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Part 1 - THEORETICAL 

1 0 Introduction 

Since the time pions wore first artificially produced, they 

have been the subject of several theoretical and experimen­

tal investigations (1). Somo of the established properties 

of pions are listed in table 1, together with the properties 

of other elementary particles. However, the nuclear interac­

tion of a pion with a proton or a neutron, a phenomenon which, 

if one believes to Yukawa original hypothesis (2) is related 

to the problem of nucleat forces, has not yet been fully un­

derstood. 

Our knowledge of the pion nucleon interaction is limited to a 

phenomenological description which seems to be coherent with 

the ideas of charge symmetry and charge independance, when 

they are transported from the nuclear force5into the meson 

physics through the isotopic spin formalism. A complete dis­

cussion of the available experimental datas, from the point 

of view of their interpretation, would be toolong to be repor­

ted here (3). We shall discuss only the particular point rela­

ted to the interaction,,-+ p, which is the subject of the pre­

sent experiment. To do that, and at the same time to intro­

duce the problem from a quantum mechanics point of view, we 

shall develope in the next sections the phenomenological theo­

ry of the pion nucleon scattering. 

From the point of view of meson theory, only very recently, 

with the Chew-Low-Wick theory (4), certain features on the 

'TT p interaction have been understood. Generally speaking, the 

meson theory had shown before only a qualitative agreement 

- 6 -
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with the experiments. Another promisinG approach has been 

done with the application to meson waves of the oausality 

relations (5) well known in the field of optics (6). However 

some discussion is stilJ eoing on on both theoe trro subjects, 

which appear to be correlated and we shall not report on them 

here • 

* * 

2. Partial wave analysis 

The scattering of a pion by a nucleon is the most simple phe­

nomenon which can be used to study the field of forces gene­

rated by a nucleon, in particular to investigate the meson 

theories. According to the quantum mechanics, the state of 

two particles is deqcribed by a wave function of all the coor­

dinates of both particles satisfying, in non relativistic ap­

proximation, the Schrodinger wave equation. Our aim is to ac­

quire a knowledge of the interaction from a study of the re­

lative motion of the two particles. The only experimental in­

formation available in this respect is the frequency with 

which a pion of energy Eis scattered in a solid angle d.!l. by 

a nucleon, i.e. the differential cross section for scattering 

as a fur..c ti on of energy and angle, d ~ / d .fl.. 

In the following we shall refer always to the center of mass 

system (c.m.s.). A general discussion on collision problems 

can be found in ref. 7P page 96 and foll. A~ it is shown the­

re,a two body system in which the interaction is function of 

the relative distance of the two particles, is describe$. by 

the same Schrodinger equation which describes the motion, in 

the field of a fixed scattering center, of a single particle 

with mass equal to the reduced mass having as linear momentum 

the common momentum of the two original particles. (r,0,,) 
are the spherical coordinatej of this particle, relative to 

- 7 -



the fixr~d scn.ttP.rin0 centr~r <U-ld z tllc axis f r om whicr1 e is 

~easured. In this rcnresentaticn r is also th o r e lQ tiv e dis-

tance between pion and nucleon. 

Vie suppose that all the nucleons have spin "parallel 11 to the 

z-axis. Because this is not true, we have to average between 

the cross sections for the two spin orientatjons, but we shall 

see that the cross section does not depend on the sign of the 

. xm z z-component of the spin. s are the eigenfunctions of the S s 
and S spin operators, which belong to the eigenvalues z 
s(s+1)=3/4 and m = ± 1/2. s 

We had already supposed that the interaction potential V de­

pends on the space coordinates only throue;h r. We add now that 

it depends also on the spin and charge coordinates of the two 

particles, and we suppose that it is different from zero only 

for r < r 0
• 

Let us consider a beam of pions with linear momentum p 11 k, 

which moves a long the z axis toward a nucleon. Apart from a 

time factor, the system shall be described by the wave £unc-

x+l 
tion exp (ikz) i 2 • All the orbital angular momenta are pre-

2 
sent in this wave, as we shall see later. The direction may 

be anyone, but the z component must be zero for the particu­

lar choice of the z axis. 

Since nuclear forces depend on the spin coordinates of the 

system, we find in the wave representing a system of mesons 

and nucleons after the interaction both the parallel and the 

antiparallel orientation for the spin of the nucleons. The 

probability for the two directions is a priori different. 

However the total angular momentum J has to be conserved, 

i.e. if we analyse the wave function in terms of the eigen­

functions of the total angular momentum operators, the pre-
o 

sence of the in~eraction in a region r < r , can only change 

by a phase factor the coefficient of each J-eigenfunction :Ill 

J'h, ~, b~ ~ ~ 5~ 1 ~ ~. 1-e..e. 

of ~t.f A.I-/~ ~ lc-Mt.IVV~ of ~ ~.ua-n~ 

- 0 -
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Let us call Jn:1j the simultaneous ei~cnfunctirms of tric total 
J 

anc;ular mornorctum 01)c:rators J
2 

and J z with ei2:env2J ucs j ( j +l) 

and mj respectively; ancl Y~l the simultaneous eie;enfunctions 

of the orbital angular· mo men tum opera tors 1
2 

and 1 vri th ei-z 
genvaluos 1(1+1) and m

1 
respectively. 

+-1 
For the incoming wave exp(ikz)X 1

2 we got at large r 
2 

- 9 -

(1) exp(ikz)X +~ =},°" ii 14 ( 2.11+1) /a.ikr~· (kr-in/2)-i (kr-ln:/2JYoX+~ 
i -o v n Y.ii. • " x 2 - - ~ .t 2 

(see Blatt & Weisskopf (8), page 784) i.e. at ln,rge r the "in­

coming" wave looks like a superimposition of "incoming" and 

"outgoing" waves represented by terms proportional to exp(-ikr) 

and to exp(ikr) respectively. 

By using the rules for vector addition of angular momenta (*) 

we get : 

(2) ( . k )X+t ~00 ijl ~ ~· kr-i n:/2 -i (kr-,Qn/2 )} exp J. z 1 • J · ( £ ) . ~ · -2 =o4n2 +1 ~kr - "" 

For causality reasons the scattering can change only the "out­

going" wave. Let us call exp(2icx~) the phase factor for each 

.£ and j. The "total" wave must be : 

'fl =; i.il.14 (2:£+1)i.4'[ict1,2:i . . d .. , (2. +Y.t 
(3) tot l'=o V n ' ~.e. sin(kr-..£./2+ oC.t t+ 1 J~)~ J + 

r r: :t........ f+~ 

1 



( \ 
\ / 

) 

2,nd 3oin,s back to trio ei:;eEfuncticns of tlco orbi t:::,l momentum 

oper~tors Rnd of the spin o~or~tcrs 

Y~l are solutions of the angular part of the Schrodinger equa-
m tion. The coefficients of Y11 are asymptotic solutions of the 

radial part (**). 
The ''scattered"wave shall be the difference between the 11 iotal" 

wave and the "incoming" wave. 

I I :1. 

Y
0 Xti" [,,_/,.1] l _-1_ 

(*) JI·:.: = r21:11 2 + Y1Xt2 ..e1;.:: .Q 2-

I 

~ - G:+1J 
1 

YEJ'..1~ + [~!1] 
i l __ 1-

J+z 2 2 
Y,e X_~2 i-1 2 

Blatt & Weisskopf (8) page 7890 

(**) The general solution of the radial part of the Schrodin­

ger wave equation in a region of zero potential is : 

(5) aj 1 (kr) + bn1 (kr) 

where 

- 10 -
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) 
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) 
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j 1 (kr) =Jn/ 2kr Gl+l/2 (kr) 

n1 (kr) = Jrc/ 2kr Hl+l/2 (kr) 

Gl+l/2 (kr) is the Bessel function of the first kind, order £+1/2 

Nl+l/2 (kr) is the Bessel function of the second kind, order i+l/2. 

The asymptotic expressions for jl and n
1 

are · 

(6) larger (kr»i) j 1 (kr) ~ l/kr sin(kr-lrc/2) 

n1 (kr) ~ l/kr cos(kr-lrc/2) 

(7) small r (kr£1) j 1 (kr) ~ (kr)
1
/(21+1)!! 

n
1

(kr) ~ (21-1)!!/(kr)l+l 

See L. Schiff (7) page 77. 

a and b are determined from the boundary conditions. If the 

interaction is zero everywhere the solutio·n has to be regular 

for r=O and it must be b=O. If the interaction is zero only 

in the region r>r0
, we get ¥0, so that for larger (5) becomes: 

(8) A/kr sin(kr-ln/2 +a) 

The name of phase shift given to.a is from here obvious. 

a and bare' determined by the continuity of the logaritmic 
0 derivative of the solution ar r=r and by the normalisation 

condition. 
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) l 

l 

( ) 

( ) 

... 12 -

We assume now that at no too high ener~ies the biggest contri­

bution to the above sum comes from the terms corresponding to 

1=0 and l=l. This assumption can be justified only to a certain 

extent, as a complete answer must be left to the experiments (*). 
We have 

y~ = 1/ {if1t; y~ 

If we call 

(9) 
a s 

a = P1 

_, 
;r. = +­

I 

,- _, , 

i .) ' .) 
:... ,- ... '-'< e 

-'71·~ 

e.. 

we finally obtain for the amplitude of the scattered wave : 

(10) s 

+l 
The plane wave exp(ikz)Xi.2 represents a density of one meson 

2 
and one nucleon per unit volume, and a flow of v mesons across 

the scatterer per unit area and unit time. The number of me­

sons in the scattered wave crossing an element of area ds at 

the point (r,9,f) is v·dsiSl
2 

per unit time, and lsl
2 

r
2 

v 

per unit time and unit solid angle (dn = ds/r
2
). 



l 

l 

( _) 

I 

The cross section shall be 

Here we have used the orthogonality of the spin eigenfunctions. 

The first term in (11) is called "no-spin flip" term, the se­

cond one "spin flip", 

If ap
3 

= aPl' i.e. if the nuclear forces are spin independent, 

we obtain the standards result of the scattering theory (see 

for example N.F. Mott and H.S.W. ~assey (10), chapter II and 

sparsiT!!., 

The relativistic expression for d·-6/dn is obtained from (11) 

when the relativistic formula is used to calculate k. To show 

this, we have to consider the nucleons as infinitely heavy and 

use the Klein-Gordon equation, which is valid for particles of 

- 13 

spin zero. 
fb ~ V'> 1(,..oi.o.J ..J. ..,, JP I 

Li. I~ 'Jo.«->~ 
~I -M~) U:...ct Vn,t~ Vl ~, . .---{o U..e CM'U-~~ 
t,.. iA ~'Ii~ , t£,,a,t ~t .A po'nv;J(A. ~ ob~ !kioba.ne..-

;/: t.... ·n tw~f.\.u 
-r-

b,u.i:. ~ • a.. Vl /)\()~ ./IA. 

(~) Aet.o~~ to ftorottull(!/\,) ~ Af.Q./.11.ui. (+q). 't 0 "' 0.1 tn/1-l-c • X"·w a 
( l classical particle is not scattered if its trajectory 

does not enter the interaction region r<r0
• By th~ correspondan-

ce principle we 

not much bigger 

tude. Moreover, 

expect tha t O'"tly vqve~ 1•1i th n.ngttlar mom<rn ta .f .-fl 
(. ~ f J .t "· J )'l I(, O'-~ 'I\ 'J 

than 1lkr0Vcontri bu te to the SCA. tte1·inG ampli-
,. I 

in the vicinity of r 0
, if kr0~ ilvre m:~y-ise ( 5) 

and (7) to write the solution of the Schrodinger equation for 

r~r0 • If j (E) is the logarithmic derivative of the solution 

computed for r=r0
, matching at r

0 
we get 

ta - [ U+l).P(E)-r
0J 

g - .ff (E) + r o 



I I 

- l 
u 

For small values of E,f (E) cnn be substituted by its vRlue at 

zeroenergy so that 

tgcx "'a: ""'cons t 

The denomi~ator grows rapidly as 1 increases, which confirms 

the small importance of high 1 waves. 

(See E. Fermi (9), page 40 and foll.) 

* * * 

3, The isotopic spin 

The cross section for pion nucleon scattering is different 

according that the pion is positive, negative or neutral, and 

the nucleon is a neutron or a proton. As we have seen above, 

these cross sections can be written in terms of phase shifts 

for each charge combination of the pion nucleon system. Let us 

now introduce the isospin notation, 

According to the original suggestion by Heisenberg (11) we may 

consider protons and neutrons as different states of the same 

particle and label the two eigenstates with a two value coor­

dinate. The operators which operate on such a coordinate obey 

the same commutation rules as for ordinary angular momenta. 

Thus we can assigne to a nucleon a sort of spin defined in a 

fictitious space, the charge space. The quantum numbers are 

't' = 1/2 and '1:' 
3 

= :!: 1/2 ( + for proton, - for neutron). The char­

ge of the nucleon is related to tp.e 11 z" component -r 3 in the 

following way : 

- 14 -
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We iritrorJ.:J.ce non the ph~rsico.l principl e c1f ch1.rgo ind e ~Jcnden-

ce of nuclear forces, wr1ich means thE?. t tl11C? forces betwenn two 

protons ot two neutron~ or also betw~en a proton and a neutron, 

are the same. It is r ossibl e to show from this assumption that 

the total isospin of a system of pc;rticl0s is timG invari o.l <-'u. 

(S e e for exampl o , ref. 9, pa~e 21 and foll.) 

This, and a con.sideration of the Yukavra reactions 

n ~1t + p etc. 

Suggest that pions of different charge are conveniently repre­

sented by an isospin corresponding to u<]_uantum numbers T' = 1 

and~ 3 = + 1, o, - 1, for positive, neutral and negative pions 

respectively. In this case the charge of the pion is equal to 

the "z" componentT
3

• The usual rules for addition of angular 

momenta give as possible values for the total isospin of a sys­

tem of a meson and a nucleon 3/2 and 1/2. 

Going back to thenp scattering it is possible to show, with 

a formalism similar to that adopted before for the angular mo­

menta in the ordinary space, that there are only two phase 

shifts for each j and..C, one 1·or each of the two states of iso­

topic spin 3/2 and 1/2. We shall indicate the procedure very 

briefly. 

Let us call I~3 the eigenfunction of the "total" isospin with 

eigenvalues T and T
3

• The ej_genfunctions for a pion nucleon 

system are : 

T 3/2 T = V2 

... ~;"' 
(p+) Ii = V21 

15 -

+Y.i {273 ( po ) +{]]3 I = (n+) J/,_ 
+Y,: . ~ r:::r; 

I.!1i =-v 1/3 (po) +v 2/3 (n+) 
(1 2.) ·11. Vi73 (110 ) +Jl73 (p-) I&/,, = i~ =~(no)•~ (p-) ~ 'V .J../ ..I v '-/ ..I 

-.V.i. 
I = 3/,, 

(n-) 



where (p+) is t!: o oieo~1f1..n: cti o n for o. r-;;ystcm o f a lJToton and 

a 1t +, (po) a proton and a 1t 
0

, ancl so on. The numerical coeffi­

cients are the Clebtsch-Gordan coefficients. 

Let us call s
3 

and s
1 

the scattering amplitudes coTrospondin[; 

to scatterinG in the differe nt isnspin sta~es 3/2 ana 1/2. 
We have : 

From (12) we get 

(14) (:p+) :- 13/2 
3/2 

i 

( fl ) =J273 J.3/2 .... :.: 

I 

r:J2l3 r:-(p-) = J 1/3 r:72 

(n-) = -%2 13 2 and so on. 

It follows that 

(15) x_;~- . (p+).exp(ikz) ~ s3 I~~~ • s3 (p+) 

In the (p-) scattering, the amplitude_ 1/3 (s3 + 2s1) descri­

bes the elasti6 scattering of negativ~ pions by protons and 

- lC -



) 

( - ) 

the amplitude F/3 
scatterinc. 

Adoptin~ a Fermi notation, the S wave phase shift (£ = 0) 

with isospin 3/2 and 1/2 will he indicated by a
3 

and a
1 

res­

pectively. The pllas0 shifts fr::r P waves (. .... C == 1) will l:ie in­

dicated by <)
3 

cx31 cx13 cx
11

, where the first index is twice the 

isospin and the second index is twice the angular momentum. 

Let us put 

(16) 
and so on. 

From (10) and (16) we get 

and 

(18) 

(i9) ~~ (p-,no)= {le
3
-e1+{ 2(e

33
-e 13 )+e 31-e11J cose\

2
+i(e31-e 33 ) 

-(e 11-e 13 )j 2
sin

2 e} u tk2 • 2/9 

,... 17 -



) 

( l) 

\ \ ) 

\ 
J 

(29) ~~ (p-,p-)"{'•31+2e1+[2033+e31+2(2,, 13•e11il cose/2 + 

/e31-e33+2(e11-e33))2sin2e.}tKi. 1/9 

a n d so on. 

Thus, if we consider only S and P waves, the cross sections 

we can measure in pion nucleon scatterin~ are completely de­

fined by 2, set of six constants (fLJ.nctions of the energy). 

* * * 

4. The Coulomb potential. 

To take into account the Coulomb forces, which are long ran­

ge forces, we shall consider them negligible inside the re-

- lS -

gion (of radius of the order of meson Compton wave lengh t; ~e.e. ?"1e. t ~) 

in which nuclear forces act, and use the appropriate Coulomb 

wave function outside. It turns out that the scattering am-

plitude for not too low energy can be written, to quite a 

good approximation, as a sum of the nuclear amplitude in 

term of phase shifts and the Coulomb amplitude in the Born 

approximation. In this approximation the Coulomb amplitude 

is given by : 

no spin flip. 

spin flip. 

The upper and lower signs in f(nf) (9) are valid respectively 

for (p+) and (p-) scattering. This expression, suggested by 



\ I ) 

F. Solmitz (12) io not relativistic. 

Van Hove (13) has also investicated the Coulomb contribution 

to the nuclear sca~tering of piono.(See nlso rof. (10), paze 

48). Vle shall not report his results ci,s they are much more 

complicated and turn out into the Solmi tz formula when a =o
2 /~v 

is sufficiently small (~ 10-
2

). a (10 MeV) = 2 10-
2

, ex (5 MeV) 

= 2.8 l0-2 • v is here as well in (21) the relative velocity 

of the pion to tho nucleon. 

There has been some discussion about the relativistic extension 

of (21) and (22). See for example the Solmitz paper. 

The Solmitz relativistic formula is 

- 19 -

f(nf) 
2 

[1+~~;2 (l+cose)+smaller term~ (23) 
- e 

= + ~k(v +v )sin:.i e /2 
1t .P 

f(f) = 
2 v v 

(24) 
+ e [Py , 9 + smaller terms J - 21i.k ( V1t+V.f ) sin 26 / 2 

where vn' vy are the pion and proton velocities in c.m.s. c 

is the velocity of the light, µf is the magnetic moment of the 

proton in nuclear magnetons. 

The Van Hove's relativistic formula in the above mentioned ap­

proximation (cx.$10- 2 ) is : 

(25) f ( fn ) 
2 

- e 
= + 21lkvsin2e /2 

(26) f(f) = zero, 

For small angles of scattering vp is always small, so that the 

two expressions, by Solmitz and by Van Hove are identical when 



I 
/ 

the Coulo~b corrPction c ouln he imnortnDt. 

* * * 

5, Somn experimental reaults. 

The scatteringn -p hns been o:z:tensivel;r studied in several 

experiments (for low enercy exrcriments ~ ~O MeV see po.rt II, 

section 2. For hie-her energy, to which we do not refer parti­

cularly, se~ ref. 1) Two interestjng features have been dis­

covered. First, it has been confirmed that it is possible to 

interpret the results in terms of 6 phase shifts only (14), 

as suggested by the charge independence hypothesis developed 

in section 3~ Second, the 1t -p scattering cross sections have 

a peak at about 190 MeV kinetic energy of the 1t -meson, which 

has been interpreted as a resonance in the state with 

J = 3/2, T = 3/2. We shall not discuss these points as we are 

here mainly interested in S wave scattering, because of tho 

lack of direct experimental. information on one side, and the 

connection with experiments on photoproduction of mesons 

(see section 6) on the other side. 

The connection between n-p forces and S wave phase shifts has 

been the subject of considerable discussion. S wave scattering 

becomes predominant at low energy (<40 MeV). In this region 

the dependence of the phase shift on the momentum can be deri­

ved from the assumption that the n- p interaction is due to 

short range forces (see Gall-Mann & Watson (36) page 221). In 

this case we should expect at very low energy the S wave pha­

se shifts a
3 

and a
1 

to be linear functions of the momentum of 

the incoming pion (see note at paget1). The experimental re­

sults available until 1955 have been analysed by J. Orear 

(15) (16) from this point of view. According to Orear : 
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(27) a 
3 

a 
1 

- 0" 11 'l') 

where TJ is the momentum of n meson in c .m. s. in µc uni ts. 

Nowdays a linear dependence li>ce the one suggested by Orear 

in (27) is generally accepted at leFtst at very low energy, 

because of new experimental information, includinc tho results 

of the present work, an exr.:ieril'lent by D. Stork and S.L. Whet­

stone and other experiments. 

(See Part II, section 9 and fiz. 15). 

This interpretation is quite simple. However people were 

brouGht to more complicated arguments, mainly because of the 

uncertainty of the experimental datas. 

In fact, from the previous experimenta+ indications reported 

at the Rochester Conference 1953 (17 a), it appeared that a 3 
could be posi. tive at very lovr en~rgy and negative at higher 

, energy. As a consequence, Bethe and Noyes discussed the posi­

bility, reported at the Rochester Conference 1954 (16 b), of 

a Jastrow type potential 

.,... which had bee~ suggested by Marshak (19). Such a poten­

tial would cause a
3 

to depart violently from a linear depen-

dence at about Tl 0.3, Hnd in some proposals a
3 

would change 

signf at about TJ = 0.5. Bethe and De Hoffmann looked also at 

the _possibility that a
3

=o up to T) = 0.3. 
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some low 0r1er3·.)1 or not, as t'1r! expcrimont:-i,l roints 1:rere Jiko 

those rr;ported in fie~· 1" In the Orear 2.-n0,lysis more woi:::\'ht 

had been given to 1:112 sccittC?ri11c e~q:ic:rimcr;ts 0,t ri_ot too lo','.' 

ennrgy, rather than \;o tl1e photOTJI'Oduction 0XlJOTim:::·:1tso 

* * * 

6. Connection of S phase shifts with photoproduction experiments 

As we have rnentionned in the precedin~ section there exists a 

relation between the photoproduction of mesons and the phase 

differenceex
3
-a

1
, forT)-+O, through the Panofsky ratio (15)(21). 

At essentially zero energy, when sin O:"'CX, cos o:""l, and the P 

phase shifts are negligi blo, compared to ex 3 and ex 
1

, the follo­

wing relation can be derived from (19) : 

-
(28) l/-fl2 · 9/81r. .~0 <1(1t-+P -nc0

+N) 

Here we have taken into account the mass difference between n 

and 1to which had not been included in (19), therefore v-/v0 t 1. 

We obtain : 

- 23 -

(29) 
a -ex 

lim ( 3 1 ) 2 
T) 

T)-+ 0 

1/112 9/81t.l/v
0 

lim v-, a (n- + P -+n° + N)= 
T)-+ 0 

~ ljri
2 

9/e1t• l/v
0 0 

P • lim v 
T) ~ 0 

Where P is the Panofsky ratio : 

<J (n - + P ~ ({ + N) 



I 

) 

By detailed balance 

p~ and p_ are the momenta of the t and the pion in 

According to Bernardini and Goldwasser (22) the S wave contri­

bution to the photoproduction is : 

(31) 

'There,,fore 

2 cm 

lim v-.2.(Pi/P_) 2 ~(~+N ~n-+P) = lim r.1.55 io-28 
X 

TJ ~o 

where l' 
ilQ+N -+ n - +I) 

c1 (6 1-J> ~ TC
1

+N) 

Substituting in (29) we get 

and r 0 = lim 
TJ -+o 

r 

v0 .. veloci.ty of..fC. 0 in the :Panofsky effect= 0.20 c. 

Finally we have : 

- 24- -



, 

·. 

ro (rat thrcsholci) _i_': '.CV3.}1'.;1,+;l'd from tl1c CYpcrl.m0:1LaJ cln.tn.s 

on 1t- and 1t+ :rihotoproduction ir1 dcutcriur1. 

r·ttio r 0 ob-

tained from dcuter~.um ox1crimcnts b 0 caQg0 of ~ CouJ.omb AfCcct 

and incroasP it by 10 - )0 % to ,~·et the tn1P r"tio for free 

nucleons. 

AccordinG to Benevento et al (23) a rough calculation by Chew 

and Low (net published) gives a correction of 7 % at 185 MeV 

photon energy in the laboratory system, 4 % at 205 MeV ci.nd 3 % 
at 225 MeV. Following Benevento et n.l. we shall neclcct this 

correction. 

0 Therefore we assume for r the value obtainAd by Benevento et 

al, 

P was 

ly by 

0 
r 1.87 + 

first evaluated by 

Cassels et al. and 

Panofsky e.t al. 
Cassels et al. 
Kuhner et al. 

0.13 

P:;mofsky et 

(25) Kuhner 

~ 195l l p :-

1956 
1956 ) 

Taking Panofsky result we get 

(35) 0.206T) 

to be comFared with Orear 1 s 

(36) 0.27TJ 

ale (24) and more recGnt-

et al. ( ~ 6) 

Oe94 + 0.20 -
1.50 + 0.11 
1.49 

+ -

If we take for p the most recent value 1.50 we gei 

<X 1 -<X 3 = 0 • 4 6 TJ 

T e agreement w~th Orear is much better ... v &'U.-0~"!.· 



\ ') 

- 26 -

We have to men ti on tJ~ :•.t bed' ore the nr:;w mec;,ei0_remcn t of tho Pa­

nofsky ratio, No;yes (27) tried to recm:ciJc f;l~c pl'ase a_if'ference 

ex -<X obts,ined fror0 tl:e C1rear phase shifts with (35), A.ssumin(j 
3 1 

non conservation of isotopic spin. Noyes used a char~e indepen-

dent potential for t~c n-nucleon interaction and included only 

those isstopic spin de~~enclent terms alrcct,,ly ro•1uirn•l by the cxre-
- 0 riment : the n ,n mass difference and n-p mass difference, the 

Coulomb interaction and a radiative capture interaction adjus­

ted to fit the experimental Pahofsky ratio. He says that if 

la
3

- o:
1

1/l') "- 0 . ~7 CL:: nalculated from the scattering experiments, 

/a 1.-a
1
1/YJ - () . 2~ an c alculated frcm the Panofsky effect 

) ' 

(P 0.91 ~ O.~O )~ This evaluation gives only an indication 

for the direction of the correction, because Noyes used a mo­

del for the S wave interaction consisting in a repulsive core 

surrounded by a attractive potential at longer range, of the 

kind suggested by Marshak. 

We know now that for causality reason this kind of potential 

has to be refused, as well any strange behaviour of cx 3, as 

suggested from the quite precise knowled~e of scattering da­

tas at higher energy (17d). 

* * * 



Part 2 EXPERIMENT 

1. Aim of the work 

The present experiment was planned to determine a more preci­

se value for a: 
3 

o.t energif:ls ,...,20 MeV. The are-1.iments. in support 

of this 1t + p scattering- experiment have been rep~rted in riart 

1, sect. 5 & 6. 

The experiment consists in a measuremen~ of the total cross 

section for x+ p scattering. Usi~g the results of section (2) 

and,(3) ' and taking into account the Coulomb interaction, sec­

tion (4), we have at very low energy(*) : 

and for integral cross section with 878 (the iower limit ha-
. 0 

ving been introduced to attenuate the Coulomb contribution) i 

(38) e1,
80 

(pn+ ~ P•+)~Jt,.k2 f [(1+cose
0
)( .,.•

2+c• 2)-(l-cos
2
a0 )a'b'+ 

+l/3(l+cos3ao) (b 12-c •
2

)] + [oia
2 
-2C1 a(a' +b' )+2c5 ab~] 

(*) We have assumed cosa:~l-sina~a, because the phase-shifts 
approache zero as the energy is decreased - See foot-note 
page 13. 
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a• = a3 b' 

c = 1 

1 
~~ 

0 

ln 2 - ln (l-oos8 ) 
' 0 

- 1/2 

c ::: 1 + cose 
0 

a= e2 
/ (ilv-) v= velocity of tte meson (lab). 

There are some experimental indicati..JT1c -'.;' ·,'.; <X~l = O, a 73 is 
:.i ) 

well known,(-'ee ref. 1), and at our energie;> it is comparable 

with ol.. 
3

, so that o( 
3 

~ts elf can be determined . Therefore the 

principle of this experiment rests on the fact th;a,t the !-wa­

ve scattering is not masked by the ~-wave. Obviously the in­

terpretation of the experiment is ~asier with n+ rather with 

n-, because only the isotopic spin 3/2 has to be considered. 

* * * 

2, Previous experiments 

The following is a list of the exper.iments connected wi:th± 

the problem of lowmergyn! p scattering. (28+41) 

l) A. Roberts and J. Tinlot, Phys.Rev. 90, 951, 1953. 
Charge exchange scattering of negative 'and 'positive pions 

in hydrogen and deuterium. The energy was 34~~ MeV. They 

found for .charge exchange scattering in hydrogen total cross 

section 5.0 mbarns for~ at 34 MeV, and zero for n+ of the 

same energy. The total cross-section in deuterium was about 

t/3 the crosa-section for hydrogen with mesons of both signs. 



1 • 

( 

2 ) A. Roberts and J. Tinlot, Phys.Rev. 95, 137, 1954. 
Angular d:LstrilJution of cho.rce exclrn.n2;e scR.ttcring in hy­

drogen for 40~~ MeV noeo. Live piCJn~3. Thc.ir fo1J_nd : 

+ corresponding to a total cross-sPction of 7.9- 1.8 mbarns. 

In 1) as well in 2) scintillntion counters and a suhtraction 

method CH 2 - C and n2o - H2o, were used. 

3) a: C.E. Angell and J.P. Perry, Phys.Rev. 91, 1283, 1953, 
angular distribution in 1t+ p elastic scatterint; at 40 MeV. 

b; C.E. Angell and J.P. Perry, Phys.Rev. 92, 835, 1953, 
total cross-section of positive and necative pions in hy­

drogen at 37 MeV. 

c: S.W. Barnes, C.E. Angell, J.P. Perry, D. Millar, J. Ring, 

D. Nelson, Phys.Rev. 92, 1327, 1953, negative pions elastic 

scattering at 45° and 40 M~V. 
These experiments were all done with counters and subtraction 

method. 

4) S.L. Leonard and D.~. Stork, Phys.Rev. 93, 568, 1954. 
Total cross-section for 33± 4,5 MeV positive pions in hy­

drogen target. ~tot for scattering angle larger than 35° was 

6.4+1.2 mbarns. 

5) J. Spry, Phys.Rev. 95, 1295, 1954. 
Total cross-section for charge exchange scatterine of ne­

gative pions in hydrogen, with scintillations counters and 

subtraction method. He found 

at 42 + 2 MeV 
30 + 2 
20 + 2 

6.2 + 1.2 mbarns 
5.7 + 0.9 
5.0 + ~.8 
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6) J. Orear, Vf. Slater, J,J. J_,r, r d , Solo Eil ()nb er{~ 2.11 c1 A.TL 

weaver, Phys.Rev. 96, 174, 19540 
Eiaatic scattering of 26 ! 2 M~V ne~at~vo pions b~ hyd~ogen 

with emulsion tecniqL.10. - Th e croc;s-scction f or scu.ttcting 
0 0 + angles between 50 and l .S O wa s 1.15 - o.6 mb n.r 11::; evaluated 

on 5 -even ts. 

7) M.C. Rinehart, K.Ca Rogers and L.M. Ledermann, Phys.Rev. 

100, 883, 1955. 
El~stic scattering of negative pions between 2.5 and 30 MeV 

with a diffusion cloud chamber. 26 events were found. 

8) J. Orear, Phys.Rev. 98, 239, 1955 A and Proco of 5° Roches­

ter Conference. 

Elastic scatterin~ of 23 MeV positive pions in hyd~ogen with 

emus ion tecmique ". The cross-section evaluated on 8 even ts 

was 5.5 mbarns. 

9) s. Wheastone and D. Stork, Phys.Rev. 102, 251, 1956. 
+ Elastic scattering of 21.5 - 3.5 MeV positive pions by 

hydrogen, with a liquid hydrogen target and emulsion detec­

tor . 

10) S.W. Barnes, Proc. of 6° Rochester Conference. 

Differential cross-section of 40 ! 4 MeV positive and ne­

gative pions, with scintillation counters and liquid hydrogen 

target. He 'found 

+ 0.32 
+ 0.70 + 

0.72 -
0.106± 

0.04 mbarns 
0.08 
Oa035 
0.038 

-1 
sterad at 44° 

at 100° 

ll) D.E. Nagle, R.H. Hildebrand, R.G. Plano, R.s~r. 27, 283, 

1956, and Proc. Geneva Conference. 
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Elastic Scattering of negative pions with a liquid hydrogen 
~ IM"'lr:wa.. 

bubble~ The energy was between 10 and 30 MeV. 

l2) Some results can also be obtained from mesic atoms expe­

riments. See e.g. M. Camac, A.D. Ma Guire, J.B. Platt and 

- 31 -

H.J. Schulte, Phys.Rev. 99, 897, 1955. But as in the words of 

other authors, "the agreement (with scattering experiments) ••• 

may be fortuitous ••• because of the extrapolation and over­

semplification involved in the theorftical estimate'' (M.Stearns, 

M.B. Stearns, S. Debenedetti and L. Leipuner, Phys.Rev. 97, 240, 

1955). 

We have reported th.e cross-section only in the case that the . 

authors have evaluated it. The results of the measurements con­

oerning only a 3 are summarized in fig. 15, together with the 

higher energy experiments which are not mentioned above. 

* * * 

• 3. The present experiment 

We have considered three different te}niques which could have 

been used for this experiment. 

1) counter tednique with a liquid hydrogen target or a poly­

thene target, if a subtraction method CH2-c is used. In prin­

ciple it is possible to get good statistics but mnfortunately 

th~ angular resolution is poor because of the finite size of 

the counters and the target. This disadvantage is common to 

scattering experiments at any energy. At very low energies 

h ~r:ire are other drawbacks, which cannot be easily avoided with 
0 ~nters. In fact, the probability for n-µ decays in flight in­

Cl'eases when the energy decreases, and it is impossible, without 

I)O cial precautions, to recognize a scattering event from an~µ 



.r 

deca;y. A part from th~ t, tho pion s must have sufficient ener­

gy to ~scape from th.e target and rnach the connters. The 

effects a.re more tronblosomc when the primary spectrum of the 

pions is broad. In practice they set a lower Jimit at 30-40 

MeV to the range of energy in which it is possihle to use coun­

ters for scatterinz experiments. 

2) Nuclear emulsions, It is possible to use two methods. The 

first method is based on t~e possibility of recognizing scat­

tering events from the kinematics of the interactions. It is a 

slow and tedious method but can be used {f sufficient man po­

wer for the scanning is available. The second method consists 

in putting emulsions as a detector in the vicinity of a liquid 

hydrogen target. This method allows for better statistics, but 

cannot be used for very low energies because scattered pions 

must have sufficient energy to get out from the target and to 

be recorded in the emulsion. In addition it is not possible to 

11 see 11 the events and reconstruct completely their kinematics. 

3) Cloud chamber or- bubble chamber technique. In a certain way 

a diffusion cloud chamber filled with hydrogen and operated in 

- 32 -

a magnetic field is an ideal instrument for elastic n-p scat­

tering experiments at low energy. The fact that the events are 

seen is a noteworthy advantage as it allows the most complete 

information on the interactions, leavin~ little doubt as to the 

interpretation of the events. This point is very important when 

rare events have to be selected. On the other hand it is not ea­

sy accumulate good statistics, as with counters experiments. 

One could also consider, of course, the possible use of a high 

Pressure expansion chamber, but this technique is still in a de­

velopment stage, because of the long recycling time and the lar­

ger distorsions. 

A bubble chamber has advantages similar to a diffusion chamber. 

However, because of the higher density of liquid hydrogen -0.07 
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-3 gr. cm - iJ'l co:~111arisc:ll to t.Jir: -,1rcr~s11rizcd hJ~lroc,er_ of a 

cloud chamber, the nrobubility of producinc intnr~ctions is 

much larger, so that it is 1)0S:iilil 0 to ::·et bettEJ:r statistics-

The follomin~ table is a short comp~rjson betw ea n a diffusion 

chamber nnd a bubble cha~b e r w~ i c~ qrn heing us nd a t nrcs on t 

for low ene ri;y 7t-P scatteri n;_:; ex:periP1c!lts : 

n.:.r r . 01 J..:!!1.2£..I. (1) Bubble Cham be£ (2) 

Recycling time . . . 20 sec. 2 sec . 

Hydrogen tr aver- -2 -2 
sed by each track 0.1 gr cm o.6 gr cm 

Sensitive time . . . continuous 0.2 sec • 

1) 18" 25 atm diffusion ch 8.mber at Liverpool (42)(43). 

2) 10 cm bubble chamber at Chicago (39). 

In the present experiment we have used a diffusion chamber 

built by W. Evans et al •• A detailed account on the chamber 

can be found in M.H. Alston, A.V. Crew, G. von Gierke, W.R. 

Evans (42) and in M.H. Alston, Ph.D. Thesis (43). However, 

for sake of completeness, we shall give a short description 

in sec. 5. 

The experimental set up is shown in fig. 2. The 95 MeV po­

sitive pions enter the chamber after being moderated to the 

desired energy by means of a CH
2 

or C~ absorber. Two kind of 

events may occur in the hydrogen gas scattering events, 

•hich are very rare, and 1t - µdecays, much more frequently. 

The diffusion chamber is operated with a magnetic field, so 

that it is possible to reconstruct the kinematic of both kind 

of events and at the same time measure the spectrum of the 

beam • 

l, e have taken advantage of the presence of the 1t -Iµ decays to 

monitor the incident pion beam, as we shall show in section 7. 
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tions tl•e low energy 1)ea1•1s, L1ic Livr;rpool dil'fltsiun ch~~1r1bcr 

and its o~>erP.tin,'_:; e mdi tio:.s, the reprojection systmn, o.nd (le-

• n -'-] t tails of the ano J ys 1.s 01 v.-:c p11 o '.!{(TEtphs. 

* * * 

4. Consideration on low energy 11ion beams 

The ideal thing wouJd be to obtain a monoenergetic beam of pi­

ons in the 20-30 MeV range. The lack of a monoenc;rgetic beam 

results in increased wor~ to scan the pictures, and in a lar­

ger uncertainty in.the determination of the energy at which 

the experiment is done. In practice it is necessary to find 

a compromise between the amount of development work needed to 

make such a mcnoenergetic beam, and the above ment:'._onod dis-

advantage. 

The problem of a low energy beam has been resolved in diffe­

rent ways in the various laboratories, according to the cha­

racteristics of the machines, the general background, the in­

tensity, energy, and degree of monochromaticity required. 

The main characteristics of a beam of particles are 

a) The monochromaticity A E/E. 
b) The avai1able intensity in the energy ranc-e /:::, E. 

c) Geometrical characteristic of the beam. For a diffusion 
chamber it is necessary to have a parallel beam, with a 
large separation of the tracks. 

- ~~ -

d) Contamination from other particles. The contamination in­
creases when the energy of the pions decreases. 

It s eems that people have considered three different approa-

Ches to the problem
0 

l) The most simple way is to extract from the machine the low 
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enerGY mesons IJTO<luced in :::,.1 ~Li tcrnr:.l t:l-rgct i:: \;!;" c'f'1C,,LCO­

cyclotron. At l'l.oclJcstcr o. f)(:'[.:,rn o:i ncs; tivc ".Jlcl !l( , c;:1. Li•.'O riionc 

of 50 :!: 1 MoV is ol)t:cincd cxt ·r:-3..(~t:!ni~· t!.l~ [llOcion~> pr0duccci A,t 

i6o 0 by the 240 MeV protons \'r!1ich bornbarrl :rn 11.l Lare-ct. 'L'he 

beam is verticaJly focalized by a macnet.(see Barnes et al.(~4) 
After the moso:·1s are 2]0'::80 do i.·.'n in. t •ic t0Jc-scope 0uu11 v~.:'s ancl 

the hydrogencous to.rget, the final em:r:::;y is 37 :!: ~ ~.!RV. No in­

formation is P;iven abou.t intorsi ty etc. For J.o'::c2· encre-y (see 

ref. 5 page ~9) the beam was moderat~d by absorbers with a 

spread of + 2 MeV. 

At Chicago t he lowest e nc r e;y at wh ich the ;:i i ons a:r. e s till able 

to escape the synchro-cyclotron fi e ld, is 29 MeV, but the clo­

•sest channel in tho 12 ft iron shield 2. llows only fo r a 46 

MeV pion beam, according to an absorption curve. 'rhe beam of 

neiative pions obtained from a Be tareet has a ~ion content of 

81 ± 3 %, the protons having been filtered out. (See Orear et 

al, (45) The energy measured on 15 events of scattering found 

in the plates was 46 + 3 MeV. 

2) A higher energy meson beam, > 40 MeV, is produced internally 

in the synchro-cyclotron. The mesons are slowed down outside 

and magnetically analyzed before entering the hydro8'en target. 

At ChicRgo (33) attempts were done with the 45 and 90 MeV beam 

the 90 MeV beam giving much better results. The CH 2 absorber 

and the nuclear emulsions (target pl~s detector) were placed at 

the conjugati foci of a 45° magnetic wedge, which focusing pro­

perties improved somewhat the intensity and energy resolution. 

With this geometry the intensity vras 1/80 the intensity without 

absorber. The negative pion content was 65 ~ 4 %. The energy, 

measured on 5 events was 26 + 2. A positive pion beam was ob­

tained in the same way (35). 

- ~,6 -

At Nevis the 60 MeV negative pion beam is slowed down in a cop­

per absorber to a mean energy of 15 MeV, wi t11 a larc;e spread. 

The 60 MeV positive pion beam is slowed down in a LiH absorber 

t o a ( ) n energy of 38 + 3 MeV 38 • 
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) A 'pion beam is IJroduced with the extPrn ::.l ·ci:r:·8 :t r. n beam, out 

of the synchro-cyclotron. Thi s has been done only at Berkley 

(31)(36). Advanta~e has b e en t nken there of tho reaction 
' ' + p+P ~ 1t +D. Th e 8Xternal -proton beam of )40 MeV strikes a 

(cH
2

)x t a r get. Tho produ ced mas ons are mo no e n ~ r getic in t~e 

center o'f mass system. In the Lab.sys. the energy of t h e mesons 

is 70 MeV a t o0
, with a maximum spread of + 4 MeV. The thick­

ness of the target where tho mesons are produced, was cl1osen to 

give pions . of thr: desidered energy. It happens that in spite of 

the finite thicknes~ of the target, the pions at o0 
are still 

nearly monochromatic because of compensation effect between the 

energy lost by primary protons and the energy lost by the mesom1 

in CH
2

• An analysing macnet is used to deflect the pion beam so 

produced, away from the higher momentum protons. 

At Berkley the principle of the spiral orbit spectrometer was 

also used to focus pions of specified energy emitted at 90° to 

the incoming external proton beam (46). The authors have clai­

med an increase in the intensity by a factor 103, with an ener­

gy spread, for 33 MeV positive pions, of. ~ 3 MeV. 

In our case the production of pions by the external proton beam 

was discarded because of the very large background of neutrons 

and scattered protons. 

The slowing down of the pions internally produced, with an ab­

sorber in front of the meson deflecting magnet, was also dis­

carded for intensity reasons due to the unreliability of the 

pulser which controlled the radiofre~uency oscillation of the 

synchro-cyclotron. 

It was decided to slow down the 90 MeV positive pion beam in 

front of the chamber and to analyse the resulting pion spec­

trum with the~ - µ decay method. (See section 7). 

* * * 
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The chamber is made of stainless steel, which is a non-magne­

tic material, because : a) the low conductivity of this mate­

rial makes it easier to keep the base cool. b) the chamber can 

,l•itstand a high pressure having at the same time thin walls. 

Tli chamber cons is ts of three main parts : A - B - C (fig .3). 

T11 bottom· part A has a total height of 8". It consists of a 

- 39 -

b oe 1 11 thick and 18" diameter, welded to a cylinder obtained 

hy rolling a 5/16 11 sheet, which has a 1.5" x 2 11 ring w~ld~!ii on 

th" .top. D is a spiral of 24 ft copper pipe, 0.5 11 inter'nal dia­

m t•r, soft soldered to the base, which is needed to cool the 

b ttom of the chamber. 

B is the alcohol tray made in cast phosphor bronze, electrical­

ly insulated from the rest of the chamber (to apply the clea­

rin, fi~ld) by two rubber gaskets above and below it, and from 

tlc bolts by ebonite bushes, The tray is filled with about 200 

er of alcohol, blown inside through a pipe by means of compres­

s d gas. 

Abov( the tray, between C and B, is the 16 11 diameter arW,our 

t>lri t e glass window E, 1.5" .thick, 14" diameter. When there is 

pressure in the chamber, the glass is pushed against the top 

rin"' c. 

Th two 1 11 thick perspex windows through which the sensitive 

r- 'on is illuminated, are clamped from inside to the ends of 

two rectangular port~ -F- 10 11 x 4". 

T~a particles can enter the chamber through a rectangular beam 

e lt:r;y port, H, 1. 511 above the base. The internal size of the 

l;lo:rt is 2 11 x 311 • In the actual experiment the window is of phos­

:Phor bronze, O. 018" thick. 

:Mrthil alcohol is used as a vapor, The maximum temperature in-
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viscosity c,t dry ::.cc [;c~ :111eT.'.1.ture. Tl1r; hc:at e:xcll:i.n0r·?'' cont".ins rlry 

ice which ovaporatP~; at a r:d;e of 0J1un L 1 li l;nr of ~;as IH;r ciccnncl. 

To maintain a uniform tcn11erature t;r:Hlicnt thnrc :i,ro t 1:ro elc!Ctric 

heaters rounrl t11c cJwn1lJ"r, I anrl L. 'rho cr!,<J••b0r :if~ tlwrmnJ ly in-

sulatcd from the sur::connclin.:.; D-ir by a jsch~t fillcrl '!Tit~ n;lanr> 

wool l" thick, o,ncl o stream of wr1rm n.i-r is di:rectncl to tl'c top of 

the glass, frorn t11c to:;:i of Uio cyl:Lndc!r in :·,rl1ich t!1c cri.nic:c:i. i<J 

mounted. 

The te:ineY"u,t1u:e diot:cibution on the nalls of the char-,1her (see 

fie. 5) is mcas1>.rcrl by mears of thermocou~Jlo.s soft solcler-ec1 out­

side t110 1.valls 0,t l" intcrvo.ls. The current throuc-h the heaters 

is adjusted to the ri'."';h t values. We shall ass1ime that the tP.,.npe­

rature of the walls is equal to the temperature of the gas on 

the same hor:Lzontf;,l l Tl i 1 -r '' · t· iQ . p __ e,nc. .1e c1ccce o .. t;>11_s assump ·ion ., ol1-

viously quite; difficnl~, hecause any exterrml horly in tl·:e d10.m­

ber will upset the workinc conditio~s. Some mc~nuremcnts were 

done and it 808!'1:': U~CJ,t t1:,-; niffec'()''Cr;s in tcrpc~rature h2~~WCC11. 
the Walls <ind +-h · i"l t b l th 3° C ' -- "' o mir "--·c canno e muc l more -, o.n , anct we 

shall neglect them. \round the walJs there is a rin~ shaped in­

sensitivo re,n:ion 111 - 0.511 1 
~ .arc;e. 

The magnetic field 

duced by .P~1.'1sinri· " 
v (_.,... 

led Helmotz coils, 

for trc cxperiment was 2.3 K gauss. It is pro-

c1ur00 t of 900 A thro L1gh a po.ir of vm tcr coo­

to c;ive a uniform ve"'tical field in the sensi-

' Ve region or tli h h tot,".l __ of 134t turns" :.. e c_ amber. Each coil .~as a '"' 

"' current generator is desi~nated to 
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(~0r1:~ L:1 'J L ,., l ! It :L1, 
60 Kw. 'I.n1u C<Jil 
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The 

·ro (-, c.~ 

l • l 
1J!l l CrJ of ge drop ;ic __ •)•· 

main ciir•r'('•!c i~; 1i:::1·.i."'.1 ·1, T•r• f1''''.11c 1 iJr; i'i,:_iri in 1;(11• 111;(:i' 1J-] r:r••J'J_r 1n 

of the chii.r'lhel' i.c:; co11f; tr>H l; w:i_ i.}1 ic1 3 /~. 

An intense bccv:t of l:i: _ _;l 1 t is rrnctuc0cl 'oy 11isc:'n.T1jnr, a 1rn11k of' 

400µ F cur1cie11:1r.r:: at ?000 voJtr;, thrul'i)1 t 1.rn l'.'iullnrd ir;3n17 

flash tubes. T: 1 rJSP. tu110n pl~1.ccd ,10::Lr 1;111' s:i_11n .. ri11do 1 rc; of' ti:c 

chamber ace rn:1rle of rtnartz 12 11 lone and 3/0 11 dinmetr~r. 'L'he o:p­

tical systnm of ead1 turic coirni c;ts of a cylirn1r:i cnJ mirror ".rn1 

a cylindr:i c::i.l convex lens, \'.'Lich rrw.k 11 '' l)~•ru.llr:l liearn of lic;ht 

to illuminate on]y tlw lov.•est 311 or ~ 11 of tr1e clw.mlier. 

The time of growth of the drops is rel~tivclly long 1ecause of 

the low suT1crs2.tvrat:ion, 2.nrl tbe tracks bncorw vis:Lblc n.hm1t 

ber. To obtain GOOd clear thrRcks of minimum ionizine n~rticlo a 

longer rcL',1r ol' 300 msec is used. T}Jcrc is very lit LJ_,_~ clL:tc.:c -

sion of t1ie trackc-;, bcc::tu.se of l;]1c' ll''G'Li.;;i1)1f' turbulence in thr.:; 

chnmb1'r. 

A stereosco:pic prdr of photo0T·'",IJhS of the events which t2.ke pla­

ce in the ch~~ber :i 0 taken throuch the top windo.:. T~e camera 

takes rolls of 70 mm film 100 ft lone. T1ie two 10nscs 8.re of 75 

mm focs.l length and mccximum aperture f / 4.5 and are inclined 

of 13° to " .. a-ch ot'r·~,_-r. • _!.' The 8perture used in the nresont expcrimenL 

is r / l r __ cJ ~:rr~i.oi-1 gi vf;s iJ 1 urn in:::. t:icrn and ~ood focus over a 

depth o:f 311 • The field of vievr of t:ic cn1rera is 16 11 diameter. The 

film pla.nes arc til tcd in rospE;c t to tlle lense plci.rws, rwf1 tl:e 

angle 'oetTieen the film . . ] 40 axJ s J_ s _ • 

5Q91 Illford film w2s used, a hiGh spee~ panchromatic film. Ma­
x· l.mum contrast is required to obtcdn the tracks .to stancl out a -

gainst tl 10 back~round. Kodak Dl9B was used as developer, the ~e-

Veloping time bej D[;N 15 min. The fixint;" time was about 20 min. 
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·n~ the onaration n ne~ntJvo volt~ce of 1500 V is normally Dur1 b ~ 

applied to t
11

e a1cohol trc;,y, the rest of the charaber beinc; 

earthen. If Yrn consider -rairs of ions formr)d abo'.'P th.::; sensi­

tive region, ~e see th~t in these conditions the neeative i-
which have a hj :~·h0r rn.o1ii1i ty, are pull0d dovrE and so dif­ons, 

fuse through the sensitive re,c;ion in a shorter time than if 

were the slow positive ions to diff11se downwards o 

m timing sequency of the chamber in the actual experiment 
w 0 

1) About 5 sec. before the pulsed beam enters the chamber, 
the alcohol tray is shorted to earth, to take away the 
clearing field. 

) A signal is sent to tl1e synchro-cyclotron t o indicate 
that a pulse of partic l es i s required. T' e par t i cles wi:U 
then s tart arri vine i n the chamber with i n 10 msec, and 
the required number of synchro-cyclotron pulses can be 
sel ec t ed. This number was varied between 4 and ti , accor­
ding to the reliabi l ity of t h e puls r and of t t e opera­
ting condi t ion of th e synchro-cycl otronq 

3) 300-360 msec after the f irst bunch of par t icle s enters 
the chamber , the fla. hes are fired. 

4) The vol t age which genera t es the clearing fie l d is swi t ­
ched back on to the alcohol trayq 

~) The film i s wound on , to prepare the ca'l1era fo r the next exposure. 

r ecovery time of the chamber after a "' 20 particJes pulse 

~out 15 se c .; after a pulse of 2 104 particles is about 

m 
1 

• The recycling time during the prw·ent experiment was 

r 20 or 30 sec. , depending on the chamb er conditions. 

* * * 

6 , Tl e r 
eprojection set up 

~ jection set up makes use as a projector of the same 
1 

ch is used to take the pictures of the events in the 

chamber. Both the stereoscopic pictures can be pro-

- 44 -
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ber wero carofully checked. Tho op~ratinG conditjono wore : 

n8an tmr1 :;era t1~re in 
clenG:L ty run pressure 

the SPJlS:i ti_yp r(.),rr-i on mean ZD.8 

24.e atm. 
0 c -3 1 - 35 2.5~ me Cl!l 

2 ?_6 0 7 II 35° c 2o7~ II II 

3 25.8 II 35° c 2,6~ II II 

We have tak<:m 5400 po,irs of steroosconic pict:i.reFi. First both 

pictures of a ~air were scanned in a horizontal plane, sear -

ching at the sarae time for n -+µ decays and n ~ p scatterinc 

events. J,ater all tht: pictures were reDcanned for n - p scat­

tering events only. 

- 48 -

The radius of curvature was measured by means of a template. 

The precision was 2 % for pions in the energy range 5- 40 MeV. 

The dip angJc a, i.e. the angle which a track makes with the 

horizontal plane, was also measured. The relation between the 

true radius of curvature and the measured one is rt= r (1-k ), 
m a 

where ka is given in fiG• 7. 

We have determined the primary spectrum of the pions oy coun -

tine the pion decays in each momentum interval and by correc -

ting for the pion mean life, which in the laboratory is a func­

tion of the momentum. The probability of observing a µ - e de­

cay is negligible in com-parison to o':Jserve deca;)'s from pions 

of the same momentum as muons, because of the verj large dif­

ference in the mean lives. 

The method was used for the first time by Fowler et al. (48). 

It avoids a direct measurement of the muon and electron conta­

mination as well as any calibration 6f the beam entering the 

chamber. It is not possible to distinguish between pions and 

muons on the base of ionization and radius of curvature as 

the tracks in a diffusion chamber are practically continuous, 

due to the high value of the ionization and it is not possi -

ble to do ionization measurements. Obviously it is not possi­

ble to recognize pions and muons only by means of the curva -

ture. 



automatic ally fu:i· ncin unirnr:r;i ti0s i11 tl1c cffj_r;ir)nc;y th:rcm:;h 

tl'C c11:'Lra'r1 ; r, If FO i , ~1, a 1;o ~:•on:L -Lor f;hc bnrun P,t th e e n Lrcn:cc; of 

rec ti on for the ecor'lc try of t h e: cl1?.m1H?r, tr1c i J lt1rn Ln ::i, tion rrnd 

so on. 

Let ns look at the method j_r1 mciro cleb1.iJ 9 I,ot 11s -pnt 

N == number of mcso~1 wh.icit ent0rs thn 0}1:",rnlJPr, 

K prcbrhility that they can he observed lookinz 
a.t the screen. 

This proh~bility is smaJler thun one bccnuse of the above men-

ti one a_ rr:l'tGons. 

The ~robability for observinc a meson is the same whatever its 

fate in tho chamber. Thus the a~1pare~t number of pions which 

enter the chamber is KN. 

Tr1e possible processes for lov: enerc;y positive i-iions are 

a) decay into a muon. 

b) scattering by a hydrocen nuclens caused ei.ther by 
nuclear or Coulomb forces. 

c) inte~4ction with comnlox nuclei because of the pre­
sence alcohol in the chamber. 

Production of mesons is excluded for ennrgy reasons. a) is 

qcite well known. b) is the process we are looking for, and 

we know the order of magnitude of the cross section. In the 

ranee of energy, vre consider 1 the probability for process. b) 

is much smaJler than the probability of process. a) by at 

least a (actor 100. c) is r_ot important bec:::tuse tho number 

- ~9 -

(*) This is not really true because of the very heavily ioni­

zinG prong in a scattering event and of tho quite different an­

gular c1istribution of the scattered pions and the decay muons. 
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a) in 8Y•Y et;crc;y int e :c v CLl D. :~:. 6 E c a n li e rt~l ~rnl'-1 1 J Len .. :o li-

tics. 

ninnl)P.1' of 0 hs crvca r'l () c v;3 in 6,;:_ 
decay probability in 6E 

'l'bis is tho spoctr~1J1 rrhinh h:...::: to be 11_:J""Ct :fen· t)·c dL:ri va tion 

will be discussed laLer. 

The prolJallili ty of a pior1 rlecay dcpeuds 0::1ly on tho momentum 

of tl10 p i_c,n, ~-nd the dcnsi ty of Lh:::: [;'o,s in t.:w c11umbor can 

influence this ·qrcliabili ty only through the momentum p. 

It is : 

(39) p = 

where J is the path of the pions in the cha~her (N usefull 

di:Jneter of the char.1her = 1G 11
); µ is the rest mass of thG 

pion; ~ is the mean life at rest. Sor1e nurncricn.l vn.luss for 

JA/pT arc-~ ,•{i ven in t&ble II" 

The fornrnla (39) h2,s been obtain"a with t11c a;,stJ.mption that 

the v~1riatio:n in monwntum of the pion going throuch the gas 

of the chrnnbcr is smaJl. This j s certainly correct for pions 

of encrc;y i:;reat0r U1Dn 10 MeV. 

The total track length in a specified momentum intcrvRl Ap is 



) 

(40) 1 

which ici en,siJ.; rcc;lul;cd to the tro.cl~ len(','tl-1 in" r~pr;cificrl 

energy in tc::cvr.Ll LlE" 

The pion spectrum RO determined has to be cor~ected for : 

a) Coulomb scattorinc.;s Yrhicli look like pion clcc2,ys b) scan­

ning inefficiency" Tl-rn correction a) has been clac11la ted in 

Appendix Band t~c results o.rc condensed in the graph (fig.B)" 

The scanning inncfficiancy consists of : 

1) true inefficiency : tl1e obsr;,rver just r11isSCG 0, clecrLy 

2) intrinsic inefficiency of the method. We acsumed that pion 

decays with a :rro,jected 8.ncle in the liori:oont:.;,l plane ] P,SS 

than 5° in both the two stereoscopic pictures, were missed by 

the observer. 

1) wci.s determined exporimen taJ ly, re pen. ting the scanning 

by two independent observers. 1000 po.irs of pictures were res­

canned for pion decays. Combining the pion decays obtained in 

the two scans, after a comparison, we assurned a 100 % efficien­

cy for all the decays with projected angle larger than 5°. We 

estimated scanninG efficiencies of 82 % and 94 % in the first 

and second scan respectively. We did not find any evidence for 

a variation of the efficiency in the enPrgy spectrum and found 

no systematic difference between the 1st run and the 2nd and 

3rd. 

2) is evaluated in Appendix A, anc1 the results 8.re summari­

zed in the diagram (fig. 9). 

The resu+ts are given in table III. The corrected pion spec­

trum is shown in fig. lOa 

* * * 

- )2 
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AnY cvci' t lookin;ro; like 1t - p sc'"tte1'iYi__;· r:as accc:rately s tnnic;d 

to sec if tho kinematic was co~rect. The t~ree pron~s have to 

be oopL1,w1ro Foreover the SCf'..tlerin,.,· an:_) c n,,,a t:cL' r(-~coi..J .n _ 

gle have to s11.tisf~' a :relc.tionshin, whicl1 int),,--, n n-r:'eJr1tivis­

tic a11nroximation, is incJe::c1e-nc1 8nt oJ tl~c enor{','Y n.r
1 

l is cst11oli-

shed once t'i c mass of both narticles 
~ ' 

(41) 
') 

sin e := 
1t 

m:-i.ss of the pion 

scatterinc an.zle 

M 

e :P 

mass of t~c proton 

recoil ant1;lc 

·Formula (41) has oeen represented in fi0. 11. Hecause this re­

lationship is indepr::;r1n en t from the ensrgy, the kinE.r''l 'Gic :Ls no 1; 

determine~ if it is possible to measure only two anGl~s. To de­

termine all the parameters of a scattering event, it is nocassa-

ry to measure also the momentum of t~e incominz pion or the mo­

mentum of the scat·tcrcd _piC'n, or tho ra,nge of the proton. 

The kinematic is ccimr'lctel;y detcruined also in t
1
'c co.so in which 

it is possible to measGrc tho momentum or cnPrgy of bro of the 

t~rce pron~s of a scatterin~ evcnL. In this case it is possible 

to check the direct measureDcnt of t~c angles. 

The foJlowinc equations summarize e11tirely, in the non relati­

vistic approximation the kinematics of 1t - P scatterinc; 

l+(f yP1t)
2 

µ/M = (P/f1t)2 
p momentum of incoming 1t 

cos ew- FJir 1t cosep P/~ r'JC II II scatterPd 1t 
-

sin81t+ ~i/p 1t sin6p 0 fr == 
II II recoil proton 

-· 

Fig. 11, together with fig. 12 and fie. 13 give a complete gra -

phical reprPsentation of the above system of equations. 

* * * 
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+ 15 n -p ncn~ttcrinc i:;,rc~:tc '.'ti tl1 inc:i dr'11t 0ncr.~y 

in tho !.'D.i\'..se 10 - 35 MoV, 8lld r:i th sc11ttor:Ln:'3' 0:rl{"l8 > rio 0 in 

tho c.m.s. (*) (i3c0 tel1lu IV/ Fig.20 s}1o'rs U, T-'hotu~~Tc',j)h of Frn 

even L. 

Tho lo~cr energy cut-off was introdu ced in ord r r to consi~or 

only scattering eve~ts with clearly v~A:Lble tr a cks (longor 

- 60 -

th e.n 0.5 cm) for :Protons recoi1s, . ..,rid at the s al!1 o tim e to re.,l1t1tc..l 

the Coulomb effect (See section 1 of pRrt II). The cut-off in 

anGle was chosen for the same reasons. 

ThA cut-off on the high energy side, was used because of the 

few :rion dec8ys at energies lar13'er than 35 MeV. At the samR 

time it gets more difficult to measure the moments. 

To calculate the cross-section we have used the formula (3 8). 

We assumed ex 
33 

= 3 0.235 n and a 31 O. Fig. 14 shows the inte-

gral cross-section as a function of the energy for threo diffe­

rent values of the scattering length a3/~ = q. 

Since we know the shape of the spectrum, it is possible to cal­

culate how many events we had to expect. 

AL 
n =- L PN - CS (E) ~E exp EJ T b..E q 

where 9 = gas density 
N = avogadro number 

a( E) = ca1culated cross-section 

Using this formula the expected number of events in tho three 

cases is : 

9 ex-pected number of events 

"'.] l 12.75 
L. l_, 15.35 
0. 15 18.40 

(*) At our enereies this angle corresponds, with a very good 

~PProximation, to 52° in Lab-system. 
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By cor::~1:1 ~ric~ons of i~b8S 01 y,'l_! ~~~8s j.~rj t}l o~:r (:;YJ}C:)rini~j_! L,:;J ~·c;~~'.1] t~ 1.'tC 

find c.:_ = Ool) :!: 0.030, '.·rh··cc tl12 0rror i.s rrnly tl1c; fdati.sticFJ,l 

onci. \fo have estirnal;ed thL1 t it is neCC'SF'CJ.ry to 2.rld to tb_c 01t··.-

rect:ions. 

We ho,ve also eRtimo.ted that by as~c;urning cx
31 

= o, we intr·oduce 

a n~gligible error, less than 1 % if we admit that cx
31 

which is 
0 known to be rather small, were ns Jarge ~s 1 • 

Tu.king into account these considerBtions we get for the final 

valu_e : 

- "3 = (0.13 ~ 0.035) t) 

in good agreement with the analysis by Orear (a 
3 

= - O. llTJ) 

and by Whetstone and Stork (-cx
3 

= 0.105'1') + 0.035 TJ3) (See fie;. 

15). In this figyre, we have reported also our experimental 

point, at an energy eg_ual to 24.4 MeV (TJ= 0.526) which is the 

averace enerc;y calculo.ted from the 15 scatterinc events. 

The experimental cross-section, directly computed from the 15 

events~ we observed and the pion spectrum, is 7.4 mbarns. 

* * 

* 

${A, Q, Ffw'- ~Cev,~ut eJ; ~r-fe-t.ak 1..t~ tvve-:1~ ~ 
(~- ~. JV-Wn10 l!vm.. 4.85b.115b) ~ ~~2u1 ~CZ.. 

{~l:: ~~Vol -1'Yi-rd4ool., ke.t U~'m.em/..a.f da.iu.. 0"}'1,. 1f- p 1>~-n'} 
.&n.. 1Le. JtAl}i,1~ 0- 5"S H..e.,.v, ~het. ,v-p _t, _,f~ ~wm--miVL.- f ~f6 

~ ~~ :.Yi<(o 1b·]:o.cu_)l\"i c/
3

; -(o :o ~ ::o . .:>10\)9 

-lt\:rbq_ .l~ w~ 4 --tk F~-r ea~/)'YJ0vi M wJ,e ~ 0"t0W 

'P OVYt-O f~ ~ Jc,o.,:l.i:.o ~ b~ µ,~~ ~ CUU7~. 
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APPEl'illIX A 

Correction to tho 3pectrum '1.SSl r~ '1" +"'wt 1t - µ deco.y, -,i tl-- a 

rRrirojoction anclc small0r tr an 5° q,re "l · .. J.,Pd Ci lTlil~, the sca1.ni go 

Fig. 16 represents a geometrical reconstruction of the optical tra­

jectories when 1t - µ decays are being photocra:phed. K and Kl are 

the two cameras, F and F 1 the 1)19.ne s of the film, L and Lt the op­

tical center~ of the lenses, C is the center of the sensiti~e 

depth. We shall assume that all the pions travel in the direction ,.. ,.. 
AC and decay at B. DBC and CBD in the horizontal plane are each 

0 
equal to 5 • Looking from Land L', we suppose that all the muons 

contained in the· solid angle BDED'E'· and therefore projected into 

the horizontal plane at An angle <5° with the pion direction, 

ara lost because they are missed during tho scanning. The solid 

angle BDED 1 E1 , and therefore the correction also, is determined 
,., ,.. "' 0 

by the angle DED 1 = DE'D' = LCL 1 , which we shall take= 18. 

I1 dn / dll. is the differential angular distribution of decay 

muons in the laboratory system, which is a function of the ener­

gy E of the pions, we have for the pecentage F(~) of missed pi­

on decays : 

This integral has to be calculated over that part of the solid 

angle BDED'E' which contains decay muons. 

We take a system of polar coordinates BC is the direction of 

the z-axis, the decay angle is a , and -f' is measured around the 

z-axis. The integral (1) becomes 

(2) 



(3) e ;'Y]::i.x ( f) 

(4) = artg { 

0 

cos 9 J 
(

_f) r, 0 \ 
CO:J 1-;i ) 

<1-r" J-} <*l 

The) first O:>.'le is pl1rPly c;eomctrj_caJ : here, as 'P i1,cr0ases 

0max ('fl) a1so incre0,sc~;, bnt cannot be made L!.r{3'eJ_' · than tho 

value assic;ncd by (4), as this is the maximum d.ecny angle of 

a muon in the lab. sys. for pions of given energy. Fig.17 

shows a ,3'raph of (~) as a f i1nction of the kinetic enor,3'y of 

the pion E 1t. Fig.18 shows a graph of (3) as a function of 'P. 

If vro call N(e) the integral anGular distribution of the decn,y 

muons, i.e. the fraction of muons which decay at an angle ~e 

(including pions which decay backward and forward in c.m.s.) 

* * Where ei' and e 2 are the smaller and the larger VFllue' re spec-

* tively of e which corresponds to the same value ofe, (**) the 

integral (2) becomes : 

(¥) Here, and in the following, all the symbols with * refer 

to c.m.s._ 

(**) * The 'rel a ti on between a and e is 

* * ~ µsine 1-¥~ ) 
1 

tg e= ( ;c 

p~ cose)! + ~1t 
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(6) F(E ) n; 

t1 torms of (5). 

Let us call 'f the f coordinate? at which (3) gets equal to (4), 

we 110.ve : 

where 8 is given by (3). 
max 

The integral (7) can be easily calculated numerically. Assuming 

DED I = 18°, and combining the graphs of fig. 17 and 18, f o can 

be found for any enerc,y En;. 

If En; is so small that f does not exist, the correction is ob­

viously given by : 

(8) 

The correction F(E ) is shown in fie. 9. n; 

* * * 

6'.) -



Single Coulomh scatterincs of ~inns in hyarocen mistaken for 

pion deca~rs. 

Tho probability for a Coulomb scatterinz in hydrogen, at an 

* * anclo e in c.rn.s. in the elemont~ry solid angle dn is eiven 

by : 

(1) w( 8*) d!t* H/4 r 2 (mec ) 2 d!l.* (grem-
2
)-l 

e (Pn :Pn*) sin4e*/2 

where N Avogadro's number. 

r e 
Classical radius of the electron. 

m c ~~ Mass of the electron. 
e 

Looking at fig. 16, a Coulomb scattering is mistaken for a 

pion decay, if the pion is scattered outside the solid angle 

BDED IE I. 

We suppose that fig. 16 refers m the c.m.s. In this case the 

angle DBC will be 6°, which corresponds at low energy to 5° 

in the lab.sys. 

The probability of Coulomb scatterings per (gr cm-
2

) of hy­

drogen, mistaken for pion decays is given by : 

(2) c 
sin8*d8* ( -2)-1 

sin48*/2 gr cm 

in analogy with Appendix A, except that here it is 
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(3) e* ('fl) 0 cos ..2.. 

{ 
0 1 artg t c 6 ~{~-90) 

'[i th J)' ,, r) 1 'l J • ( ] Tl r t j ( ~ 

(4) t('f) sin!*d'* 
,, 

~ 

(-P )/r sin 8* 2 f1 i I I (:) 

From (3) we see that the maximum value for e*(p) is 33°30' SQ 

that it is still possibl~ after the integration in respect to 

8*, to approximate tge*('P) rv sine*(f)"" S*('f), with a maximum 

error of~ 10 % at f = 90°. Therefore we can write 

~ rtg 6° co ~ 9°] 2 

cos(lp*-9 ) 

Performing the integration in respect of f we get 

2300 

I 2 ( m c ) 2 f gr cm -2 { -l 
Therefore C 2300 N 4 re ~ln l f 

If the gas density is 2~6 gr cm-
2 

C = 1.83 lo-3/ (p*_p)
2 -1 

cm 

The diagram of fig. 8 gives the ratio ac of C to the probabili­

ty of a decay per cm, as a function of the kinetic energy of 

the pion. 

* * * 

(*) A Coulomb scattering cannot really be mistaken for a pion 
, 

decay ~f the recoil proton is visible. However a fairly large 

scattering angle corresponds to a recoil proton with a range 

larger than, say 0.5 cm. Because of the small contribution to 

(2) from large angles, the integration in respect to e * can be 

performed up x, without appreciable error. 
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AIT}i;l'TDIX C 

Es::oef' ti.al 0 ·'l tn.s of t'.12 L:i >.re~·poo 1 s;ynchro-cyclotro:"' 

Magn:t intnrnal diameter 

Magnetic 1ield 

156" (*) 

1827 ': +_ 25 :; gauss. 

Number of pulses por sec. 100 

Pulse length 60 µ sec. for :r:•:'oto~rn, 
12U µ sec. for pions. 

Av;.i,ilable beams 383 MeV :;:irotor.s. 

The internal current is lµA. 
-2 The external current of 2 10 µA, 

corres~onding to 4 1010 protons cm-2 sec.-
1

, is focuse~ on to 

an area of 0.5 sq.in., at a distance of 20 ft from the focusing 

magnet. 

Neutrons from 200 to 400 MeV. 

95 MeV negative and positive pions. Positive pions are obtained 

,internally with a copper target 411 .1.5 11 .0.25 11
• Negative pions 

are obtained with a beryllium target. The targets were chosen 

and adjusted empirically : the yield of pions at a certain an­

gle and a certain energy depends on the atomic weight in a com­

plicated way (See H.A. B~the, F. de Hoffmann, S.S. Schweber, 

Mesons and Fields, Vol.II, page 343). 

* 

* * 

(*) Actual magnet dia.meter is 156", but only 138" can be used 

because of obstruction by the proton extraction assemblees. 
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T.AJ3LE I 

r-~-------+-~----~---~~----~-...---~~~-~-~..-~-~~--~~~ ..... ~--~~ ..... - ..... ~~ ..... - .......... ~-..... ~~...-............... ~~~~~~ .......... --,,....~~~-~- ----1 
+ + 

Particle e /'-
+ 

1'('" tr 
0 

1{ :p n 

!-------+-----------~--· ·--+-· - ·- - ·---i 

Mass g 

MeV 

m e 

Decay 
products I 

r 
Mean .L • .; 

Life •••• 

Spin •••• 

Parity •• 

9 .1085 :!: Oo 0006 lo-
28 

0.510984 :!: 0.00002 

1 

stable 

1 

2 

+ 10508-0.2 

206.9 :!: 0.2 

I e± + v + v 

I 

I 
I 

+ 139.7 _0ol 
+ 273.3 -002 

+ 
)A + >I 

+ + 2.22 - 0.2

1

2.53 - OolC 
-6 -8 

10 sec. 10 sec. 

1 

2 0 

(-) 

I 

+ ~ + 139.2- 0.1 34.7- 0.3 
+ + 272.8- 0.3 63.7 - 0.7 

- + 'Y I <{ + t I µ. 

.J_ 

+ -15 . 
2.44 - 0.12 5 10 secJ 

-8 
10 sec. 

0 

.. - ) (-) 

+ 93s.232,.. 0.024 
+ 

1B36.13-0.C4 I 

I 

939.526 :c::.02~ 
13 3 2 • 6 6 : 0. (': .~. 

--·---1 

-l) + e + 'Y 

--!-

I " 8 ::!:: ') c:; ~.;.,,., 
~ '- Q .,,., ri-· • 

~ "' 

-..J 
\..N 
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TABLS II 

Pion kinetic 81F:rgy p 'tiµ 

') 

5 NeV 2o06 10.:... cm 

10 2.95 

15 3.66 

20 4.26 

25 4.77 
30 5.27 

35 5.79 

40 6.19 

* * * 



TABLE III 

The inciclrrnt meson spectrum 
--------------

- .. - I 

Incident Measured Measured Corrections 

ener~y 
Decays J:Jath path 

measured len[\"th length 2 tprojection Coulomb 
(MeV) == 1 cm. x er/cm - scatt. 

== <Xp (%) "" <Xe 
I-------

I 

5 - 10 465 1.20 x 10 317 6 6 

10 - 15 601 1.98 522 8 3 

15 - 20 655 2.58 677 10 2 

--
20 - 25 559 2.51 659 12 1.5 

25 - 30 262 1.32 348 13.5 1 

30 - 35 215 1.20 312 15.5 1 

. -· 
35 - 40 84 0.50 132 17 0.5 

--- ·-

Total 
io5 (10-35) 2292 9,59 2518 

x 
Corrected path length -

1-CX + CX 
x 

100 
82 

p c 

* * * 
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Corrected 
path 

longth 2 
gr/cm. 

388 

657 

·-
896 

----·--i 

900 

486 

447 

192 

----

33s6 



Accepted + 

Incident energy 

( MeV ) 

10 - 12 

16 

19 
21 

23 

23 

25 
26 

26 

25 - 27 

25 - 27 
29 

31 

32 

31 - 34 

* 

TABLE IV 

-r scatterinc events 

* 
* 

scattering angle 
c. of m. system 

(degrees) 

152 

74 
110 

137 
150 

157 
116 

152 

79 
78 
80 

114 

141 

70 
165 
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