  —wNorGAR

. Equation (Al5) becomes

Y(z) =-Z aﬂxl(z), ' L (AID,(13)
Y B3 § : .

where
X (z) = 1(y) € (z) kﬂ ' S (18),(14)

We obtain for each léb observing angle oﬁe linear equation, v(A17), in
terms of the deé‘ired coefficients az. (A least-squares solution for the
2, by IBM 650 computer is described in Section IV.)

We show lastly that the gamma-ray counter detection
efficiericy is a function only of x and z. Angles in two coordinaté frames
moving relativistically with respect to each other are related by the

aberration formula, ' L S ' : J

—. "de_ 1'10 ;
Yo Mp?

. . , o (AL9),(15) ™

where y is cosine of the angle in the moving frame (c. m.frame), z is
cosine of the lab observing angle, and YO and no denote the c.m. frame

velocity observed at cos -1 (1ab) is obtamed by Lorentz transformation
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of the fourth component of the photon's 4-momentum vector from

(a) the 'rro rest frame to the ccm.frame, and then
“ (b) from the c. m. frame to the lab frame. 34

The result is

(vg + mpy)

K = K ,
0 (y-mx)

 (A20)

‘where KO is one-half the 170 rest energy, y and m denote motion factors.
of the 1"'r0 rest frame in the c. m. frame, and K is the observed photon
. energy. The forms of Eqgs. »(A19.) and (A20) show that the detector

efficiency, €(K), is a function of only x and z.
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APPENDIX B

Expressmns necessary to obtam the gamma ray counter

efficiency from experimental measurements are derlved as follows:

£

The number of gamma-ray telescope counts per pcoulomb

may be written

ax
Y: = ' e‘(K)Ni(K) dK, : (B1)
Kn |
where e(K) is the desired counter efficiency, in counts per photon; N, (K)
is the bremsstrahlung spectrum for peak photon energy K , in

ax

photons per Mev; and K, is the threshold energy of the counter, in Mev.

th
The counter telescope is insensitive to incident photons of energy less
than Kth' |
From a preliminary calibration experiment we learned that
the efficiency was closely approximated by the function
€(K) =a ln e » ! (Bz)r(lg)

Kth

where K is the incident photon energy in Mev, and the.parameter to be
determitied is a in counts/photon.. Provision was made in our analysis

for consi"derationlof a more complicated efficiency function,
e(K) = afn LS -(K - m)", (B3)

where m is an energy parameter (in Mev) denoting that the efficiency

departs from a #nK dependence and n is an appropriate dimensionless

wm
EY

exponent. Our analysis demonstrated that within the experimental
accuracy Eq. (B2) was a sufficiently good approximation.
Let us define

2 =fn K (B4)

th’
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and the constant, a., having dimensions of photons/ucoulomb, by
a;B,(K) = KN, (K),

- (B5)
where B, (K) are the Schiff bremsstrahlung spectra.
: Equation (B1) becomes

| | maX; B, (K)
Yi:_'('],a.i (an -2) )

— dK.
K ‘

(B6)

It is convenient to define the integrals

Kmax
: i ‘B.(K) -
A, fnK —— dk,

Kth

]

K

B, ::MJ/ :B(lq dK ,
max
_ [ ‘B, (K)

A. and C1 are d1mens1on1ess~- B. is in Mev

(B7)

The parameter a is given by
(8 -2 6]
v;

' (B§),(20)
One such €quation is obtained from measurements at each peak energy
K .
max, :

The constant a

: is obtained by means of the definition of
effective quanta, Q: 36 '
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ax,
1

N. = . Q.K = K N.(K) dk.
1 1 max, . 4 =
0
By (B5) we hay'e
N.=a B. (K) dK,
]. 1 1

and, by (B7)

N,

a. = _1
i B.

: 1

Awhe‘re Ni is in Mev/pcoul_omb and B, is in Mev.

(B11), (24)
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