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Part 1 - THEORETICAL

1., Introduction

Since the time pions were first artificially produvced, they
have been the subject of several thecretical and experimen-
tal investigations (l)o Some 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 nuclea% forces, has not yet been fully un-

derstood.

Qur knowledge of the pion nucleon interaction is limited to a
phenomenclogical description which seems to be coherent with
the ideas of charge symmetry and charge independance, when
they are transported from the nuclear forcebinto 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-t+ 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
T p interaction have been understood. Generally speaking, the

meson theory had shown before only a qualitative agreement



P

with the experiments, Another promising approach has been
done with the application to meson waves of the causality
relations (5) well known in the field of optics (6). However
some discussion is still going on on both these two 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 described 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-
tformation available in this respect is the frequency with
which a pion of energy E is scattered in a solid angle d L by

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

as a function of energy and angle, 4 & / d f,

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, T, page 96 and foll. Af it is shown the-
re,a two body system in which the interaction is function of
the relative distance of the two particles, is described. 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,e,?)

are the spherical coordinate§ of this particle, relative to
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the fixed scattering center and z the axis from which O is
measured., 1In this renvesentaticn r is also the relative dis-

tance bebtween pion and nucleon,

We suppose that all the nucleons have spin "parallel" to the
z—axis. Because this is not true, we have to average between
the cross sections for the two spin orientations, but we shall
see that the cross section does not depend on the sign of the
z—component of the spin,x I;Js are the eigenfunctions of the SZ
and SZ spin operators, which belong to the eigenvalues
s(s+1)=3/4 and m_ = z1/s.

We had alrecady supposed that the interaction potential V de-
pends on the space coordinates only through 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

o)
for r<zr’.

Let us consider a beam of pions with linear momentum p =% k,
which moves along the z axis toward a nucleon, Apart from a
time factor, the system shall be described by the wave func-
tion exp (ikz) Xi%. All the orbital angular momenta are pre-
sent in this Wav:, 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-
sence of the interaction in a region.1'<ro, can only change
by a phase factor the coefficient of each J-eigenfunction m
cncimiamismren, 1. 0ddiliow | being 4 Mon Shim of Ha mudhon, He
ommouvua4daw of +uu¢ig,d&7kuhad He tonacrvalkion af K qLuvntan

mumber 4.

8
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Let us call J?j the simultaneous eigenfunctions of the total
angular momerntum operators J2 and J with eigenvalues j(j+1)
and mJ respectively; and Y 1 the 81mu1tanoou eigenfunctions
of the orbital angular momortum operators L and LZ with ei-~

genvalues 1(1+1) and my respectively,

ol

. . . ¥+
I'or the incoming wave e}cp(l'f;z)x'l'a we get at large r :
2

~

1

(1) exp(ikz)X ;2 =§=012./4n(22+1)/;;Lkr&(kr’y"/_z_)}_i(kr’D“/ZjYEII‘

ol

(see Blatt & Weisskopf (8), page 784) i.,e, at large 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 :

: +%'w ﬂ ikr-fn ~i(kr-fn
(2) exp(l_kz)x%_ =§=°imm—)}4ikr{¢k 2/'2. z(k 2 /2)}

For causality reasons the scattering can change only the "out-
going" wave, Let us call exp(Ziasj) the phase factor for each

X and je The "total" wave must be :

Y 10 Y
OIS W Eony T Nt RSO

~2

- m% =
&egﬁn(kr—ﬂn/2+<&bg_¢3) 651119 ;}
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and zxoing back to the eigenfuncticns of the orbital momentum

operntors and of the spin onecraters

2 Ud’
(4) ¥, =F 1 gren u-{[ ef;,”“(m.-41,‘/2:“‘%-“4@(5&'.)

- .”"' (k- t’ﬂﬂ/z.* °‘e c-y)(uz——)]Y

!
sy

._L“

Lohg, Loty %
[u sim (K% /24 o 4igas)d _9 f—{/w (k.p,,f,;/“_,g{le_w] [Mgf% ) & 12

YTl are solutions of the angular part of the Schrodinger equa-
tion., The coefficients of Y?l are asymptotic solutions of the

radial part (¥**),

The 'scattered"wave shall be the difference between the "fotal®

wave and the "incoming'" wave.

'3 kN 1 1
o o - B et [ g
JJ?— [’2+l] E YEX? * (3511] : Ty X3

Blatt & Weisskopf (8) page 789.

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

ger wave equation in a region of zero potential is

(5) ajy (kr) + bn,y (kr)

where
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j; (kr) =\/n/ 2kr Gl+1/2 (kr)
ny (kr) =,/n/ 2kr Nl+1/2 (kr)

» - T

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

N1+1/2 (kr) is the Bessel function of the second kind, order f+1/2.

The asymptotic expressions for jl and n, are

1

(6) 1large r (kr»[) 1 (kr) = 1/kr sin(kr-1n/2)
n, (kr) = 1/kr cos(kr-1lx/2)

(7) small r (krgl) §q(kr) » (kr)'/(2041) 11
ny (kr) > (20-1)11/(ex) ™™t

See L. Schiff (7) page T7.

a and b are determined from the boundary conditions, If the
interaction is zero everywhere the solution has to be regular
for r=0 and it must be b=0, If the interaction is zero only

in the region r>r°, we get b£0, so that for large r (5) becomes:
(8) A/kr sin(kr-1n/2 +a)

The name of phase shift given to . is from here obvious,
a and b are determined by the continuity of the logaritmic
derivative of the solution ar r=ro and by the normalisation

condition,
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We assume now that at no too high energies the biggest coniri-
bution to the above sum comes from the terms corresponding to
1=0 and 1=1, This assumption can be justified only to a certain
extent, as a complete answer must be left to the experiments (*).

We have :

Yg = 1/ 41t;Y§) = cos® \,ﬁ\,/ 3/41t)'Y51L —=sin O exp(i‘P)f\/ 5?41;-2
' - P

-1

I = 4= 3 ‘\'] i‘ <4 v 9‘) e
! qN-L
If we call

(9) ag = exp(Ziao%) -1
ap, = exp(Zial%) -1
ap3= exp(2ialéé)- 1

we finally obtain for the amplitude of the scattered wave
(10) S = exp/ikr)2ikr| % [pg+eose(2aps+ap, Jmly ®sin Q‘[aPB_aPI]}

a
The plane wave exp(ikz)x:iz represents a density of one meson
2

and one nucleon per unit wolume, 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,6,P) is v-ds-lS|2 per unit time, and 15)° 2% ¥
per unit time and unit solid angle (dQ = ds/r2).,

12
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The cross scction shall be :

(11) dG/dQ=iE£ ﬂas+cose(2aP5+aPl)’2+}sine(aP3—aPl)I2}

Here we have used the orthogonality of the spin eigerfunctions,

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

If a i,es 1f the nuclear forces are spin independent,

P53 - %P1’
we obtain the standards result of the scattering theory (see
for example N.F. Mott and H.S.W. Massey (10), chapter II and

sparsin.

The relativistic expression for d48/dn is obtained from (11)

whén 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 wvalid for particles of

spin zero.
A—_) WY} /} ‘UJB.(i wn Hht Lont -M'tp_ uwlz MWMM VJW /{0 u""- M MH‘U"‘
L “' 4);\1.0"\- 1&.: " . .-z".'..: 5 [r" l).\ M\O’bca sl H),,Oat ut w Pdmnu &7 i """”” -'"’”’{"" o

0

)

QA t:l { S I |wt*'"-L vl EV Q.ML beLQ, DALEAS o lAml', e -

(*¥) Accondang bo Hofotadhen > Me AlATen (49). O~ 0. R /ue - Now 2
classical particle is not scattered if its trajectory
does not enter the interaction region re<r’. By the correspondan-
ce principle we expect that only waveg with lu“ulﬂT.momnwfw £4
not much bigger than Akr Vcnwtrubutn”%é‘tgntgéntrgtjnn 1mn]1-
tude, Moreover, in the vicinity of T), if kr'SIMp'mmy use (5)
and (7) to write the solution of the Schrodinger equation for
r>r°, If p (E) is the logarithmic derivative of the solution

computed for r=ro, matching at r° we get :

tg0 u[(ﬂ+l)P(E)-ro] ’ (kro)i?fi

£f(E) + x° (28+1)41(20-1)11
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For small values of B, p (E) can be substituted by its value at

zeroenergy so that

Y

kr | )
tga ~U=~const "(‘é’/@“-f-’l")‘g'!'('z:é:-i-)—! !

The denominator grows rapidly astﬁ increases, which confirms

the small importance of high.ﬁ 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 guantum numbers are
w=1/2 and Tz = £ 1/2 (+ for proton, - for neutron), The char-
ge of the nucleon is related to the "z" component‘t’3 in the
followihg way :

Q=T, + 1/2

3

= 12 -
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We introduce now the physical principle of charge indenenden-
ce of nuclear forces, which means that the forces between two
protons ot twe neutronc or alsc between a proton and a neutron,
are the samc, It is rossible to show from this assumption that
the total isospin of a system of particleé is time invarions.
(See for example, ref., 9, page 21 and foll.)

This, and a corsideration of the Yukawa rcactions
n=nx + p etc.

suggest that pions of different charge are conveniently repre-
sented by an isospin corresponding tonquantum numbers T= 1
and't'3 =+ 1, 0, = 1, for positive, neutral and negative pions
respectively. In this case the charge of the pion is equal to
the '"g" component‘t3° 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 theqtp 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 £, one tor 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 TB' The eigenfunctions for a pion nucleon

system are : E
!
!
]

T = 3/2 T= 1/
|
Ly = (o) |
. IZ 25 () W35 (a0) | x;/ ~T75 (p0) w25 (n+)
8- VEB (no) W15 () | TF =175 (no) @[ 25 (2-)
= (n-)

3
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’ where (p+) is the eigenfurction for o system of a proten and
+ (@) " N
a T (po) a proton and a g , and so on., The numerical coeffi-

r cients are the Clebtsch-Gordan coefficients,

|
Let us call S3 and Sl the scattering amplitudes corresponding

to scattering in the different isospin stales 5/2 and 1/2.

We have :

4

i £1 .
(13) X% exp (ikz) - 1(32), 5, i
= 2

=

+3, ; . (%[2) (_;[Z)
’I.% exp (ikz) 1395 + 85 . I3
From (12) we get :

(14) (P+) i I5/2

L 1
(no) = 2/3 1.‘5}2 +/ 1/3 17%
vl -4
(p-) =V/j£75 13/2 1/~§75 3
P
(n-) = I3/é and so on,

It follows that :

(15) x‘;:% . (p+).exp(ikz) > 8; I%S = S5 (p+)

+5 . - -%
X3i% . (p-).exp(ikz) > [1/3 S5 137, @ 2/5 8 3% -

= (m0) Y- as (85 - 8)) + (2=) J4/5 (55 + 28)

In the (p-) scattering, the amplitude 1/3 (S5 + 281) descri-

bes the elastic scattering of negativé pions by protons and




the amplitude /2/3 (S% - Sl) describes the charge axchange

scattering.

Adopting a Fermi notation, the 5 wave phase shift (f = 0)

with isospin 3/2 and 1/2 will be indicated by oy and @y res-

1

pectively. The phase shifts for P waves QQ = 1) will be in-

dicated by‘t)%3 a51 a15 all’ where the first index is twice the

igospin and the second index is twice the angular momentum.

(. L) Let us put :

(16)

e3 = exp (2iu3) - 1

and so on.

From (10) and (16) we get :

(17)

and

(18)

(19)

9 1
|~Px.{2

% .
83=expikr/2ikr {[e3+(2e53+831)cos6]1%5+ (eBl-—e33)s1n9e 1

; ; +% RSP ) A
Sl=exp1kr/21kr {[el+(2e13+ell)cosejx%2+ (ell—'iB)Slnee 1%2

' ‘ 2 2 . 2
EYe) (p+,P+)={|e3+(2e33+eal)cosel +|e31-633' 8in 8}'7/‘“(&

2
=5 (p=-,n0)= il93-61+( 2(e33—e13)+e31—e11] cosel +’(e31-—e33)

. 2
-(611—613)| Caim 9} g %kZ . 2/9

~ 17
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i

‘ a6 y 2
(20) Eﬁ_(p—,p-)={'e3l+zel+[2@53+931+2(2w13+e11ﬂ<xm9‘ +

2 . 2.Y 4 :
|e51me5542(eqyme 55)] s e}sz * R

and SO Oh.

Thus, if we consider only S and P waves, the cross sectiouns
we can measure in pion nucleon scattering are completely de-

fined by & set of six constants (functions of the encrgy).

4, The Coulomb potential.

To teke into account the Coulomb forces, which are long ran-

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

gion (of radius of the order of meson Compton wave leng t;ou;pagzlS)
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 :

- _pz/h

+ 2kv sin20/2 e e

(1) £(0f) (5)

(22) £(f) (6) = =zero spin flip.

The upper and lower signs in f(nf) (8) are valid respectively

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




F, Solmitz (12) is not relativistic.

Van Hove (15) has also investigated the Coulomb contribution
to the nuclecar scattering of pions.(See nlso ref. (lO), page
48). Ve shall not revort his results as they are much more
complicated and turn out into the Solmitz formula when a:ez/ﬁv
is sufficiently small (2 10'2)°\a(1o MeV) = 2 107, a (5 MeV)
= 2,8 10-2. v is here as well in (21) the relative velocity

of the pion to the 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 :

2
e
2ﬁk(vn+Yb

f - v,V
(23) f(n ) - + YsinZ6/2 [1+§1§2‘£ (14cosg)+smaller terms]

2 v v
f
(24) f( ) oy B zhk(vnijf)sinQB/Q Pﬁ,. E%?ﬁ + smaller terms]

where Voo vy are the pion and proton velocities in c.m.s. ¢C
is the velocity of the 1light, ;T is the magnetic moment of the

proton in nuclear magnetons.

The Van Hovel!s relativistic formula in the above mentioned ap-

proximation (aS_lO_z) is

: 5
s (fn) - e
(25) £ * Phkvsinle /2

(26) £(f)

Il

ZeTro,

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

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

w18



the Coulomb correction could be imnortant,

5, Somo experimental results,

The scatteringmn -p has been cxtensively studied in several
experiments (for low energy experiments £ 40 MeV see part II,
section 2, For higher energy, to which we do not refer parti-
cularly, see ref, 1) Two interesting 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, then -p scattering cross sections have
a peak at about 190 MeV kinetic energy of then -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 the
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 Gell-Mann & Walson (36) page 221). In
this case we should expect at very low energy the S wave pha-
Se shif+ts a} and dl to be linear functions of the momentum of
the incoming pion (see note at paget3), The experimental re-
Sults available until 1955 have been analysed by J. Orear

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




(27) % = - 0,119
al = + OleT)

where n is the momentum of g meson in c.m.s. in pc units,

Nowdays a linear devendence like the one suggested by Orear

in (27) is generally accepted at least at very low cnergy,
because of new experimental information, including the results
of the present work, an experiment by D. Stork and S.L. Whet-

stone and other experiments.

(See Part II, section 9 and fig. 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 experimental indications reported
at the Rochester Conference 1953 (17 a), it appeared that a3
could be positive at very low energy 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 m,
W vhich had been suggested by Marshak (19). Such a poten-
tial would cause a3 to depart violently from a linear depen-

dence at about N = 035 and in some proposals oz5 would change

Signe at about n = 0.5, Bethe and De Hoffmann looked also at
the possibility that az=0 up to 7 = 0.3.
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pfter the Orecar papers, at the 5th Rochester Conference (17 e)

therd was some digeussion whether'aB was changing its slope at

some low ewnergy or not, as the experimental points were Tike
those reported in fize 1. In the Orecar analysis more weight

had been given to the scattering experimorts 2% not too low

enorgy, rather than Lo the photoproduction experimonis.

6. Connection of S phase shifts with photoproduction experiments

As we have mentionned in the preceding section there exists a
relation between the photoproduction of mesons and the phase

difference aB-%, for =2 0, through the Panofsky ratio (15)(21)9

At essentially zero energy, when sin aq~a, cos a~l, and the P
phase shifts are negligible, compared to a3 and &qo the follo-

wing relation can be derived from (19) :

(28) (E;Lal) 2 1/&2- 9/6m %o- 0 (n”+P 1 +N)

Here we have taken into account the mass difference between.n-

and 1 ° which had not been included in (19), therefore v /34 1.

We obtain :

az-a
(29) 1im (—éa—l)2 = 1/ﬁ2 9/8x.1/v° lim v . g (n + P »1° + N)

n=0 n=*o0

- 1/n2 9/8x° 1/v° * P * lim v ‘g (n~ + P >¥+ N)
n=>o0

Where P is the Panofsky ratio

0 (3+P = 1 °4+N)
P = 1im e v
6 =
Iy




By detailed balance

(30) v .o(nT+P X+ N) =2 (i—f 2 o (§+N 95~ +P) v

2y and p_ are the momenta of the y and the pion in c.m.s.

According to Bernmardini and Goldwasser (22) the S wave contri-

pation to the photoproduction is
- 2
(31) ¢4 (§+P 7 +N) = 1,55 10 281, cm

‘Phere-sfore

(32) 1lim v'.2.(:£>e(/1>_)2 o(¥+N =g +P) = lim r,1.55 10728 X

n =0 e
2
P
K 1 20 T
7% (ne)
Weers 1 p = SR “.;""P) and r° = lim r
o(¥+P = n +N) a0

Substituting in (29) we get :

8

(33) liP (5555192=(%§ )2.9/6n.1/v° P.r®.1.55 10720,2
1= o A

(213 © lim
RE Ny o 1

V, = velocity of £° in the Panofsky effect = 0,20 c,

Finally we have :

(34)  1im (a_ﬂ) = 0455 (P.r°)%
n=>o0 n e




ro (r at threshold) is evaluated from the coxperimentlal datas

ot n‘ and n+ vhotoproduction in deuterium,

X ) o ; 0
Acoording to Orear (15), we should correct the ratio 1 ob-
tained from deuterium exipceriments becaunse of 2 Coulomb eflect

. - e .
and increase it by 10 - 30 % to get the true ratio for free

nucleons.

According to Benevento et al (23) a rough calculation by Chew
and Low (nct published) gives a correction of T % at 185 MeV
photon energy in the laboratory system, 4 % at 205 MeV and 3 %
at 225 MeV. Following Benevento et al. we shall neglect this

correction.

0 .
Therefore we assume for r the value obtained by Bencvento et

2%

]

r° = 1,87 %

0.13

P was first evaluated by Panofsky et al. (24) and more recent-

ly by Cassels et al. and (25) Kuhner et al, (26)

Panofsky et al. (1951) P = 0.94 f 0.20
Cassels et al, 1956 1.50 s 0411
Kuhner et al. 1956 1.49 -

Taking Panofsky result we get :

(35) oy = 0.2061

%o be compared with Orear's :
36 o - =
(36) o @, = 0.277

If we take for P the most recent value 1.50 we geﬁ .

al—a3 = 0.2671

If o :
The agreement weth Orear is much better. JMoewostn “nC 25 un

Ha deltrmwn ahows of dy-d, QM,%nﬂha-QxfmﬂeﬂlW%.?g

N
Ol
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We have {to mention thot before the new measurement of the DPa-
nofsky ratio, Noyes (27) tried to recowncile hthe phase dirference

“3"“1

obtained from the Orear phase shifts with (35), assuming
non conservation of isotopic spin. Noyes used a charge indepcn-

gent potential for the m-nucleon interaction and included only

o

those isctopic spindejendent terms alrcady rcauired by the exp
riment : the n—,no mass differcnce 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
l“j—aﬁ/ﬂ= 0,27 ag calculated from the scattering experiments,
[aj_aIVh; 0,24 as calculated from the Panofsky effect

(p = 0,94 :3 OGEO). 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 a5, as
suggested from the quite precise knowledge of scattering da-

tas at higher energy (174).




Part 2 - EXPERIMEN

1. Aim of the work
—.—-—'—"'_.'. -~

The present experiment was planned to determine a more preci-
se value fora3 at energies ~20 MeV, The arguments in support

3 + . . ! ; .
of this P scattering experimeut have been reported in part

1’ SECto 5 & 6.

The experiment consists in a measurement of the total cross
section for m' p scattering. Using the results of section (2)
and.(5)'and taking into account the Coulomb interaction, sec-

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

(37) do/aa (pn’ = pn’)=32 {|a1+cose(2a33+a31)_f ‘

z >
- £ 1 2 . )
. (V“+,ijSin2e ’ + |(a33-,431)s1nel }

and for integral cross section with 6760 (the lower limit ha-

ving been introduced to attenuate the Coulomb contribution) :

(38) 6760 (pn" > pn+)=%ﬂé2gﬂl+coseo)( cJ2+c'2)—(l-coszeo)a'b'+

+l/3(1+003360)(b'2-c'2)] +[G;a2—2cia(a‘+b’)+205txbﬂ}

——

(*) We have assumed cosa~l-sinanoa , because the phase-shifts
approache zero as the energy is decreased - See foot-note

Page 13,




al = @3 33 Yz 33 = %53
€ = T- iose - 1/2 ¢y, = 1In 2 - 1n (L-cos o)

¢ =1 + cos@ P / (Bv) v= velocity of tke meson (lab).
Thefe are some experimental indications b0 53 a51 = O, a53 is

well known, ($ee ref. 1),and at our energies it is compatrable
witho(a, S0 thato(3 itself can be determinedt Therefore the

principle of this experiment rests on the fact that the $-wa-
ve scattering is not masked by the p-wave. Obviously the in-
terpretation of the experiment is easier with nt rather with

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

2, Previous experiments

The following is a list of the experiments connected withlt

the problem of lowenergy ¥ p scattering., (28 4 41)

1) 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 34ig MeV. They
foungd for charge exchange scattering in hydrogen total cross
Section 5,0 mbarns for m at 34 MeV, and zero for n+ of the
Same energy. The total cross-section in deuterium was about

1/5 the cross-section for hydrogen with mesons of both signs.




2) A. Roberts and J. Tinlot, Phys.Rev. 95, 127, 1954,
Angular distribution of charge exchange scattering in hy-

drogen for 40+2 MeV negative pions. They Cound
+ oo B 9z + 2
ag /a =(0.4520.07)-(0.9820.13)cos6+(0.54=0.21)cos" 9

. . e
corresponding to a total cross-section of 7.9- 1.8 mbarns,
In 1) as well in 2) scintillation counters and a subtraction

method CH2 - 0 and DZO - HZO’ were used.

3) a: C.BE. Angell and J.P, Perry, Phys.Rev. 91, 1283, 1953,

angular distribution in n+ p elastic scattering at 40 MeV.

b; C.E. Angell and J.P, Perry, Phys.Rev. 92, 835, 1953,

total cross-section of positive and negative plons 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 450 and 40 MeV,

These experiments were all done with counters and subtraction

method,

4) S.L. Leonard and D.H, Stork, Phys.Rev. 93, 568, 1954,
Total cross-section for 33+ 4,5 MeV positive plons in hy-
drogen target, g tot for scattering angle larger than 350 was

6.4+1.2 mbarns,

o) T, Spry, Phys.Rev, 95, 1295, 1954,
Lotal sross~seotion for charge exchange scattering of ne-
gative Pions in hydrogen, with scintillations counters and

Bubtraction method, He found :

at 42 + 2 WeV .6 = 6.2 + 1.2 mbarns
350 T 2 5.7 + 0.9
20 + 2 5.0 + 8,8



6) Je Orear, Y. Slater, J.J. Lerd, S.L. Eilenbexy and A.B.
Weaver, Phys.Rev. 96, 174, 1954,

EiéStiC scattering of 26 Yoo Mev negative pions by hydrogen
with emulsion tecnique.‘l‘l The cross-scction for scattering
angles between SOO and 180° was 1.1% ¥ 0.6 mbarns evaluated

on 5 eventse.

7) M.C. Rinehart, K.C., Rogers and L.M. Ledermann, Phys.Rev,
100, 883, 1955,
Elastic 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 Proc. of 50 Roches-
ter Conference,

. BElastic scatterins of 23 MeV positive pions in hydrogen with
emusion tecnique ﬁ-). The cross-section evaluated on 8 events

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-

tox .

10) S.W. Barnes, Proc, of 6° Rochester Conference,
Differential cross-section of 40 ad 4 MeV positive and ne-
gative pions, with scintillation counters and liquid hydrogen

target, He found :

dd/dﬂ = 0432 & 0.04 mbarns sterad-l T N 0]
+ -1 at 44
0070 : 0008 T
0.72 ¥ 0.035 % i} o
0.106% 0.038 e L

11) D.E, Nagle, R.H. Hildebrand, R.G. Plano, R.S.I. 27, 283,

1956, and Proc, Geneva Conference,



= Tl =

Elastic Scattering of negative pions with a liquid hydrogen
chamben,
pubbleV The energy was between 10 and 30 MeV.

12) Some results can also be obtained from mesic atoms expe-
riments. See e.g. M. Camac, A.D. Me Guire, J.B. Platt and

g.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-
gemplification involved in the theorftical estimate" (M.Stearns,

M.,B, Stearns, S. Debenedetti and L. Leipuner, Phys.Rev., 97, 240,
1955).

We have reported the cross-section only in the case that the .
authors have evaluated it. The results of the measurements con-
cerning only a3 are summarized in fig., 15, together with the

ﬂigher energy experiments which are not mentioned above,

3« The present experiment

We have considered three different teéhiques 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 CHZ-C is used. In prin-
ciple it is possible to get good statistics but anfortunately
the angular resolution is poor because of the finite size of
the counters and the target. This disadventage is common to
“Cattering experiments at any energy. At very low energies
there are other drawbacks, which cannot be easily avoided with
Sounters, In fact, the probability for g-up decays in flight in-

“’cmses when the energy decreases, and it is impossible, without

SDecial precautions, to recognize a scattering event from 3n;9|1




decay. A part from that, the pions must have sufficient encr-
gy to escape from the target and reach the counters. The
effects are more troublesome when the primary spectrum of the
pions is broad. In practice they set a lower limit at 30-40
MeV to the range of energy in which it is possible to use coun-

ters for scattering experiments.

2) Nuclear emulsions, It is possible to use two methods., The
first method is based on the possibility of recognizing scat-
tering events from the kinematics of the interactions. It is a
slow and tedious method but can be used if sufficient man po-
wer tor 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 gst out from the target and to
be recorded in the emulsion, In addition it is not possible to

"see" 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
a magnetic field is an ideal instrument for elastic g-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, leaving little doubt as to the
interpretation of the events. This point is very important when
Tare events have to be selected. On the other hand it is not ea-

8y 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.

4 bubble chamber has advantages similar to a diffusion chamber.

HOWever, because of the higher density of ligquid hydrogen -0,07
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gr. Cm 7 s in compariscn to the nressurized hydrogern of a
cloud chamber, the probability of producing interactions is
much larger, so that it is mpossible to et better statistics-
The following table is a short comparison betwecn a diffusion

chamber and a bubble chamber which are being used at rvresent

for low energy m-p scattering experiments :

Diff.Chamber (1) Bubble Chamber (2)
Recycling time ...}20 sec. 2 sec.
Hydrogen traver- -7 ”
sed by each track|O.l gr cm 0.6 gr cm
Sensitive time ...lcontinuous 0.2 sec.,

1) 18" 25 atm diffusion chamber 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.H.
Bvans (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-
8itive pions enter the chamber after being moderated to the
desired energy by means of a Cll, or Cw absorber., Two kind of
events may occur in the hydrogen gas : scattering events,
Which are very rare, and m - p decays, much more frequently.
The diffusion chamber is operated with a magnetic field, so
that it is possible to reconstruct the kinematic of both kind

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

bean,

Wg have taken advantage of the presence of the -y decays to

monitop the incident pion beam, as we shall show in section 7.




Before reporting the resulis we ghiall discups in the nevt scc-

tions the low cnergy beams, Lhe Liverpool diffusion chumher

and its orerating ¢ornditions, the reprojection system, and de-

tails of the analyses of the photographs.

lig Consideration on low energy pion beams

The ideal thing would be to obtain a monoenergetic beam of pi-
ons in the 20-30 MeV range. The lack of a monoencrgetic beam
results in increased work 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 monoenergetic beam, and the above mentioned 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 gcneral 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 available intensity in the energy range A E.

°) 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,

i
t seems that people have considered three different approa-

ehes 1, the problem,

1
! ) The most simple way is to extract from the machine the low




- %6 -

oneTEY mesons produced in an internal target i %he sypchro-

cyclotron.
of 50 + 1 MeV is obtained extracting the mesons produced at
f\_ 1

160O by the 240 eV protons which bowbard an Al target.

At Rochester a beam of nesitive ~nd negntive plons

(e

beam is vertically focalized by a magnetn(SGe Barncs et al.(44)

are slowed down in tie telescope counbers and

After the mescns
the hydrogencous target, the final energy is 37 + 4 eV, No in-
formation 1s given about intersity etc. For lower encrey (see

ref., 5 Dpage 29) the beam was moderated by absorhers with a

spread of + 2 MeV,

At Chicago the lowest energy at which the nions are still able
to escape the synchro-cyclotron field, is 29 MeV, but the clo-
emsest channel in the 12 ft iron shield a2llows only for a 46
MeV pien beam, according to an absorption curve. The beamr of
negative pions obtained from a Be target has a pion 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 mesous are slowed down outside

and magnetically analyzed before entering the hydrogen target.

At Chicago (33) attempts were done with the 45 and 90 MeV beam
the 90 MeV beam giving much better results. The CH, absorber
and the nuclear emulsions (target plus detector) wére placed at
the conjugati foci of a 450 magnetic wedge, which focusing pro-
Perties improved somewhat the intensity and energy resolution.
With this geometry the intensity was 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).

At Nevis the 60 MeV negative pion beam 1is slowed down in a cop-
Per absorber to a mean energy of 15 MeV, with a large spread.

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

%0 an energy of 38 + 3 MeV (38).




‘: 3) A‘piop beam 1s produced with the extern:l oroten beam, out
of the synchro-cyclotron. This has been done only at Berkley
(51)(56). Advantage bas been taken there of the reaction

é+P é»n++D. The external proton beam of 340 MeV strikes a

(CHZ)X target. The produced mescns are monoenergetic in the
_center of mass system. In the Lab.sys. the energy of the mesons
ig 70 MeV at OO, with a maximum spread of + 4 MeV. The thick-
ness of the target where the mesons are produced, was chosen to
give pions of the desidered energy. It happens that in spite of
the tinite thickness of the target, the pions at 0° are still
neérly monochromatic because of compensation effect between the
energy lost by primary protons and the energy lost by the mesons
in CHZ.'An analysing magnet 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 900 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 radiofrequency oscillation of the

Synchro-~cyclotron,

It was decided to slow down the 90 MeV positive pion beam in
front of the chamber and to analyS$e the resulting pion spec-

trum with the m — p decay method. (See section T).

..57._
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5, The Liverpool diffusion cloud chamber
o
’-‘-_——‘. :

-Phe chambeT 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

whitstand a high pressure having at the same time thin walls.

he chamber consists of three main parts : A - B - C (fig.3).
The bottom  part A has a total height of 8", It consists of a
pape 1" thick and 18" diameter, welded to a cylinder obtained
by rolling a 5/16" sheet, which has a 1.5" x 2" ring welded on
the .top, D is a spiral of 24 ft copper pipe, 0.5" internal dia-
meter, soft soldered to the base, which is needed to cool the

bottom 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-
ring fisld) by two rubber gaskets above and below it, and from
the bolts by ebonite bushes, The tray is filled with about 200
ce of alcohol, blown inside through a pipe by means of compres-

sed gas,

Above the tray, between C and B, is the 16" diameter armour
plate glass window E, 1.5" thick, 14" diameter, When there is

bressure in the chamber, the glass is pushed against the top
ring C,

The two 1" thick perspex windows through which the sensitive
Tégion is illuminated, are clamped from inside to the ends of
two Tectangular ports -F- 10" x 4".

T™e particles can enter the chamber through a rectangular beam
entry port, H, 1.5" above the base., The internal size of the
POt ig 2n x 3n, In the actual experiment the window is of phos-
Phor bronze, 0,018" thick.

Methil alcohol is used as a vapor, The maximum temperature in-

..39...
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of the chamber is consbant within 5 jo.

An intense beam of light is vroduced by discharging a bank of

400 p F condensers at 2000 volts, through two Wullard LSDLT

flash tubes. Tnese tubes quced near the side windows of the

chamber are made of quartz 12" long and 5/8” diameter. The . op-

tical system of each tube consists of a cylindrical mirror and

a cylindrical convex lens, which make & perallel beam of light

to illuminate only the lowest 3" or 4" of the chawber.

The time of growth of the drops is relativelly long because of
the low supersaturation, and the tracks become visible nbhout

100 msec aftaer the charged particle has passed through the cham-
ber. To obtain good clear thracks of minimum ionizing particle a
longer delayv of 300 msec is used. There is very little dizvoer -
sion of the tracks, because of the negligible turbulence in the

Ly i

chamber,

A sterecoscopic pair of photographs of the evenis which take pla-
e in the chember is taken through the top window. The camera
takes rolls of 70 mm film 100 £t long. The two lenses are of T5
mm focel length and maximum aperture f / 4.5 and are inclined

of 130 to each other. The aperture used in the present experiment
1S £ / 16 which zives adecuate illumination and good focus over a
depth of 31, The field of view of the camera is 16" diameter. The
£ilm planes arc tilted in respect to the lense planes, and the

angle between the film axis is 140.

5691 I11ford film was vsed, a high speed panchromatic film. Ma-
X .

1mumn contrast is required to obtain the tracks to stand out a -~
‘gai
88ins the backgzround. Kodak D19B was used as developer, the de-

Velopi : . . .
Plng time being~15 min, The fixing time was about 20 min,

_43_




During the operation a negative voltare of 1500 V 1is normally
applied to the aleohol troy, the rest of the chamber being
earthed, If we consider pairs of ions formed above the sensi-
tive region, we see Lhat din those conditions the negative 1-
ons, which have a hirher nobility, are pulled downr and so dif-
fuse through the sensitive region in a shorter time than if

were the slow positive ions to diffuse downwards,

The timing sequency of the chamber in the actual experiment

wag 3@

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

2) A signal is sent to the synchro~cyclotron to indicate
that a pulse of particles is requireds The particles will
then start arriving in the chamber within 10 msec, and
the required number of synchro-cyclotron pulses can be
selected, This number was varied between 4 ang 8, accor-
ding to the reliability of the pbulser and of the operag-
ting conditions of the synchro-cyclotron,

3) 300-360 msec after the first bunch of rarticles enters
the chamber, the flaghes are fired,

4) The voltage which generates the clearing field is swite
ched back on to the alcohol tray,

5) The film is wound ony to prepare the camers for the next
expogure,

The fecovery time of the chamber after a~ 20 particles pulse
18 about 15 sec.; after g pulse of 2 104 barticles is about
& min, The Tecycling time during the present experiment was

10 or 20 or 30 Sec., depending on the chamber conditions,

?he FePTOjection got up

—

e roy .
i BLOjection Set up makes use as 1 projector of the same

o2 x
Which 18 used to take the pictures of the events in the

=On
Ohamber. Both the stereoscopic pictures can be pro-
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puring the runs, the pressure and the temperature of the cham-

ver were carefully checked. The operating corditbtions were

nean temuerature in

run  pressure L iiive resion mean gas dens1t¥
1 ?4.8 atm. - 35° ¢ 9,54 g au >
2 2607 " - 3\50 G 2,74 n "
3 25,8 - 35° ¢ 2.64 " m

We have talen 5400 pairs of stercoscopic picturess First both
pictures of a pair were scanned in a horizontal plane, sear -
ching at the same time for =m =?p decays and n = p scattering
events, Jater all the pictures were rescanned for g - p scat-

tering events only.

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 angle &, i.e. the angle which a track makes with the

horizontal planc, was also measured. The relation between the
t

true radius of curvature and the measured onc is r,= T (1-x ),
[+ 8

3, : . . &
where k, 1s given in fig. To

We.have determined the primary spectrum of the pions by coun -
ting 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 y - e de-
cay is negligible in comparison to ohserve decays from pions

of the same momentum as muvons, because of the very large d;f—

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 of 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.

A

it

8




gz Teyiey o Take B o B e e i 00 l FX . : .
The methiod  hes Atk Leptasr advantang Lhat, if we stipuese

thet the probabllity of seeing a pion decay is the same as
the probabilily of sceing a soattevriay avend (N), it corrects
gutomatically for non uniformities in the eofficiency through
the chambor, If we had bto monitor the baam ot the entrance of
the chamber it would have been necessary Lo inlreoduice & cor -

rection for the geometry of the chamber, the illumination and

s0 ONoe

Let us look at the method in more detail, Let us Pt £

N = number of mecson which enters the chamber,
K = probebility +that they can be observed looking
at the screen.
This probability is smaller than one because of the above men-

tioned reagsons.

The nrobability for observing a meson is the same whatever its
fate in the chamber, Thus the avparent number of pions which

enter the chamber is KN.

The possible processes for low energy positive pions are :

a) decay into a muon.

b) scattering by a hydrogen nucleus caused either by
nuclear or Coulomb forces.

c) intergction with complex nuclei because of the pre-
soncg¥alcohol in the chamber,

Production of mesons is excluded for energy reasons. a) is
quite well known. b) is the process we are looking for, and
we know the order of magnitude of the cross section. In the
range of energy, we consider,the probability for process. b)
is much smaller than the probability of process. a) by at

least a factor 100, ¢) is not important because the number

(*) This is not really true because of the very heavily ioni-
zing prong in a scattering event and of the quite different an-

gular distribution of the scattered pions and the decay muons.
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Of C\')]ﬂlw](‘]\ﬁ nueloei vrogant i the chanber 1o vory ame) 1l and

ip any case bthe intsractions with ccmplevw nuslel are casily

1t 4@ possitle to caleulate the nrobobility
a) in any conergy interval A, A T can be
ke, the only restriction coming frowm the avai

tigs. an nt plon spectrum will be

ammber of observed decays in AR
decay probability in AE

which hos Lo be used for the derivation
S ng cross section, a part {To cormaection which

will be discussed later.

The probability of a pion decay depencs only on the momentum
of the pion, and the density of the pas in the chamber can

influence this »rcbability only throu

by h the mementum D
It is

ey
(]

(39)

where K is the path of the pions in the chamber (nrusefull
dismeter of the chamber = 16"); p is the rest mass of the

pion; ® is the mean life at rest. Some numerical values for

F/pr are given in table Il.

The formula (39) has been obtained with the assumption that
the variation in momentum of the pion going through the gas
of the chamber is small. This is certainly correct for pions

of energy greater than 10 MeV.

The total track length in a specified momentum interval Ap is

.
.




~

aumber of obsorved decays in Ap

(40) e W/ T

which 1s easily relabed to the itrack length in a2 specificd

energy in toerval AE.

The pion spectrum so determined has to be corvected for ;
a) Coulomb scatbterings which lock like pion deceys b) acan-
ning inefficiency. The correccticn 2) has been clacnlated in

Appendix B and the results arc condensed in the graph (figo8)p

The scanning inncofficicency consists of :

1) true inefficiency : the obeserver just misses a decay

2) intrinsic inefficiency of the method. We acsumed that pion
decays with a projected angle in the horizontal plane less
than 50 in both the two stereoscopic pictures, were migsed by

the observer.

l) was determined experimentally, repenting the scanning
by two independent observers. 1000 pairs of pictures were res-
canned for pion decays. Combining the pion decays obtained in
the two scans, after a comparison, we assumed a 100 % efficien-
ey for all the decays with projected angle larger than 50. 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 energy spectrum and found
no systematic difference between the lst run and the 2nd and

3rd.,

2) is evaluated in Appendix A, and the results are summari-

zed in the diagram (fig. 9).

The results are given in table III, The corrected pion spec-

trum is shown in fig. 10.
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' . i socride
af the seattering events

8, snalysils 0 it
e

ANy event looking like x = D scattering Was acourately studied
to see if the kinematic was correct, The three pnrongs have to
. pe coplanale Moreover thne gcatltering ansle and the recoil &n -

gle have to satisfy a relationshin, which in the non-relativis-
tic apnroXimation, is indepencént of +he energy and is establi-

of both particles are knowne

shed oncoe the mass

o
2 1-cos_ @D 2 vhor ()2
‘ _ —— cosS n/a where a = +M 4ull
(41) sin ;= M/u_———n—-%*coo;e > ¥ o v/ (ut2) /4 u
u = mass of the pion M = mass of thc proton
@ = scattering angle 6p = recoil angle

11. Because this re-

Formula (41) has been represented 1M fige
ip 4 encrey, the kinematvic is not

lationship independent from the
determined if it is possible %o neasure only two angles. To de-

B s P '
termine all the parameters of a scattering event, it is necessa-

also the momentum of &
or the range of the proton.

ha incoming pion he =
ry to measure hg 1NCO g pion or the mo

mentum of the scabtored picn,

also in the case in which

completely determined
of two of the

he momentum OI €NETEY

The kinematic is

it is possible to measure b

y N ;

$hree nrongs of a scattering ovent. In this case 1t is possible
ey o - w

i T aoles
to check the direct measurenent of thE angles.

The following equations summarize entirely, in the non relati-

tion the kinematics of m - p scattering :

vistic approxima

momentum of incoming ¢

I

1+(F}/Pn)2 w/a = (J?/rzn)2 E

PA% [ ! " gcatteredsn

0

1

1

cosenfrg/rn cosfp

sin9n+f‘p/)2 T sineP

\

"

FP v " recoil proton

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

ation of the above system of equations.

phical represent

* * *
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We have found 15 ¢ -p scattering events with incident enerey
in the range 10 - 35 MeV, and with scatterine angle > 60° in
the c.m.s, (*) (Sce toble IV) Fig.20 shous a photograph of an

even b,

The lower energy cut-off was introduced in order to consider
only scattering everts with clearly visible tracks (longor

than 0.5 cm) for vrotons recoils, ~rd at the same time to reph¢¢¢
the Coulomb effect (See section 1 of part II). The cut-off in

angle was chosen for the same reasons,

The cut-off on the high encrgy side, was used because of the
few pion decays at energies larger than 35 leV. At the same

time it gets more difficult to measure the moments.

To calculate the cross-section we have used the formula (38).
We assumed a35 = 0255 n3 and a31 = 0., Fig. 14 shows the inte-
gral cross-section as a function of the energy for three diffe-

rent values of the scattering length a}/n = (0

Since we know the shape of the spectrum, it is possible to cal-
culate how many events we had to expect.

AL ;
n =XpN v+ == 6 (E)AE ; where P = gas density
= TAE % ’

exp N = avogadro number

I

6(E)= calculated cross-section

Using this formula the expected number of events in the three

cases is :

q expected number of events
0,11 1245
(.}Q].j' 15'55
0.15 18,40

e ———

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

SPproximation, to 52° in Tab-system.

R r——

———







By comnarisons of these wvnlues with ovr experimenial resvlt we
Pind g = 0153 g 0.0%0, wpore the error lg enly the statistiecal
o1i2. e have estimatlbed thot it is necesecary to 2dd to the sho-
tistical ervor a systematic evperivental crror of the order 5%.
This systematiec error includes cotriburiovs from inaccurste
knowledge of gas densivy, sconning eflflcicucy and specliun cor-
rections,

We have also estimated that by assuming = 0, we introduce

o
31
a négligible error, less than 1 % if we admit that a31 which is

0
knovn to be rather small, were ns Jarge as 1 .

Toking into account these considerations we get for the final
value

-y = (0.13 X 0.035)

in good agreement with the analysis by Orear (a5 = = Oolln)
and by Whetstone and Stork (-oz5 = 0.1057 + 0.035 nB) (see fig.
15)q In this figwre, we have reported also ovr experimental
point, at an energy equal to 24,4 MeV (n= 00526) which is the

average energy calculated from the 15 scattering events.

The experimental cross-section, directly computed from the 15

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

*
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APPENDIX A

Correction to the spectrum assuming that ¢ - p decays with a

. : - _0 . . . .
reprojection angle smaller than 5 are missed dnring the scanning.

Fig. 16 represents a geometrical reconstruction of the optical tra-

jectories when m - p decays are being photographed. K and K' are
the two cameras, F and F' the vlanes of the film, L and L' the op-
tical centers of the lenses, C is the center of the sensitive
depth, We shall assume that all.the pions travel in the direction
AC and decay at B. DﬁC and CﬁD in the horizontal plane are each
equal to 50. Looking from L and L', we suppose that all the muons
contained in the solid angle BDED'E' and therefore projected into
the horizontal plane at an angle <5o with the pion direction,

are lost because they are missed during the scanning. The solid
angle gDED'E',“and therefore the correction also, is determined

by the angle DED' = DE'D' = LaL', which we shall take = 180.

If dn / dfd 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(E;) of missed pi-

on decays :

(1) ®(m) - jd“/dnd"

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 @, and ¥ is measured around the

z-axis. The integral (1) becomes

(2) F(E;) - %,tfzﬁd%’f:mgiﬁ‘o) sineode
0 in




: o
(3) ©max (P) = artg {tg g% _.ges 0 }

artg ! 5 ’ (1- € L} *)
{Vi-(p% /B Pr 7y

The first one is purely geomctrical : here, as ¥ increases

P

o~

g
]

fmax () also incresses, but cannot be made larger than the
value assigned by (4), as this is the maximum decay angle of
a muon in the lab. sys. for pions of given energy. Fig.l7
shows a graph of (4) as a finction of the kinetic encrgy of

the pion E_. Fig.l8 shows a graph of (3) as a function of ‘P,

If we call N(6) the integral angular distribution of the decay
muons, i.e. the fraction of muons which decay at an angle L£¢

(including pions which decay backward and forward in oomos.) -

(5) m(e) - [i-cose] (o) + {1—-3:,; [1-cose, (e)]}

* *
Where 6; , and 92

*
tively of @ which corresponds to the same value ofg, (**) the

are the smaller and the larger value, respec-

integral (2) becomes :

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

10 CeMeSa

*¥%) The relation between e* and @ is
(k)
p* gind" o, |
tg §= ( 1-Bp) ®

p: cosg + B,




(©) 72 = o ¥ [anene] 7

Fir. 19 showe thne irtegral angulur distribution calculated

for soveral enorgies of Lhe nion, T and TIT corresjpond to the

two terms of (5).

Let us call ¥ the ¥ coordinate at which (3) gets equal to (4),

we have

fo
(1) FE) = 2/nL Iy [emax(‘P)]d\P+ (1-2Yo /=)
where emax is given by (3).
The integral (7) can be easily calculated numerically. Assuming
DﬁD' = 180, and combining the graphs of fig. 17 and 18,‘Po can

be found for any energy Ena

If B is so small that P does not exist, the correction is ob-

viously given by :
n/2
(8) TF(E,) = 2/ﬁf/ N[e max(%] a?

The correction F(En) is shown in fig, 9.



APPENDIX B

Single Coulomwh scatterings of pions in hydrogen mistaken for

pion decays.

The probability for a Coulomb scattering in hydrogen, at an
*
angle @ in c.m.s. in the elementery solid angle dn. is given

by

(1)  w(ex) anx = W/4 rez (Pe® ) 2 __aqx (grem-2)-1

(Pnpn*) sinfg¥* /2

where N = Avogadro's number,

r Qlassical radius of the electron.

e
mec = Mass of the electron.

Looking at fig. 16, a Coulomb scattering is mistaken for a
pion decay, if the pion is scattered outside the solid angle

SDED'E! .

We suppose that fig. 16 refers  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 vprobability of Coulomb scatterings per (gr cm—z) of hy-

drogen, mistaken for pion decays is given by

2
O J s L(Y) ey (er on )T

in analogy with Appendix A, except that here it is :

- 70 =




(3) or (9 = arte foo 6 SR 2]

#ith good aryvproximation it is

n
(4) sing*dg* 2
% () sinie*% pine 9% (¥)/2

From (3) we see that the maximum value for e*(p) is 339301 gq
that it is still possible, after the integration in respect to
0%, to approximate tg88%(P)~ sing*(P)~ 6*%(P), with a maximum

error of 210 % at ¢ = 900. Therefore we can write :

o foor] - ]

Performing the integration in respect of P we get :

n
r"i -———-Slni*g-ei = 2300
o o*(P) sin“gx/2

5 m, 2 2 o)1
Therefore : C = 2300 N/4 r_° ( =) gr cm }
e " Puln

If the gas density is 2.6 gr cm_z, C =1,83 10-3/ (p%?)2 cm—l.
The diagram of fig, 8 gives the ratiogec 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 5f 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 g* can be

performed up =, without appreciable error,

= L, &




APTENDIX

Essertial dntas of tha Liverpool synchro-cyclotror

Magnst internal diameter : 156" (%)

Magnetic tield : 18275 X 25 gauss,
Number of pulses per sec., : 100
Pulse length : 60y sec. for protons, ‘
120 sec, for pions. ‘
Available beams ¢ 383 MeV protons,
The internal current is 1yA,
The external current of 2 1Oq2pA,

corresponding to 4 lO10 protons cm—2 sec._l, is focused 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 4".1.5".0.25". 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, Bethe, F, de Hoffmann, S,S. Schweber,
Mesons and Fields, Vol.II, page 343). f’
l

(*) Actual magnet dismeter is 156", but only 138" can be used

because of obstruction by the proton extraction assemblees,




TABLE T

+ +

: - - - - o
Particle e p .« = e D n
Mass ¢ 19.1085% 0.0006 10-2°

MeV |0.510984 % 0,00002 105.8 20,2 |139.7 T 0.1 |139.2% 0.1 134.7% 0.3 [938.232 5 0.024]| 939.526 Z¢.024

m, |1 206.9%0.2 [273.3% 0.2 |272.8%5 0.3 P63.7%0.7 [1836.13 Z0.c4 | 18338.66 % 0.04
Decay
products| stable ei'+\?+9 P++V w0y X"'K D +e +Y
Mean 1..: 2.22 0.2 2.55 % 0.1d 2,44 ¥ 0.1d 5 107 sec 128 £ 2.5 adn.
TAte cwes 10-6sec. logssec. 10 B sec,
Spin se.ee| 3 % 0 0 0 : 3
Parity . (-) (_) (_)

..gL...




TABLE. IT
Pion kicnetic enorgy PT/I.L -
5 WeV 2,06 102 cm
10 2,95
15 3.66
20 ' 4.26
25 4577
30 52T
35 579
40 6.19




TABLE IIT

The incident meson spectrum

Incident ' Measured |Measured Corrections Corrected
o - Decays path path path
e measured length length > Projection| Coulomb 1ongth2
(MeV) =1 cm. § x gr/em” scatt. gr/cm.

= &p (%) | = %

5 -~ 10 465 1:.20 x 10” 317 6 6 388
10 - 15 601 1.98 522 8 3 657
15 = 20 655 2.58 677 10 2 896
20 - 25 559 2.51 659 12 1s5H 900
25 - 30 262 1,52 348 13:5 1 486
30 - 35 215 1.20 312 15,5 X 447
35 = 40 84 0.50 152! 17 0.5 192
Total 5

(10-35) 2292 9.59 10 2518 3386
X 100

Corrected path length

n
—

1
R
+
133

X

w

no




TABLE IV

Accepted +—p scattering events

Incident energy scattering angle
¢, of m, system
( MeV ) (degrees)
10 - 12 g 152
16 74
19 110
21 137
23 150
23 157,
25 116
26 152
26 19
25 = 27 78
25 = 27 80
29 114
51 141
32 - 70
31 ~ 34 165
%
* *
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