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- DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
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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ABSTRAGT

Différential cross sections for the reaction w'p = w%n were meas-
ured at nine incident-pion kinetic enefgies in tlhe interval from 500 to
1300 MeV. The negative pion beam from the Bevatron was focused on a
liquid hydrogen target completely surroundéd by a cubic array of six
steel-plate spark chambers. The spark chambers were triggered on
events with neutral final states. Cha'rge-exchange events were identified
from the one-shower and two-shower events in the spark—chambér pictgres.
By fhe Monte Carlo technique, the =% distributions were calculated from
the bisector distributions of the twé—shower % events together with the
obs'e'rved gamma-ray distributions of the one-shower w° eventé.' These
w° distributions were fitted with both Leg‘endre polyponﬂ.ial expansions
and pdwer-— eries expansions by the method of least squares. The ex-
trapolated forward dlfferentlal cross sections are in good agreement with

the dispersion»calculations. The Legendre coefhcwm., for the differential
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cross sections in isospin state T = 1/2 were obtained by combining our

r'esul.ts with availagle dvata‘onﬁrri.p ellas"c.i'cv sééttéring. ‘ I.n the light' of -‘:
existing phase-.shift splutiohs, thé behavior of t.these‘(.:oe:fﬁci»ent.s is dis-
: cussed. The D5F5 infer'fe.renc.Ve ferm t’}vla't peaks near 900 MeV is vei‘ifie.d
to be in _‘iS‘“O'Spiri s‘tafé T ="1/2 only. |
We report here'alslo the tofal ﬁeutral cross sectioné and the cross
‘ sec_tions for the pfoduct_ion of n‘eutral Imultipion finél states, 2:t°n and
-3xton‘. The ﬁ}r'solid 'angle and the calib;'ated energy response of the spark
chambérs contrilt:ute to the accuracy of the resul‘ts.‘
;
'
’
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I INTRODUC TION

In the past several years much work has been done to further our

knowledge of the apparent resonances at 600 and 900. MeV in - N scatter-

ing. Systematlc studies have been made of the ela.st:.c differential ¢ross

: .o 1-4. e .y 4,5 3
sections " and the polarization of the recoil proton > near these two

resonances. A Rnoxvledge of the charge-exchange cross section is also
neces‘sary.r in order to help resolve the ambiguities inherent. in phase-
shift analyses. More explicitly, the 'charge—exchange differential .cross
seetion rhﬁst be known along withielast‘:ic scattering in order to deduce
the differential cross section for scatterihg in the isospin state T = .1/2,
Some measurements have already been reported ‘These include
forward charge-exchange eross sections measured with spark chambers
betwe_en 0.8 and 1.9 GeV6 and the angular distribution in charge-exchange

scattering near 900 MeV measured in bubble chambers. 78 The angular

distributions in the reaction m n ~> Trop were also measured in a deuterium

bubble chamber between 600 and 900 MeV. ? (Simultaneous with the experi-

ment to be reported here, the angular distributions in T p > 7°n scatter-

| ing were measured at 10 energies between 545 and 1151 MeV, using an

array of spark'chambers.VJ‘lo We report here a similar experiment in
which we measured the angular distributions in charge-exchange scatter-
ing at nine energies between 500 and 1311 Mev. 11 |

The spark-chamber array used in thie experiment cornpletely sur-

rounded the liquid-hydrogen (LHZ) target. This is in contrast to the

experiment of Ref. 10 in which the spark-chamber array subtended

about 2/3 of 4w solid angle. This is an important difference between the

two experiments. We shall see that while.the'results of the two experi-

ments are in general agreement, there are significant difierences in

. detail.
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Cross sections and the angular distributions for n production,

- o . ‘ . . , e " .
7" p — 1 n vere also obtained from this same run and film, The n results . L
i . + . + -1z, | .

have been presented in a separate paper,
\
s
’
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II.- EXPERIMENTAL 'PPV\'OCED‘URE VAND APPA.RAT.USV'ISA
A. ~Procedure |
. T‘hie layout of the expel*imént is shown in Fig; 1 N'e-gativeipions
produced from %,.j{a‘.rget inside t;r*;e Bevatron were deflected ouf, mdmentum—
analyzed, and focused through a series of magnets, then delivered first

to thé target of another experiment, and finally refocused at our LHZ

~target. The incident pion flux was defined by a triple coincidence of

three counters, My, MZ’ and M3, together with a ring anticounter AO’

. to define the area of the beam. The LH, target was placed at the center

of a cubic spark-chamber assembly consisting of six iron-plate chambers,
each about six radiation lengths thick. Inside the assembly, the down-
stream half of the target was surrounded by a scintillation anticounter

unit A subtending a solid ‘a‘nglle of slightly more than 2% about the

1-9
downstream side of the target. The spark-chamber assembly was trig-
gered whenever the‘ beam countbers indicated a pion had entered the targ.et
1-9 indicated that no charged particle had emerged in the forward
hemisphere. .About 50% of the spark-chamber photographs showed

only gamma-ray showers from 7 p—1n (r® > 2y). From the observed

spatial distributions of these gamma rays, the angular distributions of

the w%'s were deduced.

B. :Apparatus ° o

1. Beam

The negative pion beam was momentum—anélyzed and focused by three

Jtriplet quadrupole magnets and two bending magnets. The pion mean kinetic

energies were determined by both wire-orbit measurements and the fitting

of the no - 2y and 1 - 2y opening-angle distributions. The
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various vulues agfeed'within errors.. Above the n thresvhold, the
opening- ancrle values were adoptea as being most prec1sc | The momen- "

tum sp;ead (Ap/p) was 5% (full width at half helaht) Typical pion

- flux under running. conditions was 104 per Bevatron pulse. The_électr'on

and muon contamination at each pion energy was determined by means

of u gas C‘er.enkov counter filled with SF()' ‘The anticounters surroundiug

the target elifninated eleutron and muon events. The sum of the electron

‘and muon contamlnauons ranged from 15 to 40%. These corrections

were applied to the beam monitor counts to obtain the corrected pion

i

flux.

2. Counters and Electronics

Counters M'l’ MZ’ M3, and AO were placed along tﬁe ‘uéam path to
define the beam as shown in Flg 1. Counters M, and M,, at the two
ends of quadrupole magnet Q3, detected all the pions passing through the
quadrupole. Anticounter Ao, W1th a 4-in. -diam hole aligned with the
4-in.: hole of the entrance spark chamber, was used in anticoincidence

to preveut the system from accepting events in

with M MZ’, and M

1’ 3
.which pions had interacted in the steel pbrtion of the entrance chamber
| and scattered into counter M. Counter M, the last beam-defining
counter, was a circular scintillator 2 in. in diameter and 1/16-in. thick
and was placed inside the soark chamoer cube close to the window of |

(see Sec. B.3).-
the vacuum Jac&et/ A block diagram of the electronlcs is shown in Fig. 2.
A colnc1dence between signals from counters Mi’ M, and M3, together .
with a null signal from anticounter Ay defined an incident pion. These
cwere counted by fhe scaler labelled '""Mon. scaler' in Fig.. 2. .

Anticounters A, 9 covered the entire hemisphere downstream

from the target. Although the counter array subtended a solid angle
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only shghtly greater than 2T steradlan, charged fmal states, with all

the _chareed partlcles missing
e

the umt, were estlmated to be small 'It

was kmematmally impos 51b1e for both of the charoed partlcles in two-

body final states to miss the antlcounters Thus,' contamlnatlon of the .

charged f1nal states had to come from three ~or- -more- body final states.

The most abundant three-body

fmal state in the energy reglon of this

+ : . . q:
experlment was T m n. P‘rev1ous data indicated that those events with

-th’ani2p% to our spark-—chamber

L +
both # w going into the backward hemlsphere could contrlbute no more

u
events. 1 In most cases ‘these events

could be recognized on the film and were excluded from the data. A null

signal from anticounters A1 9, together with an incident-pion signal,

defined a neutral event. These were counted by the scaler labelled

""Neut. scaler' in Fig. 2. :

The coincidence circuit,

W, in Fig. 2, triggered the spark chamber

and turned on the camera control unit. The input signals to W, consisted

signals with long widths. One

of the neutral signal from the output of.W and two anticoincidence gate

gate signal with a width of = 2.5 psec-

(approxnnately equal to the sensitive time of the spark chambers) was

induced by the S1gna1 of counte

T M2 Since lecove‘red the entire trans-

verse cross section of the beam envelope, no pictures were taken for

. those neutral events where oth
‘system in the previous 2.5 pse

‘pictures with multiple incident-

er beam particles had passed through the
c. This greatly re‘duc'ed the number of

beam tracks. The other iong input signal

for W, was about 90 msec w1de This signal, ‘generated hy the output of

3

W, prevented the spark’ cham

. advanced.

ber from firing while the f11m was being
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3. Target

' The inset on F"ig. 3 shows the .LHZ taf}*get.' The average thi.;:kness
of the ‘cafget_o_ver the érea defined By counfer M3’ was 3.93+0.01 in.
Because of buBblin?g,A ‘the dénsity of liquid hydrogen was estifnated to»Be
5% 3% less than the handbook value. The entire target was enclosed 'in »
a 2-ft. -diam Al vacuum jacket. The windows éf the vacuum jacket V\-/ere
far enough from the LHZ flask that "window events'' could be identified
by extrapolating the shower direction back to the tafget.

4, Spark Chambers and Optical System

The spark-chamber array is shown in Fig. 3.‘ It consisted of six
S—ft. -square spark chambers. Two spa;rk chambers each had an extra
"\do.g leg'" to complete the cubic array. The chambe‘rs were filled with a
mixture of 90% Ne and 10% He. | | |

A spérk-chamber unit consisted of one 1/32-in. Al cover plate,
four 1/16 in. Al plates, and thirty-five 1/8-in. Fe plates. There were
38 active gaps for detecting particles. To allow the incéming pi‘ons to
pass through, one _chamber had '4-i.n. coﬂcentric holes cut in the plates.
The holes were céveréd v;/ith thin Al foils. The gap width was 5/16-in.
and the plate voltage was about -9 KV

Every spark chamber had two mutually perpendicular optical
windows, each covered by a plano-convex Lucite field 1éns. Thirty-
‘ ‘six piane mirrors brought all 12 views of the chambers to a single

camera which photographed them on a double frame of 35-mm film.
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III. DATA ANALYSIS

AL Uncorrectea 7° Disitribﬁ‘tiﬂons.v

All phbtoglrap?rﬁs of evéntAs showing'- one incomin-g pionA and one or
more csutgoi'n'g' tr;ac_ké wge‘r‘e scanned énc{ recor.ded.. Evénts with 1, 2,. or
3 outgoing tracks were measured on digitized measu_ring.p‘i'ojectors.
Half o.f the events wére ‘meas-ured in Berkeley and half in ‘Hawaii; The
two groups differed somewhat in their minimurﬁ criterion for_a track.
‘The Befkeley group demanded that a track have at least three sparks.
on a straight line. The Hawaii group demanded three sparks in consecutive
gaps an a straight li:ne. | | |

Usually the n%n final sfa%e gave a 2-track evenbt' resulting from-
> 2y giving 2 shower; iﬁ the steel. About a third of the time, however,
one gamrn:«.;~ ray had small enough ehergy so fhat nb visible track was
produced. (Zero-shower events are negligible at these eneArgies.) For
purposes of analysis it proved tobe adequate, for these 1-track events, to
assﬁme that the «° direction §vas coincident with the visible-shower
direction. |

In general, the voi)enin‘g angle, ¢, between the two photéns in the

barycentric system follows a probability distribution given by

dn/dé = __cos(e/2) SV )
/ 2 8v% sin?(6/2) [B2 - cos?(¢/2)] 172

: -1 o .21/2 . ‘ ' .
where Bc is the w0 velocity and vy 1o (1-8") / , all in the barycentric

syste.m. The distribution dn/dé c_iviverges' at an angle for which -
/2)= B. Ins.’crum_ental resolution'bfoader}s this distribution

cos (¢

somewhat, and reduces the peak to a finite value, as shown in Fig. 4.

min
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~The 7° velocity vector lies in the plane of the two Vphotonsy and within

the included angular range. - For given photon directions, the w0

is least“
energetie‘when its bmomentulxm- lies. aldng the bisector of the ope;ling g
angle. |

A fraction ‘of. the fin'al neutrons interacted in on‘e‘of the ste_el plateé‘
prociucing a .charged'se:c:onelary and thus gave a 3-track event. This
fraction rax;ged from 0.01 at the lowest energy to 0.11 at the highest"
-ene.rgy. These eQenfs could be identified kinematically, since only two
neutron directions are possible for éiven gamme—ray directions.

To.be accepted for analysis the e#ehts’ha‘?llto satié',fyfcerta'.in
“criteria: |
| (1) The shower directions had to pomt back to the reglon of the LH,
>target. The size of this region dcpended on the length of the shower and
wae lerger than the target to account for measurement errors.

(2) _ The shov;'ers had to begin in the f‘e plates of ~the_ spark ehamber‘s
with an allowance made ‘for' measurement errors. |
(3) In 2.-shower events the opening angle of the 2 showers in the

ba,ryeentfic' system had to lie between (q)min -5 deg} and ¢m‘ax" ‘where
q;m in is the minimum angle allowed by kinematics, and (Pmax 1s an
angle such that ¢ exceeds ¢ for 75% of the events. The opening-‘
angle distribution obLalned at Tlab 655 MeV,is shown in F,ig. 4. For
our epergies' we have 21 deg <¢_ .. < 37.d'eg and 32 deg < (bmax < 54 deg.

In the recor;'étruet1011 of the events in space, we assumed that.‘all
events originated .a.t the point' where the incomiﬁg pion crossed t;ne mid- ¢

plane of the LH, target; The maximum resulting c. m. ang'ulai- error

ot

was AA(cosOm) = +0.05. ‘ - . R | o °
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In 2 shower eveqts we- found it 1mpos.-,1c>1e to determme rehably

' from the phOLOUI aphs whlch of the two gammas had tne hloher energy
This meant tnat there was a two- fold amblgulty in the -rr dlrectlop

"Thus, the bisector. ahgle between the 2 showers in the barycentric

system was used to approximate the 7° dlrectlon. Thls approx1mat10n '
proved to be adequate within our statistical accuracy. However, itis
not sufficiently accurate for dealing with n° decay kinematics.

Uncorrected w° angular distributions’ were determined by adding

'together the bisector distributions in 2-track events and the gamma

distributions in 1-track events. The 2-track .evjents included those

3-track events where one track was deduced to be 2 neutron recoil.

Target full—empty subtractions were made. The full/empty ratio was

about 3:1 for the counter data and about 9:1 for the anguﬁla.r-distributioo

data.

The number of scanned events remaining after.full—ernpty sub-

‘tractions are given in Table I as a function of incident 1r‘-v energy and

event complexity. - A small correction was made to account for n°n

events where a neutron recoil was observed and one gamma ray was

.not seen. These are 2-track events but the opening angle generally is

greater than ¢ max” Thus, they are excluded by criterion (3) above.
We make the reasonable assumption that the ratios of the numbers of

events N are N(2y + n recoil)/N(2y) = Nl(iy + n recoil)/N(1y) at each

angle. " This means that the probability of observing a neutron recoil

~at a given angle is independent of the probability of not observing a

gamma'ray. All quantities in the above expression are known except

N(iy + n recoil) which can then be calculafed. The numbers of events
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calculated were added to the gamma distributions of 1-track events.
These were included in the uncorrected 7% angular distributions.

B. Corrected n° Distributions

To more nearly approximate the true 7% angular distributions, a

lab 0

correction factor F(T—r , 0) was calculated. The uncorrected
: . T . »

~angular distributions were multiplied by F(T}rab , 0) to give the true

angular distributions.

bTo. calculéte thislf.actor, a Mbﬁte Carlo computer prograrﬁ was:
developed. This program used as input an assumed true 7° angular
distri;butionf. It proauced as output 1 and 2-track events. lvThose ev.ents
satisfying critefia 2 and 3, mentioned in Sec. IIIA., were added together
as described above. Theln F(T}rab,'e) ‘was just the ratio of the‘input 0
angular distribution.to the calculated uncorrected 7% angular distribution.

We also compared ’ch¢ 1-track distributions predicted by the Monte
Carlo calculation directly with the obse_rvedA 1-shower distribution. Théy
-were in rc_easonable agl_'eement. ~ This reassured us that indeed most of
the 1-shower events resulted from the Trbn final state.

The éomputer prrogram randomized the following: -
(1) the point in the LH, target where the interactions took place
.(iThis automatically builds in an error in the gamma-ray direction,
since in reconstruction the event is assumed to originate at the midplane
- of the target aé mentioned above. ), |

(2) the poinf in the spark chambers at which the gammas converted G

(weighted by the pair production cross section), - .

(3) the detection of the showers (weighted by the detection efficiency

of the spark chambers). o L ‘
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Because the true ﬂo anéular dlstrrbutron was unknown, the calcula- ‘ o
tlonvhad to be lterated For the first 1ueratwon the observed uncorrected
no angular dlSurlbuthnS uere used &s the assumed true dlstrlbutlons The
factor F(Tlab,e) thus determlned was used to correct tne.observed dlstrl-

' butwons, ‘and this new true dlstrlbuulon used as 1nput to recalculate

F(Tiab 9). It was found that one iteration vas sufflclent As exoected
F(Ty};ab 8) was always close to one. Figure 5 shows a comparison between

'the corrected and uncorrected angular dlstrlbutiOps at 875 MeV.

S Cy Detectlon Efflclency of the Spark Chambers and the 2n nend

3n n Background Contributions -

We dlscuss the detection effic1ency and the 2n n and 3n n back- ' B .
ground contrlbutlons together, since the calculatlons of these quantities

are interdependent,.

For the detection efficiency € of the spark chambers; we used
e(E)
e(E)

0 for B <E, R S

c {1 - exp [ (E - E )/AEJ}for E >EO (2)
. - : theoretlrall
where E is the laboratory energy of the gamma. ray, EO = 15 MeV was calculated }

-and C f l.O was a constant. As might be expected, the l—ehower angular
distrioution was sensitive to the.effioiency function €(E). When we set
C <.O.95 ue found that it was‘imposeible'for the l-shower angular distri-
butions predicted by tﬁe Monte Carlobcalculation to'give a good.fit to the
.observed l-shower distributions, This flndiug'was insensitive to the AN
.vdlues used, Thus, we had 0.95 < ¢ <1.0,

Three neutral flnal states conteruted 51gn1f1cantly to the.bacx-
ground ‘these were 2x° ny 37%n, and 7 (a 27)n. The last of these Was ea51ly

ellmlnated because the minimum opening angle for the gamna rays was much
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) dlarger ﬁhéﬁ ¢.ax' vFor:exelee; in ﬁig. ﬁ‘the'peek at about lﬁd deg iS'v
due to uhe q °n final state, This reaction ﬁas also analyzed in tﬁis : T
'experlmenu and 1s meqtroned has been reported ersewhere.lg.
From the various rlnal states we observed events wrth 1 to 6 showers

: Very few events were observed with more than 6 showers. The relatlve;

ndﬁbers of 1- to 6;shower events depend on the cross sections for the
- x® n, 2x° n, and 3n n flnal states and the spark chamber decection efficiency.

[We exclude n Ca 2y)n .final states as described above.]. We selected two
groupsrof,the 2-shower evehts: those that setisfied criterion (3) in

Sec. IIIA above, and those in which the gamma opening angle was greater

than ¢mak but'lese than ¢min - 10 deg, w@ere ¢min is the minimdm opening

angle for the 1°(- 27)ffinal state. This then gave seven measured quantities
depending on three differentiel cross sections and the spark-chamber

detection efficiency. The uncorrected ° engular distribution ﬁas used

for the noh final state, The distribdtions of no's in 2non'and 3n°n fieai
states Qere assumed tovce giveﬁ by isotropdc invariadt phase space, ‘Thus

the eﬁergy and thevangular distributions in the three final states were

assumed to be known., Only the total cross sections were unknown, These

total cross sections were calculated from

N . Gneut J

where j(1, 2 and 3) represents non, 27°n and 37°n final states, O eut

is total neutral cross sections, N is total number of events, and
: ) _
N cal is the number of events in class calculated by a least squares

j e

fit from the number of observed 1 to 6 shower evenus (with the 2-shower. .

events d1v1ded into two categories as mencloned above) and the eff1c1ency
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.e(E)

50

lab

We found that the factor F(T ,e ) dld not denend 51gn1f1cantly

.on C provided O, 95 < C < 1. O In the Monte Carlo calculatlon of

F(Tlab,én) we then set C ;-l.O. In the determination of the'total éroés

bLd

sections we used C =:O.975.

"The final values of AE varied somewhat frombenergy to energy.

‘This was due to variable running conditiohs. Furthermore, the values of

AE for the Hawall scanning were higher than those for the Berkeley scanning,

‘due to the'striéter minimum track requirement used by the Hawaii group,

as mentioned in Sec. IIIA, With'C = 0,975, AE for the Berkeley group
ranged from 60 to 70 MeV and for the Hawaii group from 75 to 85 MeV,
The contribution to the 1- and 2-shower events (as defined in IITA)
o) . e .
due to 2r n final states ranged,from.2% to 4%, For 3nx n final states, in
most cases this contribution was less than 1.5%. The confributions of
these backgrounds~tb the no angular distribution are essentially flat in

cos 0 207 they are smaller than our experlmental errors, No subtraction

for tnese backgrounds was made for the n angular distributions presented

in Sec, IVB. The opening angle curve shown in Flg.nh resulted from a.
£it to x°n + 2°n final states at 655 MeV, and the dotted curve is the
small contribution due to 27°n even?s'alone. In this case, the contri-
bution of the 3n°n final state was negiigible. |
D. Errors
In addition to the-statiatiéal arrpr, there were several other

important sources of error. Tn this section we discuss their effect on

each of the various results of this experiment.

1. Relative Errors in the +°n Angular Distribution




"4-16-5
- Two 51*ewficanf soureee of error tna£ affected the‘angular
. dlsuribuulons ve;e (a) the statlstlcal error in the Monte Carlo detevmll—‘. i: T
ation of F(Tlao,e) and (b) the uncertainty in the spark—chamber eLfchency._ |
The ¢1rst uncertainty was “due to the use of only a flnlue number of Monte.
Carlo eyents, At each energy this amounted to -about 5000 evenus.‘ The
second uncertalnty had two sources: (l) uncertainty in the energy .
dependence of the efficiency e(E) in expression (2), and (2) anisotropy

of the eff1c1ency. The energy deDendence was determined by the two
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iaara'n'ie-ters : 'C'_ and» AE As pr.e.viouély né’;éd, v FV(T,_n_ b, Gﬂ) did not
depend-on C for 0.95<C <1.0. It did howevef de'p.end 6_n AE. This>_
parameter was allowed to vary between limits consistent with thé rela-
tive_number_s of 1- to 6-shower e\.renté.‘ The effect on F(Tirab, 6_”) was
noted, and an error estimated.

An angular asyrhmetry was also .obs'erved .for the éfficien.cy. This
was due t‘o the ‘cubic geometfy of the spark chambers. The efficiency
was varied within tbe limits of the obs‘erved asymmetry. The effect |
on the calculation of F(Tirab ,9_“) was agaiﬁ noted and an erx%or. estimafed._

The above uncertainties resulted in an additional error about
equal to the statistical error. Both are included in the relative érrofs
in the results of Tables II and IIL. |

. Other uncertainties investigated were due to (i)'mom‘entum s‘pread
of the w beam, (2) finite size of the target, and (3) errors in track

measurements. These were all found to be negligible.

2. Normalization of the Total Neutrals Cross Section

Three uncertainties contributed to the normalization error of the

" total neutrals cross section:
(2) uncertainty in pion flux (x2%),
. (b) uncertainty in LHZ density (x 3%),

(c) ﬂuctuatlons in the eff1c1ency of the anticounters Ai 9 for detecting
charged partlcles. ThlS mamfested 1tse1f by a lack of reproducibility
of different runs at each ener.gy. It varled from 4% to +8% and was
“the main source of error in the cross section for_n--p - neutrals.

These uncertainties are included in the results of Table IV.

3. Total Cross Section for the 7%n Final State

The angulér distributions were fit to a sum of Legendre polynomials,
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, m d A C‘QP"Q(COS 9),
where Pl(cos 0) is the Legendre polynomial of order £, and 6 is the
c. m. angle of the pion. The relative error in the total cross section
for the 7°n final state was then determined from the error in Co,
800, _ AC,

G-rron v C0 :

The error in CO of course . includes the §tatistica1 error. The total
.cros‘s 'secti_on wés normalized to the totai neutrals cross section. Thus,
'the final errors tabula”;ed in Table II include both the ébove-determined
relative error and the érror in the total neutrals cross section.

4 Cross Sections for the 2w°,n and 37%n Final States

- In contrast to F(T}Tab, Gw) the cross sectiohé for the éwon and 3Tr°n
final étateé were quite éensi‘cive to the value of C. We set C = 0.975+0.025.
This is consistent with the previously established limits on C. The

errors estirﬁated for AE also affected these croés sections. With few
exceptions the estimated errors in C and AE resulted in the foilowing

range of percentage errors on the cross sections at various energies:

C AE
Ao (nr p —~ 7°n) ~ £ 2% ~+1%
Ao ('rr;p - 27%n) +4% to = 9% + 4% to}: 16%
Ac(r p = 3u°n) +=7% to + 17% ' +11% to % 24%. i

Fluctuations in the scanning efficiency for counting 1- to 6-shower
events were estimated by multiple scanning of selected portions of the
film. From these fluctuations an error was estimated. This error was

added to the statistical error in the numbers of 1- to 6-shower events.
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The-resdltin‘g sum was included in the least-squares analysis. The

" added uncertainty due to scanning-efficiency fluctuations were as

4 fdllows:
_Nurnber of o Fiu&uatién erréf
showers : (%)
e D . s4.5

2 o 3.5
s a2
s | 47,5, f
5 o . #LS
6 . #25.0

These .errof‘s :we_re then- included in the 27%n and 37%n cross sections.
These cféss sections were aléo norfnalized’to the total-neutrals
cross' sec‘tioAn. The final erréfé shown in Table IV outside thé parenfheses,
include both the errors discussed in this section and the error in the
total-neutrals cross section. Errors for 21% and 3v°n cross section,
iﬁ the i)arenthesis? do not include the uncertainty due to the choiceA of
) C anci AE vélueé. They c.ould be taken as the relative erroxjf's‘fqr the

shape of the curves 0, o0 VS Tla‘b and 0, o Vs Tlab.
2t 1r 3w LA
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IV. RESULTS

. A. Total Cross Section

Ve determined the cross section for T p —> all neutr-'als elgc;
t'ronically. Tlﬁs cross sectiorilwas calculated from the ratiq
(neutral counts)/(moﬁitor counts). These .numbers. were recorded by
scalers on the outputs of coincidence units Wi'and W, in Fig. 2. In the
actual éalculation the number of neutral counts was reduced slightly to
correct for the inefficiency of the anticounter. v.Thils inefficiency was
determinec»lﬂby noting the number of events photographed in which
charged particles wére pr-oduced in thé LH, target.. The results are
shown in Table IV. Figure 6 displays our results and those of two

other experiments. 10, 15

The r.elative cross sections for the three final states -rronv,,“21r°n,
and 31%n were determined by a least-squares fit to the relative numbers
of 1- to 6-showe1; events at each energy as described in Sec. IIIC.
These were normalized to the total neutral cross section. The resulting
absolute cross sections are listed in Table I'\7.16They are plotted in Figs.

7 and 8, aiong with the results of Refs. .10 and 15.

B. Differential Cross Section

’I‘he differential cross sections were taken fro'r’n. the corrected w?
angular distriEutions for the w°n final state. |

In spite of the somewhat diff‘erent shower criteria, the distributions
obtained by the Ber.keley scanning and the Hawaii scanning are in very
gooci a'greeAnient. These distributions are ﬂormalized to the total cross .
sectioﬁs of Table I_V .Thc.a differential cross sections are tabulated in

Table II and plotted in Fig. 9. The solid curves are least-squares : i
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-fits of our data to sums of Leg endre Dolynomlals The series for each
.energy are termlnated at the smallest vmlue of £ max for which the statis-

r__~_ ;

tical fit to the duta has (a) the'X /d value close to unity, where 4
‘ is*the degree of fr eedom and (b) no lurtner apprecwable change in the
value of VX /d for greater values of zmax‘ The coefficientS'are '
listed in Table IIT., They are plotted in Flg 10, along wlth the results
17

of one other experiment,

The dotted curves of Fig. 9 are the results of least-squares fits
to the data of Ref. 10 at comparable energies. Agreement is good only at
533 and 875 MeV,b At 655 MeV agreement‘is poor in the forward direction,‘
where cos Q“->'O;h. The meet significant disagreement is at 975 and 1117
MeV in the backward direction. At 875 MeV Eoth experiments see a peak at
cos 6 = - 0.8 and a subsequent fall off to nearly zero at cos en = -1,
This is also seen in ks p elastlc scattering and is characteristic‘of the:
T = l/2 resonance at 900 MeV 3 At hlgher energles our results show a
decllne in the peak at cos e = - 0.8 and a rise in the dlfferentlal cross
section at cos 6 = -1. This latter feature is alse seen 1n 1t p elastlc
scattering and is charecteristic of the T = /2 resonance at 1354 MeV,

As seen 1n Flg 9 the latter effect is much reduced in the results of
" Ref. lO, in spite of the fact that the results of Ref. 10 are for energles
slightly higher than eurs. | |

'¢. Forward and Backward Differential Cross Section

 From the coefficients of Table III we have calculated the differential
'eross section at O and 180 desg. The results are listed in Table V. The
values at O deg are plotted in Fig. 11 alonc with the results of three
6,10,18 The curve is.‘the res ult calculated from

, Other'experiments.

dispersion theofy.19 g
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V. DISCUSSION

A. T =1/2 Scat’ceriﬁg
From the charge-exchange coefficients in Table III and the co-

efficients from w p elastic scattering we have calculated the

coefficients C‘é for scattering in the T = 1/2 state in the expression
4912 1/2)= ) C,P, (cos0)
dQ 271 ’

where P, (vc_os @) is the Legendre pélynorhial of order & x.and 9 is the
pion c. m. angle. These coeffici.ents éloxjg- with'o{T = 1/2) are tabulated |
in Table VI. The c‘:oefficients: ar'e plottéd in Fig. 12. The energies are
slightly di.fferenf.from the energies of this experirrllent.. This resulted
Afrom averagiﬁg data at slightly differ_er;t energies from different experi-

ments.

B. 600-MeV Resonance

From Fig. 12 we see that in this energy region thére are significant
peaks in CO, Ci’ and CZ' Furthe{rmc’»re, coefﬁcients Cﬁ, for £ =3 are .
small. This implies tile résonancéAcan involve only states with J < 3/2.

- Since we have C, > C3, at least one J = 1/2 grﬁplitddé is important.

(If only J = 3/2 amplitudes are-nonzero, then we have C, = C3/9.)

C. 900-MeV Resonance
In this enérgir region Cg shows a sharp peak. Since C, for -
L =6 are vefy small, Cg is.determined entirely by a D15F15'inter—
ference term. Thus either the D . or the F15 amplitudes or both must

be rapidly varying in this energy region. This interference is entirely

in the T = 1/2 state.
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. D. Phase-Shift Anal’yses

":'.Complete sets of phase shifts from 300 fo 700 MeV have been

' 20-2 ' : ' -
published by several groups - 3. and from 300 to 1000 MeV by two
- 2h2 ~ o ‘ . 4
groups. - 2 " There is also another unpublished set from 700 to 1000
23,26

MeV. 26 With one ex,ception., " the various sets of phase shifts are
in qu'a'litative ag’reément. Ho_we'ver? there ére quantitative disagréements
among all the various sets. This is because the. experim.ental quantitities
: are quadratic in the partial—wave amplitiudes ‘which in turn are periodic
in the phase shifts. Orily by gréatly overdetermining the expreésions
. relating experiment tb_the phase shifts canA one hope to arrive at a
unique set. ' This was a major motivation for this experim'ent. Although
charge-exchange differential-cross—secﬁon data have certainly helped,
and in fact are required, this goal has still not been‘ achieved. Further
experiments are necessary. It has been shown that the various éets of
i)hase shifts predict quite different recoil-neutron polarization distribu-
tions in charge-exchange near the 600-MeV resonance.! This, then, is
an important experiment. |

Finally, we show curves of the C, in Fig. 12 predicted by two

23,2k,26

sets of phase shifts. Preliminary forms of our data were in-
cluded in the least-squares analysis, resulting in these two sets. It is

. not sﬁrprising,_‘chen, that the fit is good. One of these s_été of phase

shifts is the one in serious qualitative disagreement with a1l the
'otllers;23’26 This shows that rﬁoré-precise charge-exchange differential-

cross-section data would not be nearly as useful as recoil-neutron

polarization data.
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Table I. . Number of events after full-émpty subtractions.

T}Ta_b R Shower number
(MeV) . 2 3 4 5 &
t00 - 4563 . 8203 . 1240 524 59 6
533 2814 4966 768 324 31 4
592 4885 4466 752 531 133 41
ess 2374 6730 1755 1245 382 112
704 2768 6373 . 2215 1474 1  384 126
875 4910 6107 2027 1415 360 97
975 1927 4841 4662 - 1138 . 293 90
Cga7 172 4461 1893 1591 © 580 233

" 13.00 1473 6486 2702 2471 802 389
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Table IV. Cross sections for various neutral final states.

lab

0 o

'-z‘r‘ qneut:. T n ’GZﬁon _O-.31r°n
(MeV) ~ (mb) (mb) _ (mDb) (mb)-
500 12.1620.67  9.48%0.57  2.12%0.28(0.21) ~ 0.30£0.19(0.40).
533 . 11.86x0.65  9.43%0.59 2.36£0.30(0.23) . 0.20£0.14(0.07)
502  44.89£0.65  8.09£0.48 - 1.79£0.40(0.24)  1.16+0.43(0.21)
614 - 41.270.62 B |
655 9.69£0.53 5. 42+0.32  2.03%0.38(0.20) 1.28+0.41(0.418)

670  9.7250.53 . | o
704 9.54+0.52  4.80£0.29  1.94£0.52(0.34)  1.51x0.49(0.29)
726 8.590.47 :

765 8.90+0.49

786 9.25%0.51
805  10.16%0.56
837 11.3740.63 -

875 14.35£0.62  6.64£0.39  3.06+£0.37(0.28)  1.11+0.31(0.18)
914 9.29£0.56 | | o
955  7.40+0.48 | | -

975 6.58+0.44  3.35:0.33  4.82%0.37(0.26)  0.94:0.34(0.24)
1117 5.0840.42  2.16£0.19  1.45£0.29(0.18)  0.920.21(0.15)
1300 4.62£0.39  2.41£0.19 = 4.33%0.26(0.16) = 0.70%0.17(0.12)

Errors within

a » . . .
Errors outside the parentheses are absolute errors.

are the relative errors. (See

the parentheses for 0, o, and G5 0,

Sec. D3.) . See also footnote 16.
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’Table V ¥ orward and backward. dlfferentlal cross sectlons for-

R . i T p »%n calculated from the coeﬁ*cwr‘tb of Table 1v.®
T ' <a§(o deg) > _‘gg (180 deg)
(MeV) ‘ (mb/sr) . (mb/sr)

500 S 4.145%0.297 . 0.187+0.044
533 | 4.384%0.327 | 0.405+0,070
592 3.317£0.237 0.554%0.059

655 |  1.941£0.159  0.11620.079
704 . 1.630io.i37 | . 0.078%0.054
875" | 3.0200.202 0 0.134%0.095
975 N 1.35520.166 = 0.384%0.095

1417 - 10.498£0.072 0.593+0.069

1300 0.354+0.089  0.505£0.069

2 s .
“Normalization error included.
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FIGURE LEGENDS

1. Plan view of the experimental arrangement,k

. 2. Block diagram of the electronics.
ig. 3. Spark chamber and'LHz" target assembly.
. 4. The.c.m. opening-angle distribution of the 2-shower events

_for Tiab= 655 MeV. The curve is a fit to the Z;Shoxver events

produced by %n + Zﬁonvainal states as determined by a Monte

Carlo calculation. The dotted curve is due to the contribution of

~ 27%n alone.

5. The c.m. uncorrected w0 distribution (curve A) and the

corrected r° dlstrlbutlon (curve B) at Tla‘b 875 MeV.

6. Total cross section for m p—> neutrals. O Ref. 10; A Ref. 15;

O this experiment.
7. Total cross section for = p > w%n. O Ref. 10; A Ref. 15;

© this experiment.

8. Cross sectlons for w p - 21r° +n and 31T + n. O Ref. 10

O this experlment . Error bars plotted for the data poxnts of

this experiment are absolute errors. -

9. The c.m. w° angular distributions in ﬁ-p - 7%n. The solid

curves are least-squares fits to the results of this experiment.

: The dotted curves are the fits to the results of Ref. 10 at nearby

energles. Errors do not 1nc1ude normalization anertalnty

10. Coefficients Cz in the expansion

%. (r p— 7%n) =,Z C‘QPI(COSO),
7 .

where "Pﬁ (cosB) is the: Legendre—polynomial order £, and 0 is

the c;m.'pion angle. - -~ A Ref. 17, © this experiment.
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Errors include the normalization error. The curves were hand-

drawn to guide the eye.

0

Fig. 14, Differential cross section at - Oc = 0 deg for m p - 1'n,

‘V Ref. .6; A Ref. 10; 0 R‘ef. 18; ® this expériment.‘ The
‘ cur,\‘ré is the result of a dispérsioﬁ theoretical calculation.lg
'Fig. 12, Coefficients in the expansion |
%g (T = 1/2) = Z cﬁPﬁ (cos8),

£

. H

where (dO'/dQ) tT =‘1/2) is the differential créss section for
‘mN - N in the isospin state T = 1/2. T

. © this experifnent.' The solid curves are predicted by the
phase. shifts of Ref. 2L and the dashed curves by the phase shifts

of Refs. 23 and 26.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

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

B. Assumes any liabilities with respect. to the use of,

~ or for damages resulting from the use of any infor-

mation, apparatus, method, or process disclosed in
this report. ’

- As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
0of such contractor prepares,‘diséeminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






