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Introduction

At present there is a lack of precise data on angular
distribution of =+-mesons, elastically scattered by hydrogen.
Most of the data published refer to energies less than
200 Mev!™). This is due to difficulties connected
with obtaining on cyclic accelerators sufficiently intensive
and monoenergetic beams of high energy positive pions.
Measurements made by the diffusion chamber method
up to an energy of 400 Mev ® do not have sufficient sta-
tistical accuracy.

In the Institute of Nuclear Problems of the USSR
Academy of Sciences the possibility of obtaining intense
beams of high energy positive pions arose only after the
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proton beam with an energy of about 660 Mev and with a
density ~ 10° cm2 sec™1(" was extracted from the syn-
chrocyclotron chamber.

In this report an account is given of the results obtained
by studying the scattering of =+ mesons by hydrogen at
pion energies 176, 200, 240, 270, 307 and 310 Mev. At
310 Mev measurements were made with photoplates, and
at remaining energies with scintillation counters.

Meson beams

Positive meson beams were obtained by bombardment
of a polyethylene target with a proton beam extracted

M

Fig. 1. Experimental arrangement.
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from the synchrocyclotron. Mesons produced in the
reaction p+p—nt +d at 9° to the direction of the proton
beam were deflected with a magnet by 20° and having
passed through a four-meter iron collimator with an
inner diameter equal to 5 cm. were detected by the register-
ing equipment situated behind the main shielding wall of
the synchrocyclotron (fig. 1). In the experiments made
with scintillation counters for each desired meson energy
determined by the magnitude of the magnetic field of the
deflecting magnet, the thickness of the polyethylene target
was chosen experimentally so as to obtain the highest
possible meson fluxes. The optimum thickness of the
polyethylene target for energies 176, 200, 240, 270 and
307 Mev was respectively about 67 gm/cm?, 53 gm/cm?,
35 gm/cm?, 19 gm/cm? and 4.6 gm/cm®. The corres-
ponding meson fluxes were roughly equal to 20 cm™
secl, 40 cm™? sec?, 60 cm~2 sec™!, 60 cm~2 sec! and
40 cm~2 sec L.

It is noteworthy that in spite of the considerable thick-
nesses of the polyethylene target used there is a compara-
tively narrow peak (fig. 2) from the reaction p+p—n+ +d
in the curve giving the intensity @ of the meson beam as
a function of the deflecting magnet current Ip;. This
may be explained by the fact that the mesons created in
the “front” part of the target and slowed down in the
target have roughly the same energy as the mesons pro-
duced by moderated proton beams on their way out of
the “rear” part of the target. Accurate energy determina-
tion in each case was made by measuring the meson range
in copper. A typical absorption curve for mesons with
an energy of 307 Mev is shown in fig. 3. To the range
measured by the absorption curve a correction, as in
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Fig. 2. Dependence of the meson flux @ upon the deflecting
magnet current Ju for a polyethylene target 35 gr/cm? thick.

previous papers®, was applied, which took into account
the multiple Coulomb scattering of mesons in copper.
For all energies this correction is about 2.5 per cent and
does not practically vary with changes in the energy. The
final energy values shown in Table I take into account the
energy losses of mesons in the Dewar walls and in the
hydrogen. They correspond to meson energies in the
centre of the hydrogen target. The energy uncertainty
is due mainly to the uncertainty in range determination,
to the initial beam non-uniformity and also to the uncer-
tainty of the range-energy curve. The p meson contami-
nation which is also shown in Table I was determined by
using known data on nuclear interaction of pions in copper.
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Fig. 3. A typical integral range curve (E; = 307 Mev).
TABLE 1
Energy of Uncertain-
Correctefd ©t mesons | ties in energy Contami-
+range OL 1 at the centre | of mesons in- nation of
TTMESONS 1N | ¢ the hydro-|  teracting -t mesons
(co;/)perz) gen scatter- | with hydro- (per cent)
gmjcm er (Mev) gen
90.4 176 +4 4.7+1.5
106.6 200 +5 4.04+1.0
134.1 240 +6 3.74+1.0
155.2 270 +6 34410
180.4 307 +6 2.64+1.0
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Experimental arrangement

A. Angular distribution

The geometry used in measuring angular distributions
is given in fig. 4. In the experiments a Cerenkov detec-
tor 1 and liquid scintillation counters 2 and 3 were used
in coincidence to register the number of =+ mesons falling
on the hydrogen target (monitor). The Cerenkov detector
was chosen because the meson beam contains a consider-
able number of slow protons. Scattered mesons were
detected by liquid scintillation counters 4 and 5 in coin-
cidence with counters 1 and 3. The block-diagram of
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Fig. 5. A block diagram of the electronics system.
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Fig. 4. Geometry used in angular
distribution experiments.

the electronics system is shown in fig. 5. The resolving
time of the triple and quadruple coincidence schemes was
equal to 1.5x 108 sec. The stability of the electronic
apparatus operation was systematically controlled by
measuring the ratio of the quadruple coincidence number
(1,3,4,5) to the triple coincidence number (1,2, 3).
For this purpose counters 4 and 5 were placed in a line
with counters 1, 2 and 3.

The Cerenkov detector was made of plexiglass and was
connected to a photomultiplier by a plexiglass light-pipe.
The scintillation counters 2 and 3 had the dimensions
—5cm. X 5cm. X 0.6 cm. and were made of a thin-wall
plexiglass container filled with a solution of terphenyl in
phenylcyclohexane. Counters 4 and 5 had a diameter
and thickness of scintillating matter (a solution of terphenyl
in phenylcyclohexane) of 10 cm. and 0.8 cm. respectively.
The scintillators were likewise connected to a photo-
multiplyer by light-pipes.

A Dewar flask with an interior diameter of about 14 cm.
and a thickness of walls equal to 1 gm/cm? was used as
a hydrogen target. With a 3 litre capacity of the Dewar
flask and a rate of hydrogen evaporation of about 0.25 litres
per hour no liquid hydrogen was added during continuous
8 hours’ work. During background experiments (without
hydrogen) the Dewar was evacuated.

In determining the quantity of hydrogen it was assumed
that the density of liquid hydrogen is equal to 0.0708 gm/
cm3. Considering the rate of evaporation of hydrogen to be
comparatively small, the influence of bubbles on the density
was disregarded. The mean quantity of hydrogen on the
path of the meson beam was 0.984 gm/cm? with an un-
certainty of about one per cent.

In order to avoid detection of charged particles from
stars occuring in the Dewar walls and also proton recoils
from (=*, p) scattering, aluminium filters were placed
between the scintillators 4 and 5.
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Angular distributions were obtained from the ratio

N . . .
# after taking into account the efficiency of meson
3

detection at various angles and a series of additional
corrections which will be discussed in the following
chapters.

B. Total cross sections

Total cross sections of = mesons in hydrogen were
measured by attenuation of the meson beam after passing
through the hydrogen scatter (fig. 6). As in previous
experiments 9 on total cross sections the distance from
the centre of the hydrogen scatterer to the last scintillator
was equal to 35 cm., which corresponds to an average
registration angle for the last detector close to 8°.

liguid hydrogen
7 targ'/ef filter CHy(5cm)

meson_|
beam

26cm | 26 cm 3S5cm

Fig. 6. Geometry for measuring total cross sections in trans
mission experiments.

The mesons falling on the hydrogen target were detected
by a system of three counters 1, 2 and 3 connected in
coincidences. The beam transmitted through the scat-
terer was registered by quadruple coincidences (1, 2, 3, 5).
The electronic block-scheme for these experiments is also
shown in fig. 5.

The scintillators 2 and 3 used in these experiments had
a diameter of 3 cm. and thickness of 0.4 cm. They were
made of thinwalled plexiglass containers filled with a
solution of terphenyl in phenylcyclohexane. Scintillator 5
as previously had a diameter of 10 cm.

The hydrogen target was the same as that used in measur-
ing angular distributions.

Method of measuring angular distributions
1. Scintillation counter experiments

Differential cross sections in the laboratory system were
determined by the formula

(E) N
dQ/wp KN Npg-e-Q

N, is the number of mesons scattered by hydrogen
at a given angle 9 which are registered by quadruple
coincidences;

where

N, is the number of triple coincidences;

K is a factor characterizing the beam;

N,, is the number of hydrogen atoms per cm?;

e is the efficiency of registration of mesons at the angle 9;
Q is the effective solid angle.

A description of experiments designed in order to find
the parameters appearing in the formula is given below.
The numerical values of these parameters will be given
in the tables which summarize the experimental results.

A. Determination of =+ meson flux

In view of the fact that in the scattering experiments a
thick hydrogen target was used, it was necessary to take
into account the absorption of mesons not only in scin-
tillator 3 and in the front walls of the Dewar but also in the
hydrogen scatterer. In determining the number of mesons
falling on the hydrogen target, counting losses, which are
especially important at energies 240 and 270 Mev, were
taken into account.

Finally it was necessary to consider the mu-contamination
of the beams.

Taking into account the above mentioned facts the

mean number of =+ mesons Nr that could take part in the
scattering was determined as follows :

)

ankN;;:Na-n.an{l—%e_GtNH_

Here 1 is a coefficient taking into account counting losses
in the registration of triple coincidences;

o is the fraction of = mesons in the beam;

ot is the total cross section of =+ mesons in hydrogen;

B is the fraction of the beam absorbed in scintillator 3
and in the front walls of the Dewar.

B. Efficiency of meson registration

The efficiency of registration of mesons scattered under
different angles and detected by quadruple coincidences
(1, 3, 4, 5) is determined by two factors :

1. The registration probability of mesons which passed
through the sensitive volume of the scintillation counters
4 and 5, and

2. the absorption probability in the scintillator 4 and
in the aluminium filter of mesons scattered at a given angle.

Both the absorption of scattered mesons and their
registration probability were determined in special experi-

ments. The first factor was determined by experiments
performed in the geometry shown in fig. 7. It was found

4ord

1 2 3
o ———

scintillator under investigation

Fig. 7. Experimental arrangement for investigating pion
detection probabilities in scintillators 4 and 5.
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that the probabilities of registering mesons by scintil-
lators 4 and 5

N4 (1’2’394)
€ = T

N3 (1 ,253)

and N4 (1927355)
&= T
NG (1,2,3)

are equal to unity with an accuracy of a few tenths of one
per cent.

The four counter coincidence system 1, 3,4 and 5 had
a very good plateau (the counting rate varied only by
1 per cent when the voltage changed by 200-300 volts).

equivalent  filter
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Fig. 8. Geometry used in determining meson attenuations in
filters.

In order to measure the absorption of scattered mesons
in the “equivalent filters” consisting of scintillator 4 and
aluminium filter, counters 1,2, 3 and 5 were arranged in
oneline. The attenuation of meson beams in these equiva-
lent filters was determined for a number of energies.
The electronic scheme variant (fig. 5) designated for measur-
ing total cross sections was used. The geometry of the
experiment is shown in fig 8. In this experiment the
meson beam energy was defined by the current in the
deflecting magnet. Control measurements performed
when measuring ranges in copper showed that discrep-
ancies between energy values determined by the two
methods did not exeed 4+ 2 Mev.
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Fig. 9. Meson detection efficiency as a function of pion energy
energy (Al filter 3 cm. thick).

N, (filter)
N, (without filter)
as a function of energy for Al filters of different thicknesses
it is evident that in the region of energies close to 200 Mev
5 (E) has a minimum due to the character of the energy
dependence of total pion cross sections for complex
nuclei 1.

From the measurements of e, =

From absorption curves in Al at different energies it
was possible to measure directly the detection efficiency of
scattered mesons, since the probability of meson regis-
tration in scintillators 4 and 5 is equal to one.

A slight correction to the detecting efficiency was applied
to take into account the absorption of scattered mesons
in the wall of the hydrogen target.

Thus the registration efficiency of scattered mesons,
given in Tables II-VI, was determined as

e=¢tqp (1 —X%),
where x is the fraction of scattered mesons absorbed
by the Dewar walls.

C. Determination of the effective solid angle

The most important geometrical correction was intro-
duced due to the fact that the dimensions of scintillator 4
were less than the diameter of the hydrogen target. Conse-
quently there is an angle-dependent part of the hydrogen
scatterer which is located in a half-shade in relation to the
telescope of counters 4-5; fig. 10 gives the dependence on

av

angle 9 of the ratio (Qec is the solid angle through

9
which scintillator 5 is seen from the centre of the hydrogen
target and Qav is the solid angle defined by the telescope
of scintillation counters 4-5, averaged over the volume of
the scatterer).

In order to obtain the effective solid angle for the regis-
tration of scattered mesons it is necessary to apply to
Q av an additional correction taking into account scat-
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Fig. 10. Dependence of
Qe

upon angle.
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tered meson detection in the light-pipe of scintillation
counter 5.

The comparatively high sensibility of plexiglass light
pipes to high energy particles is due both to Cerenkov
radiation and to “weak” scintillations in the plexiglass.

. Q-Qay
The increase of the average solid angle o was
av

determined for mesons of known energies scattered under
two angles. The dependence of the light-pipe sensitivity
on energy was determined in the direct meson beam for
different values of the deflecting magnet current. This
made it possible to obtain the effective value of the solid
angle Q necessary for the determination of the differential
cross-sections given in this report. The dependence of the
average increase in the solid angle on meson energy is
shown in fig. 11. While determining the effective solid
angle another correction was applied taking into account
the fact that the telescope of scintillation counters 4-5
has a limited angular resolution.

2- Pav
Pav
0417
915
a3
au
100 150 200 250 £ Mev
. Q— Qav
Fig. 11. Energy dependence of

Qav

Multiple nuclear meson scattering in hydrogen was not
taken into account. Likewise no account was taken,
because of their insignificance, of corrections connected
with chance coincidences and with n-p. decay of scattered
mesons.

II. Photoplates

Electron-sensitive photoplates with an emulsion layer
400 micron thick were exposed to the =+ meson beam at
the outlet of a four-meter collimator. In order to shield
the plates from protons in front of the plates a copper
filter 2 cm. thick was placed. After their transmission
through the filter the meson energy was 310--10 Mev.

Scattering events were looked for by area scanning
with immersion lenses and a magnification of 450 X. In
order to obtain good registration efficiency of scattering
events scanning of the entire area was repeated. In
order to determine the scanning efficiency which is some-
what different for various scattering angles, a part of the
photo-plate area was carefully scanned with a magnifica-
tion of 630 x. Corrections introduced on the basis of
results obtained after such a scanning refer to angles
greater than 110° in the centre of mass system and did
not exceed 4-5 per cent. Moreover, in order to check
the scanning efficiency the number of stars created by
n+ mesons in the photoemulsion was counted. If the
cross-section of w+ meson interaction with nuclei is close
to the geometrical cross-section, then for every 13-14 stars
one elastic scattering of =+ meson on hydrogen must be
observed. Results obtained by such a method of checking
indicate that the scanning efficiency was very high indeed.

Elastic scattering processes were identified by the
following criteria arising from the laws of energy and
momentum conservation.

1. The angular correlation between the scattered
meson and the proton recoil. All cases in which the
angular correlation differed from the computed one by
more than 1° were disregarded.

2. Coplanarity. Conditions of coplanarity are ful-
filled when

cos 8y cos 8, * cos 3,
sin 9

sin ® =

x [tg 3, in 9’y — tg 5, - sin &4 + tg 8, sin (¥, — 19'2)],

where §,, 3, and 3§, are the angles of inclination to the
emulsion plane of the primary, scattered meson and proton
recoil track, respectively: 97, 9; are the meson scattering
angle and the angle of the proton recoil, respectively, in
the emulsion plane; 9’ is the angle in the emulsion plane
between the scattered meson and the recoil proton;

® is the angle of inclination of the primary meson track
to the plane of the scattered meson and recoiling proton
tracks.

Events in which ® > 1° were neglected, since they did
not satisfy coplanarity conditions. For small angle
scattering when the recoiling proton possesses a low
energy and stops in the emulsion it was required that its
energy should be equal to the computed one.

Scattering events produced by mesons whose tracks
deviated from the initial direction of the meson beam by
angles greater than 3° (the mean angle of multiple scat-
tering in the copper filter) were neglected.

The angular distribution obtained (interval of summa-
tion equal to 20°) was normalised so that

do
il — +
fdeQ o1 (x, p)
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where o, (n+, p) is the total cross-section of m+ mesons
in hydrogen. It was assumed that the total cross-section
at 310 Mev is equal to 70 x 102" cm? (1),

Method used in measuring total cross-sections

Total pion-proton cross-sections, measured by the
method of attenuation of the beam passing through the
scatterer, were determined by the formula :

. (TC+ p) _ 1 ln N4(noH) . n(noH) — N4(0) . n(o) . “u-
A Ny N,E - _N,® - 7® - o,
9 =8

}dQ
ab

N,©®, N,@H and N, — number of quadruple coin-
cidences normalized to unity of monitor, respectively,
without Dewar [N4(°)]; with evacuated Dewar [N4(“°H)]

and with the Dewar filled with liquid hydrogen [N4(H)]
7©®, n@H) and nM) — factors taking into account the
counting losses in the registering system :

v o=\, (dov
f { dQ ) e dQ
0

The following notations were used :

o, — fraction of w mesons in the beam;

do: e .
(——’T — angular distribution of = mesons in the
dQ / 1ap

laboratory system of coordinates;

dop
dQ / 1ap
in the laboratory system of coordinates.

— angular distribution of recoiling protons

Accidental coincidences determined in separate experi-
ments were negligibly small (of the order of 0.1 per cent).

Experimental results

A. Differential cross-sections

The experimental results are tabulated beiow. In
Tables II-VI are shown the results of measurements made
with scintillation counters. In addition to the final values
of differential cross sections in the laboratory system

do

dQ
ical values of the already defined parameters K, Q and ¢
are given in the tables. An idea of the background under
different angles (without hydrogen) may be obtained from
N, (Dewar)
N, (Dewar + H)
of the normalized number of quadruple coincidences
without and with hydrogen in the Dewar is given. The
fifth column gives the counting rate (N, (Dewar + H)
— N, (Dewar)) of quadruple coincidences due to hydro-
gen only and normalized to 10° counts of triple coincidences
No.

Errors in the final cross section are standard deviations.
They include uncertainties in the determination of correc-
tions and ultimately have only a statistical nature.

. do
and in the center of mass system —, numer-
lab dQ

the fourth column, where the ratio

TABLE II Er = 176 & 4 Mev

Angular distribution of =+ mesons scattered by hydrogen

Angle | Distance | Thickness Approxi- “Net”’ K Q c do Angle 0 do
9inthe | fromthe | of alumi- mate hydrogen factor . . . - in the -
labora- | centre nium magni- effect character-| effective solid | detection (d Q) . centre of do

tory | of the tar-| filter (cm.)|  tude of (per 10° ising angle in the efficiency lab. differ1 "~ mass
system get to background countings the beam laboratory for scat- ential cross- system. | differential cross-
(degree) | last scin- of monitor) system. (sterad.) tered sections in the | (degree) | sections in the
tillator N, (Dewar) mesons | jaboratory system centre of mass
(cm.) N, (Dewar+H) (10—2"cm?sterad™?)| system
(10~%"cm? sterad™?)
30 63.5 3.8 0.4 308+30 0.915| 2.20x10? 0.835| 31.1+3.1 38.5| 20.042.0
45 63.5 3.0 0.2 221420 0.915| 2.16x102 0.858 | 22.142.1 56.8] 15.7+1.5
60 63.5 3.0 0.14 129+14 0.915| 2.17x1072 0867 12.7+1.4 7421 10.241.1
75 63.5 3.0 0.17 96+11 0.915 2.13x 1072 0.879 9.641.1 90.4 8.841.0
90 63.5 0.8 0.17 105+13 0.915| 2.10x1072 0912 10.241.3 105.6f 10.841.4

105 63.5 0.8 0.13 128414 0.915| 2.10x10°2 0.904 | 125414 119.5( 153417

120 63.5 0.8 0.16 14215 | 0915] 2.11x102 0900 13.9+1.5 1329 19.3+2.1

135 63.5 0.8 0.22 146+15 0915 2.13x10°2 0.898 | 14.241.5 145.3| 21.842.3

149 63.5 0,8 0.10 175416 0.915| 2.15x1072 0.898 16.841.5 157.2| 27.942.6
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TABLE III Er = 200 & 5 Mev

Angular distribution of =™ mesons scattered by hydrogen

211

Angle Distance | Thickness Approxi- “Net”’ K Q c do Angle § do
Hinthe | from the | of alumi- mate hydrogen factor . . . - in the -
labora- centre nium magnitude effect character-| effective solid detection ( dQ) . centre of do
tory |of the tar-| filter (cm.) of (per 108 ising angle in the efficiency lab. differ-| 555
system get to background countings the beam laboratory for scat- ential cross- system | differential cross-
(degree) | last scin- of monitor) system. (sterad.) tered sections in the | (degree) sections in the
tillator _N, (Dewar) mesons | japoratory system centre of mass
(cm.) N;(Dewar+H) (10—*? cm?® sterad—1?) system
(1027 cm? sterad—1)
20 73.5 6.8 0.6 249421 0.930 | 1.68x1072 0.734| 36.943.2 26.3] 22.14+1.9
35 63.5 6.8 0.3 242416 0.931 2.23x 1072 0.733 27.0+1.9 453 17.5+1.2
50 63.5 3.0 0.2 199412 0960 | 2.22x10°? 0.850 | 18.7+1.2 63.5| 13.6+09
80 63.5 3.0 0.2 77.6+6.4 0.949 2.18x 1072 0.870 7.384+0.75 96.5 7.134+0.73
95 63.5 3.0 0.1 93411 0.930 2.13x10672 0.883 9.041.1 1i1.2 10.24-1.2
110 63.5 3.0 0.1 117.1+8.3 0.964 2.14x 1072 0.893 10.8+0.8 125.8 14.14+1.1
150 63.5 3.0 0.2 141410 0.940 | 2.18x 10 0.881| 13.3+1.0 1574 22.8+1.7
TABLE IV En = 240 £ 6 Mev
Angular distribution of =+ mesons scattered by hydrogen
Sl | o tise | of stums | mooncradeof | hydrogen | factor Q- e |fdo e do
labora- centre nium background | effect (per 10° | character- eﬂ’ec‘uv? solid | detection dQ .| centre of d0
tory |of the tar- | filter (cm.) countings ising angle in the efficiency lab. differ-| s
system get to N,(Dewar) of monitor) the beam laboratory for scat- ential cross- system | differential cross-
(degree) | last scin- N, (Dewar +H) system (sterad.) tered sections in the | (degree) sections in the
tillator mesons | [aboratory system centre of mass
(cm.) (10—*’cm? sterad—?) system.
(10—2%7 cm? sterad—)
20 73.5 9.0 0.6 267425 0.999 | 1.69x1072 0.701 | 38.4+3.7 26.8 22.0+£2.1
35 73.5 6.8 0.2 166-+12 0.999 1.69 <102 } 0.749 24.6+1.6 46.3 1544+1.0
35 63.5 6.8 0.3 174418 0.999 2.25%x 1072
50 63.5 3.0 0.3 155410 1.074 2.25x 1072 0.823 13.341.0 64.7 9.47+0.68
80 63.5 3.0 0.3 59.944.0 1.074 2.20x 1072 0.862 5.0040.36 97.8 4,9240.35
95 63.5 3.0 0.2 59.7+4.2 1.066 | 2.16x1072 0.865| 5.104+0.38 | 112.4 5.864-0.44
110 63.5 3.0 0.3 60.44+4.2 1.067 2.15%x 1072 0.877 5.10+0.38 126.0 6.80+0.51
150 63.5 3.0 0.2 97.545.1 1.038 | 2.19x 1072 0.900| 8.124+0.47 | 158.1 14.504-0.84
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TABLE V Er = 270 & 6 Mev
Angular distribution of =+ mesons scattered by hydrogen
post [ o [l oo [ e | | @ [ e e o[ 0o
labora- | centre nium magni- effect character-| effective solid | detection do . centre of do
tory |of the tar-| filter (cm.) tude of (per 10° ising angle in the efficiency lab. differ-| ~ mags
system | get to background countings the beam laboratory for scat- ential cross- system | differential cross-
(degree) | last scin- of monitor) system (sterad.) tered sections in the | (degree) sections in the
tillator _N, (Dewar) mesons | Jaboratory system centre of mass
(cm.) N;(Dewar +H) (10—?7 cm?sterad—") system
(10—27cm? sterad—?)
20 73.5 9.8 0.6 21016 1.042 1.69 x 1072 0.689 294424 27.5 16.4+1.3
50 63.5 3.8 0.3 104.64+-6.4 1.025 2.26x 1072 0.827 9.244-0.61 65.7| 6.52-+0.43
80 63.5 3.0 04 29.34-2.6 1.026 | 2.23x 1072 0.848 2.57+0.24 98.8| 2.524-0.23
95 63.5 3.0 0.4 21.9+3.8 1.032| 2.15x 102 0.859 1.944-0.34 113.3| 2.26+0.40
110 63.5 3.0 0.3 37.1£29 1.028 2.16x 1072 0.871 3.2540.26 126.8| 4.464-0.36
149 63.5 3.0 0.4 452432 1.021 2.19x 1072 0.880 3.90+0.29 157.7| 7.2240.54
TABLE VI Er = 307 4= 6 Mev
Angular distribution of =* mesons scattered by hydrogen
A | e | o stom: | masniude'sr | hydrogen | factor Q€ e |(do Anthe do.
labora- | centre nium background | effect (per 108 |character- | effective solid | detection do . centre of a0
tory of the tar-| filter (cm.) countings ising angle in the efficiency lab. differ-| ~ a5
system get to N (Dewar) of monitor) | the beam sysltzgfréttoef'i 4 fotre‘_sggt' ential cross- system | differential cross-
(degree) | Iast scin- N, (Dewar + H) mesons | 1aporarory system | 00 | Sentre of mass
(cm.) (1027 cm®sterad—) system
(10—%7 cm?®sterad—)
20 73.5 11.0 0.6 186415 1.024 1.69 % 1072 0.672| 272423 27.9 14.5+1.2
35 63.5 6.0 0.3 174417 0.984| 2.25x1072 0.804 16.64+-1.7 4791 9.86+0.99
50 63.5 5.0 0.3 96.1+5.1 1.021 2.26x 1072 0.829 8.55+0.48 67.1 5.9140.33
80 63.5 2.0 0.5 21.142.2 1.021 2.25%x 1072 0.908 1.724+0.19 100.0 1.554+0.17
95 63.5 3.0 0.4 22.84+4.5| 0992 2.18x10°? 0.850 | 2.10+0.41 114.5| 2.494-0.49
100 63.5 2.0 0.3 29.142.6 1.021 2.19x 1072 0.906 | 2.44-+0.23 127.8 3.424-0.32
130 63.5 3.0 0.3 26.0+4.4| 099 | 2.18x10°? 0.875 2.33+0.40 144.0| 3.9240.67
149 63.5 2.0 0.4 30.14+3.2 1.020| 2.19x 1072 0.915 2.504-0.27 158.2| 4.77+0.52




TABLE VII

Angular distribution of =+ mesons scattered by hydrogen
in photoemulsion
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Er = 310 4 10 Mev

do ..
o differen-
Angle Number of tial cross-
interval in scattering section in
the c.m. sys- events regis- the c.m. sys-
tem (degrees) tered tem
(1027 cm?
sterad ~1)
10— 30 75 16.0+1.8
30— 50 101 11.54+1.2
50— 70 84 7.0+0.8
70— 90 47 341404
90—110 30 22404
110—130 28 2.440.5
130—150 35 4.04-0.6
150—170 27 5.8+1.1

Concerning other additional errors of unknown origin,
it can be stated that total cross sections ot (=%, p), inde-
pendently determined by attenuation of the meson beam,
are close to the values obtained by integrating differential
cross sections. It is evident that such errors may hardly
be substantial. However, some additional errors are
pointed out by the magnitude of experimental point
deviations from the “best” least square curves, as will be
seen later.

In Table VII are given data referring to the angular
distribution of 310 Mev =+ mesons scattered by hydrogen
in the photoemulsion based on observation of 427 wr—p
interactions in the angle interval 10°-170° (in the c.m.
system).

While considering the results obtained, at first the
greatly symplifying assumption was made that only S and
P waves take part in the scattering, i.e. the angular distri-
bution can be written as

d
E% = a, + a, P, (cos 0) + a, P, (cos 0)

Corresponding coefficients at various energies deter-
mined by the least square method are shown in Table VIII.

In order to make a convenient comparison of the present
data with previously published results of angular distri-
bution measurements which at other energies were usually

do
presented as 0 = a + b cos 6 + ¢ cos? 0, Table IX

gives the corresponding coefficients.
The last column of Table VIII contains the values of

M=2ZX

i

£8) = o ()
v )

where o (0;) is the measured differential cross section at
angle 0; with an experimental error A ¢ (01); f(6:)) — is
the value at angle 6; of the function a,+a; P, (cos 6)
+ a, P, (cos 0) obtained by the least square method. In
the 8th column are given the expected values M!, which
are equal to the difference between the number of experi-
mental points n and the number of free parameters m 2.

TABLE VIII

7+ meson scattering by hydrogen. Coefficients of angular distribution

E = a, + a,P; (cos 0) -+ a,P, (cos 6) A2 E’— = A, + AP, (cos 0) 4+ A,P, (cos 0)
dQ dQ
Meson Expected
energy a a a value M
0 1 2 1__
Mev) | joerem? | (107 em? | (1077 cm? A, A, A, Mi=n-m
sterad—1) sterad—?) sterad™?)
176 +4 15.86+0.38 | -0.8440.76 13.5 +£1.1 | 1.9264-0.047 |-0.10240.093 | 1.63+0.13 6 1.7
20045 14.154+0.29 | 1.04-£0.55 12.47-40.82 | 1.996--0.041 | 0.14740.078 | 1.76+0.11 4 5.7
24046 10.12+0.29 | 4.58-+0.57 9.954-0.63 | 1.7704+0.050 | 0.80 4-0.10 1.74+0.11 4 4.4
270+6 6.47+0.25| 4.73+0.50 7.074-0.50 | 1.300+0.050 | 0.95 40.10 1.42+0.10 3 5.0
30746 54540.19| 5.12+0.38 6.18-4-0.40 | 1.27540.045 | 1.1994-0.089 | 1.454-0.09 5 11.3
310+£10 5.5 +£0.2 49 +04 6.2 +0.6 | 1.31 +0.05 | 1.17 £0.10 1.48+0.14 5 1.2
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TABLE IX

Coefficients of angular distribution

d d
—Ga-[—bcose—kccosze ﬁ—2—6=A+Bcose~|-Ccos26
dQ dQ
Meson
(1027 cm? (1027 cm? (10-27 cm? A B C
sterad—1) sterad—1) sterad 1)
176 9.144+0.42 -0.84-+0.76 20.2 +1.6 1.11-0.05 -0.104-0.09 2.45+0.19
200 7.924-0.36 1.0440.55 18.7 £1.2 1.12-40.05 0.154-0.08 2.6440.17
240 5.15+0.22 4.584+0.57 14.93+0.95 0.90+0.03 0.80+0.10 2.614+0.17
270 2.9340.15 4.73+0.50 10.5940.75 0.59+0.03 0.954-0.10 2.1340.15
307 2.36+0.14 5.124-0.38 9.264-0.60 0.55+0.03 1.20+0.09 2.17+0.14
310 24 +0.2 49 +04 9.3 +0.9 0.574-0.05 1.1740.10 2.2140.21
TABLE X
7+ meson scattering by hydrogen (Ex = 307 Mev). Coefficients of angular distribution
do _ P,(cosB) + a,Ps(cosd) + azPy(cosh do
30 — 20 T a1Pucost) + aPy(cosh) + azPy(cosh) | 5., —5 = Au  APu(eost) |- AsPy(cos) + AsPy(cost) + APy(cost)
+ a,Py(cosb)
ay a ay as ag
(10727 cm?((10~%7 cm?|{(10-2" cm?{(10~27 cm?| (10-27 cm? Ay A, A, A A, Mt M
sterad™!) | sterad™?) | sterad™!) | sterad™!) | sterad~?!)
5.49-+0.21|5.22 +£0.49|6.05+0.61{0.43 +-0.58|—1.34 - 0.52|1.285 +0.049(1.22 +0.11{1.424+-0.14|0.10+0.14|-0.31 £ 0.12| 3 1.4

As is evident from the Table, for energies 176, 200, 240
and 310 Mev the M values are close to the expected one.
For the energy 307 Mev M substantially exceeds M.
This is illustrated in fig. 12, 13, 14, 15, 16 and 17, where
distributions of the type

do

a0 = a, + a,P; (cos 0) 4 a,P, (cos 0)

are shown together with the experimental cross sections.

Consequently, for meson energies 307 Mev, there is
some point in approximating the experimental data with
a function possessing a greater number of free parameters,
i.e. with a function of the form

d
d—g = a, + a,P; (cos 0) + a,P,(cos 0) 4+ a;P;(cos 6)

+ a,4P4 (cos 0).

This may mean, that at an energy as high as 300 Mev it is
difficult to describe meson-nucleon scattering by S and
P waves only. The importance, if any, of the D wave
contribution to the scattering will be discussed later.
Table X gives the coefficients of the angular distribution
obtained by a least square approximation of a function
with five free parameters.

In fig. 16 the dotted curve shows the angular distribution

d
EE = { 5,49+ 5,22P,(cos0)+6,05P,(cos0)+0,43P;(cos0)—

e

-1,34P,(cosH) } *10~%"cm? -ster—.

B. Total cross-sections

Values of total cross-sections are given in the Table XI.
Indicated errors are standard deviations and include un-
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certainties in the corrections which take into account the
considerable solid angle subtended by the last counter,
counting losses in the registering system and p+ meson
contamination. The contribution of the integral

6= 8°
do (dap }
—_ — dQ to the total cross-
f {(dQ 1ab + dQ / 1ap
0

section varies from 4 X 10727 to 6 X 1072 cm? with an

uncertainty of about 10~2" cm? at all energies. In the
cm?/sterad
N
S
© -
‘Q% E=176/Mev
25
20
15
10
5
0 30 50 90 120 150 180 §(degr)

Fig. 12. Angular distribution of positive pions scattered
by hydrogen (Ex = 176 Mev). The solid curve is the three
parameters least square fit.

cmy/ sterad
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b' o £-200Mev

25
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5

0 30 60 w0 120 150 180 6 (degr)

Fig. 13. Angular distribution of positive pions scattered
by hydrogen (Er = 200 Mev). The solid curve is the three
parameters least square fit.

cm?/ sterad.
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%
o
3% | £=240 Mev

25
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(@]
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Fig. 14. Angular distribution of positive pions scattered
by hydrogen (Er = 240 Mev). The solid curve is the three
parameters least square fit.

cm?/ sterad,

25

£E=270 Mev
20

as
ae 407

15

o 30 60 90 120 150 160 8(degr)

Fig. 15. Angular distribution of positive pions scattered
by hydrogen (E, = 270 Mev). The solid curve is the three
parameters least square fit.

cm?/ sterad

‘102/

ds
iz

0 30 50 %0 120 150 80 9(degr)

Fig. 16. Angular distribution of positive pions scattered
by hydrogen (Ex = 307 Mev). The solid curve is the three
parameter least square fit. The dotted curve is the five parameters
least square fit.
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N cm?/sterad
®
g

15

E-310Mev
10
5
0 30 60 90 120 150

8(degr)

Fig. 17. Angular distribution of positive pions scattered
by hydrogen (E; = 310 Mev, photographic emulsion method).
The solid curve is the three parameter least square fit.

same table in the third and fourth columns are shown values

ot = f ;——g dQ obtained by the integration of functions

g% = a, + a,P; (cosb) + a,P,(cost) and
%%2 =a’, + a’;P, (cosB) + a’,P, (cosb) + a’,P; (cosd) +

+ a’,P, (cos0)

with the coefficients which are shown in Tables VIII and X.

In” fig. 18 together with the energy dependence of
oi(=*, p) obtained by the beam attenuation method in
our present and former ® experiments the values of
o, obtained by integrating differential cross-sections are
given. It may be seen that the agreement of cross-section
values obtained by two independent methods is good.
There is some divergence only at energy 200 Mev. Com-
parison of these results with the data of other publica-
tions 1® is given in the following chapter.

TABLE XI

Total proton cross-sections for =+ mesons

d
f 240 = f 9 40 =
Meson energy 6t (t,p) dQ dQ
(Mev) (1027 cm?) 4ma, dmay
(102" cm? | (107%7 cm?)
176 +-4 193 +67F 199.4+4.9
2005 177.943.7
24046 125.642.5 | 127.24+3.6
270+6 85.243.0 81.34-3.1
307 +6 65.74:2.2 68.54+2.4 69.04+-2.6
+ Measurement made earlier 9) at energy 174 Mev.
’1, cr?
200
150
100
.4__‘
:g_.
5q
a.m_ 100 130 200 250 300 350 Ex(Mev)

Fig. 18. Total positive pion cross-sections in hydrogen, ob-
tained :

X By transmission.

0 By integration of angular distributions.

Discussion and interpretation of results

As is well known, Anderson et al.!® have analyzed
experimental data on © meson scattering at energies up to
200 Mev under the assumption that in the scattering
only S and P waves take part and consequently that scat-
tering processes are described by six phase shifts. In
case of positive = mesons and in the absence of D waves
the scattering is described by three phase shifts only o,
a4, and ays, determining the scattering respectively in the S,
P14 and P3/, states with isotopic spin ?/5.

In this report data on positive meson scattering are
analysed both on the assumption that the D state contri-
bution in the scattering is negligible, i.e. that there is
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appreciable interaction only in the S and P states (S-P
analysis), and on the assumption that D state contribution
is not negligible (S-P-D analysis). This last assumption
may be justified at such high energies as 300 Mev. Besides,
data shown in Table X do not contradict this assumption.

When S, P and D waves take part in =+ meson scattering
in addition to the formerly defined three phase shifts o,
o3, and «s; there are 2 other phase shifts differing from
zero; they correspond to D wave interaction in states
with an angular momentum 3/, and °/, and will be denoted
by 335 and 8.

1. S-P Analysis

A. Phase shifts

In case when =+ meson interaction with hydrogen pro-
ceeds only through S and P states, analysis of the scat-
tering is sufficiently simple and phase shifts in first approxi-
mation may be determined by a graphical method®.

Angular distribution coefficients, as it is known, have
the following form :

A =sin2a;+sin?(og3—0otg,) €))
B=2sin«,[2sine,; *cos(a; 50t 5) + sina gy *cos(og,—og)] (03}
C=3{sin%u;;+2sinog, *sineg, -cos(otgg—0t3,)} ?3)

Results of the graphical analysis are given in Table XII.
In the same table are shown “best” phase shifts ') obtained
with a fast electronic computer. As an independent
measurement, total cross-section also was used in the
analysis.

TABLE XII

Phase shifts in =+ meson scattering by protons
(in degrees)

Num-

ber

Meson |Graphical method Electronic computer of in-

energy depen-

(Mev) | o o g oy Oy Oy M dent

meas-

ure-

ments
176 | -11 -16 67 | -10.6 -19.5 69.0 3.1 | 10
200 | -9 4" 96 | - 9.1 100 1020 7.0 7
240 | -14 -8 113 | -18.1 - 2.6 114.7 4.2 8
270 | -21 -6 128 | -20.2 - 6.7 129.3 5.8 7
307 | 24 - 8 134 | -23.2 - 8.4 133.2 12.0 9
310 | 23 -9 132 | -22.7 - 7.1 1313 1.1 8

In this table M denotes the quantity

fi (oy, 03y, 0t93) — 01\ ®
Aoi )

1

Only the “resonance” solution was considered, i.e.,
the solution of the Fermi type in which o33 passes through
900 in the energy region 170-200 Mev. The basis for this
was discussed in the work of Anderson et al.'?.

B. Behaviour of the S phase shift «; with the assumption
that the scattering is determined by three phase shifts
only

1t is necessary to stress the fact that in the “resonance”
region values of all three phase shifts are determined with
low accuracy. As formulas (1), (2) and (3) show, a3 is
very sensitive to small changes of coefficients A, B and C
in the region where it is close to 90°. The difficulty in
determining the S phase shift o is due to the fact that the
interference coefficient B, from which mainly this phase
shift is being measured, is close to zero and in the “reson-
ance” region is known with a very poor accuracy. At
energies considerably exceeding “resonance”, it is possible
to determine both «;; and «; with a comparatively good
accuracy. Therefore, special attention should be paid
to the high values of the phase shift «; at energies of
240, 270, 307 and 310 Mev. The magnitude of this phase
shift substantially exceeds values which could have been
expected , if, up to these energies, the Orear **) linear depend-
ence of «z on meson momentum which describes quite well
the experimental data at low energies, was valid. It is well
known that Orear proposed the following phase shift
equations :

oy = — 0’1 17] (4)
(713/‘*)) . Ctg“33:8,05~3a8‘° (5)
g, =0 (6)

where 7 is the meson momentum in the c.m. system in
units of uc, and o is total energy minus the rest proton
mass. Of course, not all the values of the “best” phase
shifts satisfy the equations (4-6), but this may be due to
uncertainties in the “best” phase-shift determinations of
«g at energies close to “resonance”. More specifically,
Orear has shown that all known differential cross-sections
up to 220 Mev do not contradict these equations.

In view of the theoretical interest of the behaviour of
the S phase it is desirable to study the reasons of the observ-
ed deviation of a3, at energies 240, 270, 307, and 310 Meyv,
from the linear dependence which is valid in the low energy
region. The question may be put as to whether it is
possible to explain the deviation only by the inaccuracy
of the “best” values of the phase shift o;. In order to
answer this question, differential cross-section values
(experimental values) shown in Tables II-VII were com-
pared with the cross-section computed on the basis of
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equations (4-6). Results of comparisons are shown in

Table XIII.
TABLE XIII
Meson energy Number of ex- M
(Mev) perimental points (4-6)
176 9 4.6
307 8 240

+ The difference in values M(,_;) at energies 307 Mev (electronics)
and 310 Mev (photoplates) in no way indicates discrepancies
in the measurement and is connected only with the different
accuracy of these experiments.

In the last column are shown the values M (¢ =

£ (o, o5, 0) —a (0" .
{M} which characterize the degree
Ac(6)
i
of deviation of the curve f (a5, og; 0i), calculated
with equations (4-6), from the experimentally measured
values of differential cross-sections ¢ (01).

The Table shows that experimental data at energies
176 Mev and 200 Mev do not contradict equations (4-6),
a fact which confirms the analysis of other data in this
energy region previously made by Orear. At higher
energies it is absolutely impossible to satisfy experimental
results with the phase shift values predicted by equations
(4-6).

Supposing that up to energies of about 300 Mev scat-
tering is sufficiently well described by S and P waves only,
it may be definitely concluded from the foregoing that the
linear dependence of «; on meson momentum, at energies
exceeding 200-240 Mev, does not hold. On the other
hand, since such a simple dependence is quite attractive,
it is necessary to consider carefully whether experimental
data can still be fitted with a linear dependence on momen-
tum, by inserting a higher angular momentum (I1=2),
all the more so, since experimental data at energy 307 Mev
indicate some difficulties in approximating the angular
distribution with a function of type a + b cos 6 4 c cos?6
(see Tables VIII and XII).

‘angular distribution can be written in

II. (S-P-D) Analysis

When S, P and D waves take part in scattering the
the form
 do

dQ
Phase shifts and angular distribution coefficients are
related by the following equations

A =A-+BcosH + Ccos20 + D cos® 6 + E cos, 0.

A=|S|*+ |PiP-|*+ |2Ds+D-[2-2I(SED+Dy)  (7)

B=2I(S/2P; + P)-21(2Ds + D-/2P: + P-)
+6I(Ps~P-/Di-D-) (8

C=|2Ps + P-|*~|P+—P-|* 4 9| D+ -D-| 2-6[2D- |
+61(S/:D+ + D-) ©)

D=6I(2P++P_/gD+—|—D_)—6I(P+—P_/D+—D_) (10

E:9|§D++D—|2—9|D+—D_|2 (1

where the following notations are used :

S — e+ sin o P_ = €731+ 5in oy 3 Py = €753~ sin o5

D_ = 1 8,5, Dy = €35 sin 8,53 1 (a/b) = 4 (ab* + ab¥)

Total cross-sections are expressed in terms of phase shifts
as follows :

, 0t (7*,p)
4

A = sin%u; + sin%og; + 2 (sin%ug3 4 sin%d;,)

=+ 35in%3;5 (12)

From the coefficients obtained at energy 307 Mev
(Table X), the D wave phase shifts were roughly estimated
in a preliminary way on the assumption that they are
really needed. To simplify matters an approximate
solution of equation systems (10) and (11) was sought for,
in which it was supposed that a3, = 0, and o33 = 134°,
i.e. equal to the phase shift a3, obtained by (S-P) analysis.
This is a reasonable assumption, since the perturbation
caused by D waves has little effect on «;;. It turned
out that the obtained values of §;; and 335 can satisfy
equations for all coefficients and, besides, it was found
that the phase shift «; was considerably less than 24°,
i.e. considerably less than the value obtained when S and P
waves only were taken into account.tt

+1 It must be pointed out, that Orear long ago considered the effect of D waves 19) when interpreting experimental data on
m-meson scattering by hydrogen in the region of energies up to 220 Mev. However, he took into account only the D wave
with a total angular momentum 5/,. As is evident from the equations (7-11), 8, gives little “perturbation” on the phase shift

o, if we assume 35 of the order of a few degrees at energies 160-200 Mev.
The value 3, = 0.013 v° proposed by Orear for fitting the experimental data in the region of energies from 100 up to

200 Mey, is excluded by the results of this report.

Moreover, as has been shown by Orear himself *#), all experimental data in

the region of energies up to 220 Mev are sufficiently well satisfied by equations (4-6), a fact which is confirmed also by our

measurements (see Table XIII).
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In view of this, experimental data presented in this
report and also the data reported in other publica-
tions 2% have been analysed anew with the fast elec-
tronic computer BESM of the Academy of Sciences
USSR. *“Best” phase shifts o3, og;, ®33, 835 and 335 were
obtained by considering only the solution in which «, is
negative and «3; is within the limits of + 10° from the
values shown in Table XII.

In these calculations differential and total cross-sections
were expressed by five phase shifts according to for-
mulas (7-12). We tried to find the minimum of the follow-
ing expression

M = Z {fl (d3,0€31,&33,833,835) - Gi}2
AO’i ’

where fi(og,051,233,833,035) is the function expressing
cross-section in terms of phase shifts and oj is the experi-
mentally measured cross-section with the error Aoi.
Phase-shift values, obtained by S-P analysis by means of
the Ashkin diagrams, were used as initial data. As a
first approximation the phase shifts beginning with o,
changed in turn within the given limits by one degree.
This cycle was repeated several times until the decrease
of M stopped. Next, changes of half degree were made
and so on. “Best” scattering phase shifts for energies
270 and 307 Mev obtained in this way are shown in Table
XIV.

TABLE XIV

“Best” phase shifts (in degrees)

Num-
Meson ber of
ener- experi-
gies oy gy Olgs 333 B35 M ment-
(Mev) al
points
270 |-13.6] -4.3|128.8| 4.3 -6.9| 4.03 7
307 |-13.0| -4.0(133.7| 9.5 |-10.0| 3.78 9

As is shown in this table, experimental data at an
energy of 307 Mev, which were poorly satisfied by three
parameters (see Table XII), are well satisfied by five phase
shifts. At this energy 8;; and 3,5 are of the same order
of magnitude in absolute values and have different sign.
This circumstance may explain the fact, as it follows
from relation (10), that the coefficient D, due to interfer-
ence of P and D waves, is practically unobservable. As for
the coefficient B it is due to the interference of S and P
and also to the interference of P and D waves, wherefrom
it follows that at all energies up to 300 Mev it is extremely
difficult to determine separately the contributions of S
and D waves.

A. D wave phase shifts 8;; and 83

It is impossible to make a definite statement about the
magnitude of the D wave contribution at meson energies
of about 300 Mev, only on the basis of the “best” solutions
shown in Table XIV. Nevertheless, it is definitely important
to consider the consequences such a solution leads to.
This will be done further on, and, mainly, in considering
the S phase behaviour.

4
©° 33
50

o
a®  s0% 200 250 300 350
&

Ex(MEV)

-5°|

-10°

-45° f

Fig. 19. D Wave phase shifts
5 O Analysis of present experimental data.

33 {. Analysis of data from other publications.
N {El Analysis of present experimental data.

35 Analysis of data from other publications.
Solid curve : 8,5 = —0.21° 75,

As is known for small phase shifts, their dependence
on meson momentum 7 in the centre of mass system may
be written as const - ¥+, Therefore, as a working
hypothesis, the value of the D wave phase shifts were
tentatively taken as 333=0,20°%° and §;;= -0,21°- 72,
where coefficients are determined from the “best” values
of phase shifts 833 and 835 at energy 307 Mev. Of course
there is no justification for this, especially for the phass
shifts 835, whose “best” values are not regular. In fig. 19
the dependence of 335 indicated above is shown together
with the “best” phase shifts §5; and 3,,, obtained by means
of the fast electronic computer. In the figure a tendency
to increase the D wave phase shifts with increasing meson
energy seems to be present, especially for 8;;. Taking
into account the accuracy of initial data and the nature
of the mathematical problem, it may be only stated that
there is no contradiction between the dependence 3§ ~ 7
and the obtained data.

B. S-phase shift «;

In fig. 20 are shown values of the «; phase shifts as a
function of meson momentum 7 in the energy regions less
than 100 Mev and greater than 240 Mev, i.e. in those regions
of energy where this phase shift may be determined com-
paratively well. The straight line shows the dependence
oy =-6,3°*n which best of all satisfizs experimental
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data at low energies. Crosses denote values of «; at low
energy. At high energies circles denote “best” values of
x5 obtained by supposing that only S and P waves take
part in scattering.

50 100 150 200 250 a0 330 Eq(Mev)

7] 10 45 20 n
--639
oy=-63%

-20° .

.250

Fig. 20. Phase shift o, at low and high pion energies.
[0 Photoplates (SPD-analysis).

B Counters (SPD-analysis).

O Photoplates (SP-analysis).

@® Counters (SP-analysis).

From this figure it is evident that, as has been already
indicated above, it is impossible to reconcile a linear
dependence of o5 with the phase shift values obtained in
the region of high energies under S-P analysis. This
would indicate that at energies greater than 200-240 Mev
the meson wave length A (c.m. system) becomes comparable
with the radius r, of the meson-nucleon interaction
(r*~2A~0.8 X 1012 cm.).

In the same figure the squares show “best” values of
a4 for energies 240, 270, 307 and 310 Meyv, obtained under
SPD analysis. It is evident that these phase shift values
are compatible with the Orear dependence suggested by
the low energy experiments. This behaviour of the S
phase shift suggests, but in no way proves, that already at
energies of the order 300 Mev, when estimating the S phase
shift, the D wave contribution might not be negligible.

Incidentally it might be mentioned that, if the dependence
8,3,=0,20° »° really were taking place, then already at
energies 100-150 Mev there would be a marked influence
of D waves on the coefficient B, from which the phase
shift o, is mainly obtained. To illustrate this, in fig. 21
the solid curve shows the energy dependence of coefficient B,
calculated by taking into account only S and P waves
(«; was taken equal to — 6.3°9), and the dotted curve
shows the energy dependence of coefficient B, calculated
taking into account the S, P and D waves (a3 = —6,3°7
and 8;; = —8;;=0,20°-%%). On the same figure values
are given of coefficient B obtained at different energies
by a least square method when angular distributions are
approximated by a function of the type

A2 do/dQ=A+B cost+C cos0.

It is evident that the linear dependence of o3, in the form
proposed by Orear, even at comparatively low energies
better agrees with experimental data, when the contri-
bution of D waves is taken into account.

8

10

o5+

T X 'Z
350 En(Mav)

250 300

Fig. 21. Experimental points are values of the coefficient B
obtained by least square approximation of type :
do

A2 10 = A + B cos9 + C cos?0

See text for explanation of curves.

The linear dependence of o3 which appears under the
S-P-D analysis deserves special attention. As is known,
phase shifts will be proportional to 72/+! on condition that
the radius r, of the meson nucleon interaction is shorter
than the meson wave-length A in the centre of mass system.
Consequently a linear or almost linear dependence of «,
up to energy 307 Mev indicates that r, cannot be much
larger than A (30; Mev) = 6.5 X 107 cm.

Consequently, independently of whether only S and P
waves are sufficient to describe the scattering process
at about 300 Mev, from our measurements it follows that
the radius r, of the meson-nucleon interaction is about
7% 10~ cm. Strictly speaking here r, is the radius of
the meson-nucleon interaction in the S state with isotopic
spin 3/,. However, keeping in mind the experimental
results on electron and proton scattering by protons 2%,
it is natural to link this value with the proton “dimensions”.

C. Phase shift og,

“Best” phase shifts «;,, formerly obtained by a number
of authors, and also those obtained in the experiment
described here at energies up to 220 Mev, are extremely
chaotic, so that it is difficult to determine even the sign
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Fig. 22. Phase shift a,, at different energies.
Present work (SP analysis).

Present work (SPD analysis).

Previous publications (SP analysis).

SPD analysis of data of previous publications.
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of this phase shift. However, in the region of higher
energies the behaviour of phase shift is regular. From
the data obtained in these experiments the definite con-
clusion may be drawn, that «;; is negative, and in all
probability less than ten degrees up to 310 Mev. This is
illustrated in the fig. 22, where the squares show “best”
values of «;; obtained under S, P analysis and the circles
denote “best” values of «;, obtained under S-P-D analy-
sis. The figure shows that o, is systematically decreasing
when data are expressed by five phase shifts.

D. Phase shift oy,

Fig. 23 shows “best’’ phase shifts «3; obtained by a
number of authors (see, for instance®). Circles denote
“best” o, values, obtained in these experiments under
SPD analysis. It is necessary to point out that, when
taking into account S and P waves only, phase shifts oz
differ slightly from those shown in figure. It is impos-
sible to represent the data at energies higher than 240 Mev
in the form of a straight line on a diagram of the Chew
and Low type2V). The theoretical significance of this fact
is not clear to us, i.e. it is not clear if this is a consequence
of the very nature of the theory which neglects proton
recoils.

As was to be expected, at high energies the values of
o35 shown in fig. 23 definitely exceed values which may be
obtained from total cross section data (see fig. 18 and also
the article of Lindenbaum and Yuan!®), by assuming
that the interaction is entirely due to state Pj/,.

Since the o3, values in the “resonance” region are
determined with poor accuracy, we made an attempt to
obtain the dependence of this phase shift, requiring that
at low energies the dependence o3;=0.2359% (® should be
maintained, and at high energies, that the present experi-
mental data are satisfied. We choose the dependence in
the form ® - ctgoy3=4.34+0.61>—0.87%, which is shown
in fig. 23 by the solid curve. Naturally the dependence
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Fig. 23. Dependence of a4, on pion energy.
O Present work

@® Data from other publications

Solid curve : M3ctg a3, = 4.3 + 0.6 > - 0.8 n*

thus obtained probably does not describe the behaviour
of ay, in the “resonance” region. The behaviour of a3,
in this energy region is discussed below.

The data of Lindenbaum and Yuan !® indicate that the
maximum of ot (=, p) is placed at an energy ~ 175 Mey,
whereas the data obtained by us (see fig. 18) show this
maximum to be roughly at energy ~ 185 Mev. Taking
into account the errors in both measurements, it is impos-
sible to conclude that there is a definite discrepancy in
the experimental results. However, the statement of
Lindenbaum and Yuan that «;; can pass through 90° at
an energy as low as 175 Mev can hardly be true in our
opinion. As a matter of fact, if we are to confine ourselves
to S and P waves, then, as is known, the coefficient B is
given by :

B=2sina,[2sina,; * cos(ogz—0z)+sinag; * cos(ag;—os)]

Considering that in the region of energies close to
“resonance” a, is roughly equal to — 10° and «3, is negative
and small, it is possible to assert that «3; does not exceed
80° when B=0. Fig. 21 shows that B cannot be equal to
zero at an energy less than 176 Mev, and so it follows that
the “resonance” energy could hardly be substantially less
than 190 Mev. This conclusion confirms the analysis
of Bethe et al.??),

Causality

On the basis of the paper of Goldberger, Miyazawa
and Oehme 2% on the application of the causality prin-
ciple to meson-nucleon scattering, Anderson et al.!?)
and also Sternheimer 2% obtained the energy dependence
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of the real part of the forward scattering amplitude from
all the data on total meson-proton cross sections.

The real part of the forward scattering amplitude ob-
tained in this way was compared by Anderson, Davidon
and Kruse with its expression in term of phase shifts up
to the energy 220 Mev. The new data obtained in the
present report enable us to continue the comparison up to
the energy 310 Mev. Use was made of the phase shift
values obtained under both S-P and S-P-D analysis.

If D+ denotes the real part of the forward scattering
amplitude and A and A, respectively the meson wave-
length in the laboratory system and in the centre of mass
system, then

2

A%e.m.

* D4 = sin 2a, + sin 205, + 2 (sin 2045 + sin 2853) +
-+ 3 sin 233;.

Fig. 24 shows the results of the analysis of the data
obtained in the present experiments and also results of
the analysis of some data on wnt—p scattering of other
authors®™).

24
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Fig. 24. Comparison of ( 22}( ) D.4(n) calculated from

causality conditions with :
sin 2ot 4 sin 205, + 2 (sin 20153 + sin 2 3,,) + 3 sin 2 3,
{ Present work.
@ Analysis of data of
previous publications.

. . . Present work.
sin 20+ sin 205, + 2 sin 204, { E Plr”evious publications.

From the figure it can be seen that the agreement be-
tween the real part of the forward scattering amplitude
computed on the basis of causality conditions and its
expression in terms of the phase shifts obtained from angular
distribution in w*-p scattering continues tc remain very
good up to the meson energy 310 Mev. It is impossible
to give an answer to the question as to whether the results
of the S-P analysis agree better with the computed curve
than the results of SPD analysis. This could have been
expected because the main features of the solid curve
represented in the figure, even at energies ~ 300 Mev,
are determined by the phase shift «j;, which is equal
in SP and SPD analyses.

Conclusion

A brief summary of the present work is given below.

1. Angular distributions of =* meson scattered by
hydrogen, measured with scintillation counters at energies
176, 200, 240, 270, 307 Mev, and with photoplates at
the energy 310 Mev, are shown in fig. 12-17.

2. The energy dependence of the total cross section
oy(w,p) is shown in fig. 18.

3. With a fast electronic computer a phase shift
analysis of the data was made both on the assumption that
the scattering process is described only by S and P waves
(S-P analysis, Table XII) and on the assumption that
S, Pand D waves take part in the scattering (S-P-D analy-
sis, Table XIV, figs. 19-22). Among the possible solutions,
only that group of phase shifts was considered in which
oy is negative and o5 passes through 90° in the region of
energies 170-200 Mev.

4. The phase shifts a3 are shown in fig. 23. Practically
they are identical in S-P and S-P-D analyses. Arguments
are given to show that «,; passes through 90° at energy
greater than 176 Mev.

5. The values of «; obtained by S-P analysis at energies
240, 270, 307 and 310 Mev are not compatible with Orear’s
equation «;=-0,11m which closely approximates the
data at low energies.

6. There is no direct indication that an S-P-D analy-
sis is necessary for the description of the data, except
for the measurements made with scintillation counters
at 307 Mev, which only with difficulty can be approximated
by a function of the type A+B cos6 + C cos?6.

7. “Best” values of the phase shift «;;, which, as is
well known, are chaotic up to energies ~ 200 Mev, become
regular at higher meson energies (fig. 22). It may be
stated that «,, is negative and probably less than 10° up
to 310 Mev. The phase shift «;, definitively decreases
when data are expressed in terms of five phase shifts.

8. The “best” D wave phase shifts 38,5 and 335 are
respectively positive and negative; they are shown in
fig. 19, where it is possible to observe a tendency of these
phase shifts to increase with meson energy.
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9. Under S-P-D analysis the values of the S phase
shift «, substantially decrease in comparison with its
values obtained in S-P analysis (fig. 20). In fact when the
data are analysed in terms of five phase shifts, «; depends
on meson momentum linearly or almost linearly up to
310 Mev in agreement with the equation «; = —0.11%.

10. Anyway, independently of whether 3 or 5 phase
shifts are necessary to describe the scattering process at
~ 300 Mev, from our experiments it follows that the radius
r, of the meson nucleon interaction is ro ~ 7x10-1* cm.
This conclusion is suggested by the deviation from linearity
of «; in S-P analysis at energies from 200 to 240 Mev (con-

clusion 5), or, conversely by the very presence of the
D wave, if S-P-D analysis is needed.

11. The real part of the forward scattering amplitude
calculated from the causality conditions is in good agree-
ment with its expression in terms of phase shifts up to
310 Mev.
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DISCUSSION

G. Puppi remarked that the plot showing the behaviour
of «, has points at very low and at very high energy.
Points are lacking in the intermediate region where there
are deviations from linearity. The D wave which behaves
like 0,2 7° is there very small and not sufficient to explain
deviations from linearity.

A. I. Mukhin replied that these points are not indicated
because «, is calculated by an electronic computer and
depends mostly on the value of B. In this region B is

very small and may be in error by perhaps as much as
200%.

G. von Dardel : “Is the highest energy used, 310 Mey,
actually the highest where intensity is sufficient, or will
measurements also be made at higher energies where
D-waves would be even more important?”

A. I. Mukhin answered that at 310 Mey, the intensity of
the meson beam obtained by the reaction p+p—=nt4d,
is 40 mesons/cm? sec. To study angular distributions at
higher energies one could use mesons produced by proton

collisions on complex nuclei. But the analysis is made
more difficult by inelastic processes such as :

nt 4+t 4+n

which can occur at high energy.

J. Orear: “Did you find a larger (cos* 0) term than
(cos® 6) term in your SPD analysis of both your data and
that of the other laboratories ?”

A. I. Mukhin said that the SPD analysis was made at
307 Mev only. It was found that 33322 - 33. In this
particular case E > D.

G. Bernardini asked what interaction constant was used
in fitting theory to experimental results.

A. I. Mukhin answered that the fitting was made by use
of the causality conditions as by Anderson at 240 Mev
and Sternheimer at higher energy and does not require
a coupling constant.



