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ABSTRACT

A 25-inch hydrogen bubble chamber was used at the Lawrence Berkeley
Laboratory Bevatron to produce 300,000 pictures of'n+p interactions at an
incident momentum of the ' of 2.67 GeV/c. The 2-prong events were pro-
cessed using the FSD and the FOG-CLOUDY-FAIR data reductibn system. Events
of the nature 1r+p + 1r+p1r° and 1r+p + w*rn with values of momentum transfer
to the proton of -t £ 0.238 Gévz.were selected. These events were used to

extrapolate to the pion pole (t = nkz) in order te investigate ther «
| interaction with isospins of both T=1 and T=2. Two methods were used to
do the extrapolation: the original Chew-Low method developed in 1959 and
the Durr-Pilkuhn method developed in 1965 which takes into account centri-
fugal barrier penetration factors. At first it seemed that, while the
Durr-Pilkuhn method gave better values for the total w w cross section,
“the Chew-Low method gave better values for the angular distribution.
'Fyrther analysis, however, showed that if the requirement of total OPE
{one-pion-exchange) were dropped, then the Durr-Pi]kuhﬁ method gave more
reaspnable values of the‘anﬁhlar distribution as we)l as for the toia]

m w cross section,
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I. Introduction: -
g .”Ddfinggthe past decade there has been considerable interest, both
:-theoretical and ‘experimental, in the r elastic interaction. It has been
)-impossible,'ﬁowever, to do nr scattering directly due to the short half-
-1ife of the pion. Pions don't last Tong enough to be good experimentatl
targets.: Hence, we must content ourselves with indirect, methods to deter-
- mine the nature of the mm interaction.

- 'Such methods are available. They are known as the pole extrapolation
-methods. The first of these was developed by Chew and Low] in 1959. These
pole extrapo]atfon methods operate in the following manner. One Tooks at
the:réactions mwN-+ mwN. Each of the nucleons is surrounded by a cloud of

~virtual: pions. ~ At small values of momentum transfer to the nucleon
e (Ag='-fﬁsm&11;”Wheré‘t=(pnf - pNi)z) the beam pion interacts with one of

“: the virtual pions in the nucleon's pion cloud as shown in Fig. 1.

i
T
Jr
N N
‘Fig. 1:

'ff h nuc]eon.» Then the data for mN + ﬂﬂN is extrapolated, as a function
r’of momffthm transfer, to the pion pole (t This is the point at which

"gpion propagator (——-—-) becomes. 1nf1n1te In other words, the virtual

ion has,been converteﬂ ;;to a real pion. Of course this pole lies out-

,iQe:;hgvphySIcal reg1on for the reaction aN + muN. But the extrapolated



_data is able to tel] us something about the 7w interaction.

G Hhen _the data arecompared with the Chew-Low formula, however, the
“{,.fit_j§€notiveny good as a function of momentum transfer. This poor fit
lbggéms:to be due to the centrifugal barrier penetration faéfors described
/by_Blatt and weissknpf:2 Hence in 1965 Durr and Pilkuhn3 introduced some
_‘fprm’factors into the extrapolation based on the centrifugal barrier
pehetration factors. With these form factors it is possible to fit the
data better in the physical region. At least it is possible to fit the
ﬂ‘quaqtitx that is extrapolated to find'o““. These two extrapolation methods
~ are described further in Section II. '
o 2It is thg“purpnse of this experiment to compare the Chew-Low and
Durr-Pilkuhn extrapolation methods. We will find that the Durr-Pilkuhn
. method gives more reasonable values for O than the Chew-Low method. On
the other hand the Chew-Low method appears to give more reasonable values
for the angu]ar d1str1but10n of wn scattering if one assumes one pion
exchange (OPE)
The data for this experiment come from 300,000 pictures taken in the
25" bubble chamber at the Berkeley Bevatron. The run used a " beam at
a momentum T 2. 67 GeV/c. The target was the protons in the hydrogen

_bubble chamber The reaction investigated is n+p -+ n+n°p which in the

' 1t of the extrapolatlon procedure is a function of the I=1 and I=2 nw

hg wx invariant mass lies mostly in the region of the o

.. i +
in the reaction r'n° » o' + 7'1°.




11. Theoretical Models

A. Chew-Low Extrapolation

In 1959 Chew and Low developed a model by which the reaction aN + bcN
could be used to predict the cross sections for the rasaction ax + bc.
Here x is the exchanged particle in the former reaction. This model is
based on the idea that when there is low momentum transfer to the nucleon,
i.e., when the particle a just glances off the nucleon, then the particle
a interacts with the exchanged particle and converts the latter from a
virtual particle to a real particle.

In the case of the reaction n+p + n+n°p they predict that we can

determine the cross section for the reaction n'n° + n'n° in the following

manner
2
2% | £ _ond [w?-22)%) o+ o
3pzam2 pz-*-u on (p2+u2)2 %L T
where fZ

= 0.081 is the coupling factor, L is the laboratory momentum
of the beam pion, u2 is the mass of the exchanged 7°, ¢ is the cross

section for the reaction n+p - w+n°p, o.*.0 is the cross section for
elastic n'7° scattering, w is the effective mass of the 7 1° system, and

o = A2

is the momentum transfer to the nucleon.
If we arrange the terms so that u“+“o(m) appears on the left hand

side, then we have

. lim 2 q 2
- -2 1L 2\2 do
o+ otw)= 2 M (a2 +2)
e DY R 2N O 2\ a02au?

In order to find the angular distribution, we want to differentiate both
sides by cos6. So we have

dopt0 () h'“ ( H-zn] q'lL (0242)2 2%
“acoss - A% a2 |77 wltws wlll)% 2?3 coso



In order to simplify this expression let us define

2 ar L 2,2 3%
F(W,w A®) = - = (A +u)
PEUTT R aal 3’; 202
and 2 2 .3
2 2 L 2. 2 g . .
. F(W,w,A%, cos8F- , (A°+ u ———
' 'f'z wlial-2) ) a823u%ac0s8
" then we may write
O’ + ° ((A)) = 2 ( ) F(W,m A )

and

3 + o{w) lim -2 _
=2 , (%) Flw,w,0,2 cose)
9 €o0s6 A+ -y a

2

2
In these expressions F vanishes for A" =0 in such a way that -Ez F remains

finite. Now it is poss1b1e to fit -L F to the data in the phy51ca1 region
A

and extrapolate to the pole (A --uz) . In this experiment a linear fit

was used, (- 1'— F = ath. AZ) The quantities a and b were determined by

minimizing the x2.




B. The Durr-Pilkuhn Model

In 1965 Durr and Pﬂkuhn3 developed a model to fit the data in the
physical region. The Chew-Low polynomial extrapolation did not fit the
data in the physical region very well. Hence a theory was needed to
describe the data. The Durr-Pilkuhn model introduces some form factors
derived from the centrifugal barrizr penetration factors described by

Blatt and weisskopf.2

For the reaction n+p -+ p+p, these form factors become

st e S5 Xt 1+R2q2(t)][1+n q (t)}
W,T,C,
T {1582 o202 )] 1+R£_q (u%)

where

6,(t) = 7 {[(w-u)z t) I(m+u)2 _t]g 5

and
9 t) = {4m - t)(-) 4%

are the momenta. The first factor is one introduced by wolf4 where

é=2.29 GeV2.

fourth factor comes from the proton vertex. For‘Rp and Rp; the values

used were
R, = 2.86 gey™!
= 2.31 Gev™!

Since qp(t) n t, the factor from the proton vertex becomes sizable
even for small t. This will be seen in the conclusions. ‘

The second and third factors come from the p vertex. The L



1I11. Survey of Recent Literature in nm and Kr Scattering

Many people have studied the = and Kn interactions. Some of the recent
mqun'ies are discussed here

Laurens5 descr1bed a method of extrapolat1on with complex transformation.
This method is based on the work of ciu11i® and Cutkosky and Deo.’ When
various'éhproiimations are made, this method amounts to gefining_the vari-
able x as a function of momentum transfer:

2
X(a2) = A _* 8

2+ 5

where &, 8, and § are parameters determined by the desire to transform the

pliysical region into the region -1, + 1. Since there is a

77T T ]

-an? I 2 I R
72171720011 D e—— TTITTIITT
-a -1 0 +1 1: x
branch cut at t=(3!-l)2 it is seen that the boundary conditions are
x(0) = -
x(uz) = 4]

'fﬂhefé_the physical region used is that for which 22 < m2. Then the

ramsters turn out to be
6--6-3(3+¢9+n)u
n + 18 t‘( 2 Ry

1+ -18
n

2

?ethapolation is carried out in x -rather than A®. This x-extrapo-

ias used on -the data in the present experiment. It gave, however,’



results which were not significantly different from the original Chew-Low
method.

Several people have used the x-extrapolation. Baiﬂon8 uses it in the
measurement of the m'm cross section. He shows the angular distribution
and § . Jacques et a].g give preliminary results of Chew-Low extrapolati;ns
using T p -~ xn'n at 4.5 GeV/c. They give a summary of different kinds of
extrapolations for the total cross section including the x-extrapolation,
Durr-Pilkuhn extrapolation and ordinary Chew;Low extrapolation.

A number of people have worked on ww phase shifts. Villet et a].]q.
do a 7w phase shift analysis from an experiment n p + m°n°n at 2 GeV/c
supplemented by n+n°, n'n°, n+n+ final states. They use Chew-Low extrapo-
lation to do the ww phase shitt analysis. They find large J=0‘prbduction
approaching the unitary limit in the 850-750 MeV nm mass for m'n + 1°n°.
Scattering lengths are calculated as well as phase shifts. Another study
of mn phasé shifts is done by Toaff et al.n in the energy region 0.6 to 1.42
GeV. The reaction m'n -+ n+n'p is examined at 6 GeV/c. The phase shifts
ng, ng. @nd & are extfacted. Also do/dt, cosé, and Trieman-Yang angle
distributions are shown for p° and f. Grayer et al.]z study isospin 2 mw
phase shifts from an experiment n+p - n+w+n at 12.5 GeV/c. Moments are
calculated for the I=2 mr case. Also the phase shifts 8§ and 52 are calcu-
lated. In addition Beier'> has studied Ked and low energy mw shifts. He
looks at the decay Kt - n+n'etv. Low energy phase shifts are calculated and
compared with data at higher mm mass. Also < GS- ss,> is calculated and
found to be .19 ! .05. He shows that the low energy pion-pion interaction

is weak and that the energy dependence of the phase shift is significant.



Several peop]e have studied ww phase sh1fts in connection with

'aﬁﬁ11tude Zeros. Hyams et a1,14 Mannerls, and Pennington. 16

| Estabrooks et a1.17 do a complete wn phase shift analysis by a method
“'based on an ampiitude'ana1ysis of the production process and the extrapo-
15tt6niofftﬁe dominant nzexchange amplitudes to the m exchange pole. A
"numhen'thArgand diagrems are shown. The analysis is energy independent.
:Enan]eewontn-et'al.la etudy production of p° and f° in 4 GeV/c n+d inter-
_attibns. ‘They apply the Estabrooks and Martin ana]ysis]7 to the reaction
n+n -+ pp°. Also the ° is investigeted. In addition Estabrooks and Martinlg
discuss T p + wn'n amplitude analysis and extrapolaiion to the m exchange
pole. ‘Tnej so]veﬁanaiytically for the ampltides in the reaction
n'p'4‘n;n+n in the p region. They discuss the extrapolation of s-channel
and t-channel ampltidues to the w poie and conclude thet the s-channel
extrapolation should be used for mw phase shift analyses.

20

‘Coupled channels: Williams“" does a theoretical study of wm coupled

B channels, particu]ary the mn + KK channel. He also discusses how to
extract the 7w total cross'section from the reaction n+p -+ A++ + anything.

21

In addition Grayer et al.“’ do a coupled channel analysis in the KK

th?esno1ddregion The reaction mt p+m £ 7 *.n and 7 p+ KK n are

K inveétigétéd An energy dependent phase sh1ft ana]ys1s is done. Cross

sect1ons and moments are extrapolated for the reaction w'n » K' K.




IV, Experiment
A,;kGeﬁ 7

~The.present. ‘experiment -was performed at the.Berkeley Bevatron.. The -

25" bubble chamber was used as-a detector;v1300,000.p1ctures¢were;taken
of n+p.1nterac§ions,at a momentum.ofn2167,BeV[c.',These 300,000 pictures
produced 90,000 two-prong events. Each of the.pictures was- taken in three
views in order that a three dimensiona]“reconstructTOnuof the .tracks could
be.made.

Two spectrometers and a number of quadrupoles were used to separate
,;,a'beam,of‘ﬁ+:mesonsmetfz,67 BeV[c.,_A;Eeam_destroyerfwasqued;to'defleCt
the proton beam from the target(after~tenfn+:mesons:haq,gone¢through-the ’
bubble chamber. In this way fhe pictures uniformly had_approximately ten

_ incoming tracks per picture.

B. Scanning and Measuring

The pictures were scanned by scanners .on roadmakers for two-prong
events. In this ﬁrocess the positions of several fiducials, reference

marks in the bubble chamber, and the event vertex are measured for each

\event and read into the computer. In addition po1nts are taken along

) ‘go into the vertex of the. event: - This-

at» h;ﬂp1cturesiw1th events and

 scans them in a manner similar to a TV camera, 1n two orthogona] d1rect1ons._
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When a scan hits a bubble on one of the tracks of an event, the FSD re-.

. cords a hit. When a scan passes between two bubbles, no hit is recorded.

2

.. In this manner not only are the positions of the tracks recorded, but also
informatjon is obtained regarding the density of bubbles along the track,
i.e., the amount of ionization along each track. Information on the

- jonization is helpful in determining the mass of éach particle.

v Information from the FSD is then read into the data reduction system
FOG-CLOUDY-FAIR. In FOG the events are reconstructed in three dimensions.
In CLOUDY myriads of qdantities concernjng the events are calculated. In
FAIR a 1ist o7 these quantities specified by the physicist are abstracted
from the CEOUDY‘]ibrary. Then histograms, scatter plots, lists, or tapes

“as specified by the physicist can be done by FAIR. '
C. Beam Normalization

Ko, working with the same film found a path length of {4.314 + .130)
3!5%35. The fiduéial'volume‘used by Ko was somewhat different from that
u;ed in this experiment. Hence a cbrrection must be made. By looking at
the number of events in Ko's fiducial volume versus the number of evénts
-in the fiducial volume of the present experiment, one can determine the
cbrrection~faétor. For a certain segment of the film there are 34,333
tﬁbigrbngféVents*ideo's fiducial volume and 27,345 events in the fiducial
'voiume of the:present experiment. This leads to a correction factor of

5af27$345134;3335=?:7965:' Hencelthevpath»length“for this experiment is

CCaTATY Tagy VENLS T Cao tea e TUUo o events.




n

Exger1mental Eff1c1enc1es

was 85 716. The total number that came out from FAIR was 83 682. This
‘ gives a FAIR eff1c1enqy of

o € = 83,682/85,716 = .9763
The scanning effie1ency was found to be € = .92.

In addition cuts were made on TDAV, rms deviation of the measured points

from the fitted curve, ITER; the number of iterations needed for convergence.
These cuts eﬁiminated'1100 events out of 27,345, Hence the cut efficiency
is '

-y 1100 _
EC =1 -m— .9598

The total eff1c1ency is
£ = efes c 9763 X 92 x .9538 = .8621
Hence the effective path length is
L = (3.436 + .100) x .8621 e"e‘;ts
= (2.962 + ,076) events/ub

This gives a microbarn equivalent of .34 pb/event.

E. Separat1on of Events

In the FOG-CLDUDY-FAIR system, events are fit to several d1fferent
'tYpEs. '

g g
np*nnn

The events are fit after an examination of the energy-momentum relations.
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‘ H * 'ls the x for the f1t to the energ_v—momentum rela fons. G is
X2 for the bubb'le den51ty - for the wa,y “in wh1ch the bubble density balances
the expected momentum nf each track ‘

R quantlty MG* was ‘formed for each event and each type in 1"ne following

manner. The d1stribution of each Y2 was compared to the 1deal x distri-

but'lon knovm from statistics

Ideal

Actual 2

Fig. 4

The resulting curve was fit. to a conic section with the fol'lowihg two

e point (0,0).
tWe of the curve must be 1.

g to the following parameteri-
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The following values were found for g, P, and R:

% =ﬁinto»; .
Pg = 0.4
Rg = 1.0
= 4.1
PM = '.09

= 1.4 for elastics
RM 0.75 for non-elastics

Then MG~ is formed:
* % dekk i )

M = F(M, Pys Qs RM) + F(G PG’ qG’ RG) Since F(M ) has one
degree of freedom and F(6***) nas 3 d. f., then MG" is an ideal x* variable
with & d.f.

Then‘the ambiguous events are separated by ohoosing_the type with the
smallest MG .

One further problem needs to be dealt with. Some of the two-prong
events have more than one neutral particle: -

n+p + n+p 7°7°

7'p + prtaCr®
+ +

T p TAW n n

»s1ng mass squared (M2 ) for ‘the type whose fit

.V'Hence one looks at the

has the sma]f’ t- G If Mz 15 more than one standard deviation above.

the Mz for a s1ng1e neutral part1cle;and also greater than the Mz for two

neutral part1cles at rest then»the,event 1s assumed to have wore than one Qf,

neutral part1cle init. - o ‘ [
One can see how clean the samp]e is by looking at the Dalitz plot and

Chew-Low plots. Fig. 5 shows the Dalitz plot. It also shows the proaect1ons
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shows the Chew-Low p]ot for ‘the T o mass system w1th a proJect1on on the B
-t axis. He see the d1p at t=-0.5 due to Regge effects descr1bed by G1da1

et a].z and others.
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esultryaﬁdidonslusionsk'UTW

| ixfhe;ffnal*dataﬁsample consists of 13,066 events of the reaction
p - n pn and 6232 events of the reaction T p - n+n+n

The’ Da11tz p]ot of the reaction n p » win'n is shown in Fig. 8. It is
4'f1at. but one can see an enhancement in m'n at a mass2 of - about 2.8. This
shows up as a cross in.Fig. 8. The two projections on mass2 of this Dalitz
plot aré's&dwn in Fig. 9.

Figure 10 shows cose . for events in the p-band. This is essentially

the t d1str1but1on., He see that the d1str1b tio very forwardly peaked.

' Fxgure 11 sh *sﬂthe;t dependence for four bands of mas 2 (ﬂ+n°) in the region

-5 .23

13u2.; Th1s t cut 1s the one used 1n th1s experiment. The t

"("was chosen. small enough to suppress extraneous processes and yet large enough
to g1ve suff1c1ent Tever arm to carry out the extrapolat1on

F1gure 12 shows the distribution of mass (n p) for events in the p band
!v‘and somewhat above. One can see the large amount of A.++ in the sample. Is
this something to be concerned about? Invhigure 13 the Dalitz plot is shown
- for those evcnts:w1th -ts .238‘= 13u2. The events at high mass2 (n+n°
A : dvby the t cut. Fidure 14a gives the mass2 (ﬂ+p)~distribution
th the t cut and 45 < mass (r 11'°) <. oo. In Figures 13b,

ese;are the events w1th wh1ch th1s experiment will be con-

. Hpeak is apparent. ‘
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versus cose_Ja'ks

the.p events. »
the events that arepaiso 1n the A band. ThexA events are clustered in one.
particu]ar area of the p]ot v

Consider the reactlon n p+m n oo Figure 18 gives the distribution in
cos8.,, for events with intermediate values of mass? (nfn+). The events are
strongly. peaked in the forward direction '

Figure 19 shows mass (n ) for- events W1th ‘the t cut. Here is the .
'Jmass distribution of the’ events to be extrapolated Figures 20 presents the”g;
:'cose Jackson distribution for four different bands in mass (n b ) There ;fegrv{
'seems to be a cosze component in the upper two bands. Figure 21 gives the

"' distribution for events in the sameufour bands of mass2 (n+n+)2 These

histograms show the events to be extrapolated. i
Figure 22 shows a Dalitz plot for the events w1th the t cut. The events - -

with high mass (n*n*) have been eliminated. In Fig. 23 there is a Chew-low
plot for all a'm'n events. Most of the events are clustered at low values

of |t|

Experimental Ca1cu1ation

For the reaction n+p,+ n-pn« there were 2893 events ‘with momentum

! '”mass between 280 MeV
s were‘made according to both the Chew-Low

method and ‘the Durr-Pilkuhn method In the Chew-Low method it is assumed

that the data in the physical region - (-t > 0) fit a straight line (a+b(-t))?':

and the limit is taken by extrapolating this straight line to the point -

t=u2(o = a-bpz). The parameters a_and b are détgrmingd.bJsffnding thosa; .
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va'lu‘u.s which éive minimum x2. In the Durr-Pilkuilﬁ method it is assumed that
the data follow a curve specified by the additional form factors referred
to in Sect"i‘oﬁ*:ll’. ‘The data are then corrected by thése form factors and
fit to a constant. Agsiri, the constant is determined by that value which
gives mini'mum' x2 . .

ngre 24 shows the Chew-Low extrapolation of the total wm cross
section. F1gure 25 shows the mm cross section extrapolated by the Durr-
-Pilkuhn method. The results at the p meson peak differ by approximately a

factor of two. This difference comes primarily from the factor

1+R2a2 (-t)

1482 a7 ()
in the Durr-Pilkuhn form factors, since a':!2 (-t) ~ (-t). We see that in
Figure 25 the p peak reaches the unitary limit as one would expect, since
the -branching ratio for p + nr is almost 100%. Whereas in Fig. 24 the
peak.is only half the unitary limit. Hence it appears that the Durr-Piikuhn
method gives a value for the wr cross section that is closer #: what we would
expect. ’ I ‘

In adgjltjgn, one would Tike f:o know about the angular distribution.
'I‘-lencei the density matrix eléments Pog» P1,1 * Py,.1 and Py = py _y were
fexti‘apolated. We know that pdo -g—“f,»‘gives us the unnatural parity spin‘
| ﬁoﬁfﬂip CUHIPOI‘I&I"It, (bl,l + 'p.l’_])'% the natural parity spin flip component,
; and ‘f(p]’-l - f ’_]) %% the unnatural parity spin f1ip component. One would

féx'pei:t the reaction v1r+ + 1%+ " > 1t + 2° to be all Pgg Since the pion

aé zero: spin.

The extrapolated values of py, H’E’ (0,1 *7,21) 'u"’ and (py 1 - 0y )
are shown in Figures 26 and 27 according to both the Chew-Low and

- do
& .
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- Dufr-Pilkuhn methods of eXtrapolatibh. .Théaéfwére found by extrapolating

pOO'H" (1/2(5 cos 6 1))

(oy 1+ 87 4 ,) %: (174' i_(3:5(ca'sfﬂ‘..+ a,si‘nzé“eb'szié))')%%

2

(by.q = #1.-1) 2 = (1/4(3-5(cos®0 - sine cos’e))} §F

vhere 0 and ¢ are the Jackson angle and'the Trieman-Yang angle, respectively.

We see that the Chew—Low'extrapolation shows practically all Poo and -
very 11tt1e LRE +: p] 1 and p] 1° p] ] as we. wou1d expect. On-the other e

hand the Durr-P11kuhn method shows considerable P, i + .11 and p] i p] _T;é,’

So it would seen that the Chew-Low method is better than the Durr-Pi]kuhn
for extrapolat1ng angular d1str1but1ons. Perhaps there: is some defect in
the Durr-Pilkuhn method which renders it inapplicable to the extrapolation
of angular distributions. or perhaps our reaction n+p - w+pw° takes place
by something other than one pion exchange (OPE).

One thing that was considered was whether or not; some of the short
protons were being missed in the first t bin (u2 <t < 3u2). Hence a
plot was made of the azimuthal angle of the‘proton in the first T bin. One

can see from F1gure 28 that the: d1str1but1on 1s qu1te flat. . Hence it is

assumed that we are not m1ss1ng manyf'hort protons

In order to look for more*1nformat1on about the angular distribution,
the spher1ca1 harmon1cs wereyexam1ned H1stograms were made with the low-

=t events we1ghted by the var1

7 spher1ca1 harmon1cs. These histograms ‘

are shown in F1gure 29 for YIO' Y]]. YZO’ Y2] and Y22._ One question was ‘
whether or not the a** events were influencing the distributions. So the A o
events were removed and the same histograms plotted. These are shown in

Figure 30. We see that they do not differ significantiy from the previous . -
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five histograms. Hence it seems that the A events do not make that much
of a difference. '

The average values of the spherical harmonics YOD’ Y]O‘ Y]], YZD'
YZI’ YZZ' and Y30 were extrapolated by both the Chew-Low method and the
Durr-Pilkuhn method. In the Chew-Low method the data times the Chew-Low
factors for uz <=~t< 13u2 were fit to a straight line a+b(-t) and extrapo-
Tated to t=u2. For the Durr-Pilkuhn method the data times the Durr-Pilkuhn

factors for uz 2

< =t < 13y was averaged (fit to a constant). The results
for the Chew-Low method are shown in Figure 31. The results fbrvthe
Durr-Pilkuhn method are shawn in Figure 32. We see that the contribution
to ‘122 and Y30 is negligible. It is éssumed that the contribution to
higher moments is also negligible. On the other hand YZ] is quite con-
siderable indicating that there is natural parity ezchange in the reaction
ap + npC.

If was decided to follow Estabrooks et a1.17 in determining the
various amplitudes. When only S and P waves are considered, the relation-

ships between the spherical harmonics and the various waves are as follows:
- 2 2 2
.o Yoo = [s|© + |P0| + 1p |2+|p_|

AT ¥yg =2|s| [Pl cosep.
0 V1= Is| |p_] cosf,p.

_ 1 2 2
T Yag = (2Pl <IP ] -p_12)

AT Yo

6
5 |P0| |P_]| ;osﬁpop-

3
M Y22 = - 0 (1,1 2%-1p_)2).
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Since Yy, is negiigib]e it is assumed that |P_| "= |P,|. Yoo s too
imprecise to determine the s-wave because it is so much smaller than the
- P vave. Howevér. the s wave is an I=2'contribution. Hence we can
determine it from the reaction n+p > 7'r'n. So now let us turn to that
reiction.

For the reaction n*p +7n'n the events were weighted by the spherical
harmonics in the low -t region (-t s 13u2)- The histograms of these events
weighted by YID' Y]], YZD’ Y21’ and Y22 are shown in Figure 33. These
‘ histograms show negligible contributions to Y]O’ Y]], YZ]' and Y22'
However, the contribution to Y20 is small but significant. This indicates
some interference with a D wave. Since it is small this D wave contri-

bution will be ignored for this experiment. Hence for this experiment the
- total cross section will be considered completely s-wave.

So, the n'n' cross section was extrapolated by both the Chew-Low method
and the Durr-Pilkuhn method. In the w'n' case the Durr-Pilkuhn results
were to fit to a straith Tine (a+b(-t)) instead of a constant because the
background was considerable. The results for these two methods are Shown

in Tables I and II.
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Table I
mﬁ___”hv_rfn" Scattering by the Chew-Low Method
ds(ﬁé\l) &(mb.) error

400-500 4.0 3.6
500-620 6.4 2.1
620-720 8.1 1.8
 720-820 5.9 1.3
820-920 5.9 1.1

- Table I1

't Scattering by the Durr-Pilkuhn Method

w(MeV)

o(mb. ) error
400-500 2.1 6.6
500-620 4.0 2.9
'620-720 7.1 2.2
720-320 3.8 2.1
820-920 4.2 1.3
920-10 o¢ 2.7 1.2

50
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For the I=2 s-wave, Hyams et a1.]4 use a scatteripg length formula:

2 _ 30
1- 1a°q

To

This gives a cross section:

+ +
O w

#

8n aozl(l + aozqz)

2
8r a,

where the extra factor of two comes from Bose statistics. Hence in this
experiment the middle four bins of Tables I and II were averaged. The

extreme two bins were omitted because the errors were so large. This

gives values of the cross section of:

Chew-Low

o+ + = §.576 = 0.815 mb.
Dury-Pilkuhn

a+ + " = 4.67 + 1.09 mb.

These values lead to the following values for |a |:

I Chew-Low] = 0.115 = 0.007 m;l

|2 Durr-PiTkubn| = 0.097 £ 0.011 m')
, » . .
in good agreement with the value used by Hyams et 31.14

of: - |
|a°| =01m .

The n'n" data are of value for two reasons. One, they are of value
to give an idea of the magnitude of the atnt cross section. The second

reason is that they giva the S-wave contribution which can be used in
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juction with the 7 n° data to determine the P-wave contribution. If

one attempts to determine the s-wave contribution from the v'1° data,

one finds that the result is lost in the noise.

Once the s-wave is known, Po and P_ can be determined from the

Estabrooks et a1.17

in Tables III and 1IV.

Table III

S and P Waves by the
‘Chew-Low Method

equations for Y, and Y,,. These values are shown

w(MeV) 15/3(mb.) 1P 2wb.) 1P\ 3(mb.)
480-560 6.575 + .815  10.8 4.2 -1.8 % 2.5
560-640 .  6.575 % .815  11.3 & 3.5 -0.3 + 2.1
640-700 6.575 + .816  17.7 + 4.4 7.9+ 2.3
700-740 6.575+ .815  41.8 6.4 9.5 + 2.9
740-780 6.575 + .815  50.4 * 6.9 4.8 + 3.0
780-820 ©6.575 + .815  48.5 % 5.9 4.7+ 2.4
820-880 f 6.575 + .815 22.8 + 3.2 1.4 1.3
880-940 ,  6.575 £ .815 9.3 % 2.3 -2.0 + 0.8
940-1000 i“‘  6.575 ¢ 0.5+ 1.3  -2.0% 0.5

.815



Tahle IV

S and P-Waves by the
Durr~Pilkuhn Method

w(MeV) Is|2(mb.) 1P, 12(mb.) P Pmb.)
480-560 4.67 + 1.09 8.0 + 2.4 6.9 + 2.1
560-640 4.67£1.09 0.2 % 2.7 15.2 + 2.2
640-700 4.67 £1.00  21.7 + 3.4 15.6.% 2.1
700-740 4.67 £1.09 48.9 5.4 20,2 +2.8
740-780 4.67 +1.09  69.2 + 5.8 20.5 + 2.6
780-820 - 4.67+1.09  66.3%5.7 . 9.3 & 2.1
820-880 4.67 +1.09  47.4 * 3.6 2.8 2 1.1
880-940 4.67 +1.09  25.8 + 2.7 1.0 £ 0.7
940-1000 4.67 1.0  21.5 % 2.4 -0.9 £ 0.6

;Now one’ may . determ1ne the c051nes of the angles between the three )

waves by use of - the equat1ons for Y10’ Y]], and YZ] These cosines

'1are glven 1n Tab]es V and VI




14]




Table VI

~Cosines by the Durr-Pilkuhn Method

w(MEV) C°595'p_ ;osePOP_
480-560 - +.88 £ .25 -1.1323,02.
560-640 .89 % +.29 £ .19 -0,97 * .35
640-700 .31 £ .19 -1.03 & .13
700-740 " £07% .19 +.63 + .23 -0.84 £ .11
740-780 -'.0_8‘;£‘ a7 +.51 & .23 -'0'.9;3 £ .11
780-820 4‘.‘73“}_5“ .15 4,00 £ ,20 '-0‘;75 £ .11
820-880 +.63 .12 +.05 £ .30 -1.39 ¢ :‘4
§80-940 £.91 & .11 ~16 £ 1,24 -1.26 £2.25
940-1000 £292 1

5
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. Theilast column in Tables V and VI (49) gives a measure of the agreement

e between the three cosines. It seems that most of the time P, and P_ are
'a1most 180° out of phase. Due toa lack of stat1st1cs coseP P' is often

'larger than -1. However, where the stat1st1cs are better, name]y in the

regiOn of the p, there is fa1r1y good- agreement among the cosines par-

ticularly in the Durr-Pilkuhn method.
Now it would be nice to know the P-wave phése shifts. These can be

found from the following:

P12 = 12m®|7|? '
- of G2 -1} 2
= 127k 7
= 3ﬂi2(1 + n2 - 2n cos28)
. |+ 08 - ([P 3ma?
So: - €0s28 =

2n

‘Using -the Durr-Pilkuhn method values for'IPol2 and using n = .6, which
-seems to best fit the data, we arrive_at the values for & given in

Table VII. These values for the P-wave phase shift agree fairly well
17 '

" with those obtained by Estabrooks et al.
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Table VII
Phase Shifts by the Durr-Pilkuhn Method with n = .6

w(MeV) cos2§ ‘ 8
480-560 +1.032 + .027 -
560-640 +.972 + .044 7° + 5°
' 640-700 - +.658 + 073 240 2 9°
- 700-740 + .003 * .137 45% + 4°
~ 740-780 - .794 & 167 7+ g°
780-820 - .875 + .184  104°11°
820-880 - 705+ 133 110+ 0
880-940 - .003:.118 135+ 3°
940-1000 -.095 .17 132° £ 3°
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;. ,‘(":onc!‘::zsions and Comparisons

In conclusmn the T=1 and T=2 = w cross sections have been measured
ccordmg to both the Chew-Low method and the Durr-Pilkuhn method. The T=2
ota] nh cross sectwns turned out to be 6.575 + 0.815 mb. by the Chew-Low
:method and 4.67 * 1. 09 mb. by the Durr-Pﬂkuhn method. Colton et al. 23
“expenmentally measured the T=Z elastic n w cross, sectwn by the Durr-Pilkuhn
'vmethod and found values in the range 7-11 mb. for several m m mass ranges
“'and two center of mass momanta. The reaction they used was n p+ v w A"
These values for the i:ross sectioh are roughly in agreement with the values
obtained in this experiment. '

_ In the T=1 case the Durr-Pilkuhn method seems to give better values for

he total m & cross section than.does the Chew-Low method. In this experi-

'Tinent the Durr-Pilkuhn method gives values that reach the unitary limit at

thvev P p}eak whereas the Chew-Low method gives values that come up to only
“half the unitary- limit, | _

v A difference Betweeh the burr—Pﬂkuhn method and the Chew-Low method is
. shown by Co]ton and Schlein. 24 They 1ooked at the reaction pp + o+ n and
»‘}"found that the Durr-Pﬂkuhn method gave better results for the reaction

p + A + T p. )

In an expenment by Jacques et al. s The Durr-Pilkuhn method gave re-

o

h: r_ached the umtary limit for = 1r++ p + m=1 whereas when the

en some problem in his normalization. "
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'/So the Durr-Pilkuhn method seems to give values éf the total 7 7 cross

section that are more reasonable than those given by the Chew-Low method.

When the extrapolated angular distribution is examined it appears that
there is considerable natural parity’exchangé in the reaction wN-+ 7w wN.
This can be seen from the fact that |P-[2 is considerable in relation to
|P°|? Therefore, the reaction does not go entirely by m exchange as we
thought at first. Once the idea of total OPE in this reaction is dropped
the Durr-Pilkuhn method of extrapolation seems to give more reasonable values
for the extrapolated angular distribution as well as for the extrapolated
cross sections éhan does- the Chew-Low method, contrary to what seemed to be
the case earlier.

The reasonableness of the values for the angular distribution can be
seen by the<agreeﬁent of the phase shifts_with the results of Estabrooks
et a].]7 An altiernate method for finding the phase shifts or the width of
the pis the colliding beam technique in which the interactione’e™ &£+ n'n”
is observed. An early experiment in 1969 by Auslender et a1.26 seemgd to
indicate the width of the p to be I' = 105 + 20 MeV. This value was.at -
variance with the values obtained by other methods. A later experi@ent,

however by Benaksas et a].27

in 1972 found a width T = 149.6 £ 23.2 MeV after
taking into account the p-w interference which had been neglected by
Auslender et-a1.; This more recent value is in close agreement_with the w{dth:
obtained by other methods. - -

This agreement in éngu1ar distributions is pleasing from a theoretical
- point of view because the Durr-Pilkuhn method includes a more sophisticated
idea of the distribuiton of events in the physical region than does the Chew-
Low method and should be expected to give better extrapolated cross sections

and angular distributions.
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