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Photographic plates were used to study the angular distribution of 360 £10 Mev 7t mes-
ons elastically scattered by protons. The differential cross section derived from 218 scat-
tering events has the form (1) for SP analysis and the form (2) for SPD analysis. The
phase shifts which correspond to these distributions are (4) and (B).

E XPERIMENTS involving a measurement of dif-
ferential cross sections for the elastic scat-
tering of m mesons by protons make it possible to
determine which states take part in the scattering.
It is also possible to calculate the phase shifts
which correspond to those states. A phase analy-
sis of the data for the scattering of 7*mesons was
carried out recently for energies up to 310 Mev !+2

In the present work the angular distribution of
7" mesons with energies of 360 £10 Mev was meas-
ured using photographic plates. The mesons were
scattered by hydrogen nuclei contained in the pho-
tographic emulsions. The experiments were carried
out on the synchrocyclotron of the Joint Institute
for Nuclear Research.

Electron-sensitive photographic plates with emul-
sions 400 w thick were exposed in a beam of ©*
mesons emerging from a magnetic meson spectrome-
ter3. 7 mesons were produced in a carbon target 5
cm thick by a beam of 657 Mev protons brought out
from the synchrocyclotron chamber. Mesons emitted
from the target at an angle of 8.5° were deflected
by the magnetic field of the spectrometer after pre-
liminary collimation. The narrow converging beam
of measons then passed through a 4 meter collima-
tor at whose exit the photographic plates were
placed. A copper shield 3 cm thick was used to
protect the plates from protons. The energy of the
mesons passing through this filter was measured to
be 360 £10 Mev. The intensity of the meson beam
was about 4 mesons/cm? sec. The search for events
was carried out by examination of photographic
plates in sections by using immersion lenses, with
about half the area examined at a magnification 630
times and the remainder at a magnification of 450
times. A significant fraction of the area of photo-

graphic plates was subjected to a careful second ex-

amination by various observers. This second ex-
amination disclosed a total of 8 previously-over-
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looked scattering events, evidencing a very high
degree of efficiency in the examination of photo-
graphic plates.

The criteria used in the identification of the
elastic scattering events were the angular correlation
between the scattered mesons and the proton recoil,
and co-planarity. Those events in which the devia-
tion from co-planarity and the calculated angular
correlation exceeded 1° were discarded.

A total of 218 scattering events were found in the
angular interval of 10° to 170° in the center of
mass coordinate system. The summation interval
was 20°. A distribution of the number of scattering
events with the angular intervals is given in the

table.

Correspond-
Angular ing angular Number of do 162
_Intervals intervals in events qo
in center of |the laborato- in given
mass system, | ry system of interval cm? /sterad
in degrees | coordinates
10— 30 7— 21 42 11,241,7
30— 50 21— 36 64 9,2+1,2
50— 70 36— 52 49 5,240,7
70— 90 52— 70 24 2, 2:{:0,:5
90—110 70— 89 10 0,940,3
110—130 89—111 10 1,140,3
130150 111138 13 1,94-0,5
150—170 138—166 6 1,64-0,6
Total 218

The angular distribution was normalized to sat-
isfy the following equality

-y do
\
R
1

(1(}’;) AQL = Jy.

The total cross section of the elastic scattering o,
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was chosen to be equal to 43.4 x 10727 em?2”,

The experimental data is shown in Figure 1. Sub-
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FIG. 1. Differential cross section for elastic scatter-
ing of mesons. Curves a and b are calculated from Eq. (1)
and Eq. (2) respectively.

stitution of the experimental results into the series
of Legendre polynomials

2?5 — Z AnPn (COS 3),
n
where 4 is computed from the equation

2n+1
An: 2

do
0 &) Pn(cos®;)Acosdi

i

leads to the following expression for the differential
cross section:

do/dQ = [3,43P, + 4,63P; + 4,20P, +
+ 0,57P3— 0,81P4]-107% cm?/ sterad

By writing out his expression it is possible to ex-
press the differential cross section in a power se-

ries in cos¥. This power series has the form:
do/dQ =[(1,33 4- 0,20) + (4,63 + 0,62) cos 9 (1)

+ (6,30 4 1,42) cos?9]-10727 cm2/sterad
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if only the first three terms are retained, and
do/dQ = [(1,02 4 0,16) 4 (3,78 4 0,48) cos 9

+ (9,35 4-1,31) cos? & 4 (1,42 4-0,86) cos® &
— (3,56 4= 1,64) cos4 9] 10—27 cmz/sterad (2)
if the terms up to n=4 are included (see Fig. 1).

Owing to the low statistical accuracy of the ob-
tained results it is difficult at first sight to find
preference for one or the other expression for the
differential cross section, even though it is evident
from the figure that in the region of large angles
curve b fits the experimental results better than
curve a.

Scattering of 7 mesons by protons in S, P and D
states with isotopic spin T=% is known to be char-
acterized by five phase shifts Gy g ps Otg o 833,
and 83 , corresponding to the states S, 13'1/2 , Ps/2 ,
Ds, ami Ds, respectively. Ashkin and Vosko® have
shown that the mathematical formulation of the prob-
lem of finding four solutions for the phase of 77%-p
scattering by SP analysis. However, many physical
considerations and the requirement of a continuous
and smooth variation of the phase shifts with ener-
gies make it possible to select a solution in which
o.. . has a resonance character?, i. e., passes
through 90°. Taking this circumstance into account
we have sought in our phase analysis of the experi-
mental data only that solution corresponding to a
resonance character of the phase o, 5

The optimum phase shifts can be determined in a
general case only with electronic computers or
special mechanical phase analyzers. However,
under many simplifying conditions the phase anal-
ysis can be carried out in a sufficiently simple way.
This happens for example, when a differential scat-
tering cross section can be expressed in the form

ds jdQ = a, + a, cos & + a, cos? 9.

If it is assumed that only the S and P states partic-
ipate in the scattering, the phase shifts correspond-
ing to these states can be determined in a given
case graphically®. The phase shifts calculated
graphically using Eq. 1 are:

gy == 146°; (A)

Agy = — l4o; XKz = — 31°,

Phase analysis which takes into account contribu-

tions from S, P and D states (SPD analysis) was

carried out with a mechanical phase analyzer7.
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The following phase shifts were obtained
Agy == 143°%; oy = — 5% a3 = — 14°; (B)
G35 = 10°; 845 = — 13°.
The differential cross sections calculated using
the above set of phases are shown in Figure 2,

cm?/sterad
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FIG. 2. Differential cross section for elastic scatter-
ing of mesons. Curves a and b are computed from phase
sets B and C.

n

curve a. From the quoted values of the phase shifts
it is evident that the magnitudes of the phase o,
are practically equal both for SP and for SPD anal-
yses. The dependence of this phase on the meson
momentum

(/@) ctgagy = 9,3 (1 —w/2,15),

as proposed by Chew and Low?, does not hold at
meson energies of 360 Mev (5 is the momentum of
the meson in the center of mass system in pc units;
o is the total energy in the center of mass system
after subtracting the proton rest energy, in pc?
units), A deviation from this dependence is already
noticeable for meson energies ahove 240 Mev?; for

360 Mev mesons this deviation is approximately 20°.

The values of the phase o, , given above agree well
with the expression

P ctgagy = 4,3 4+ 0,6 % — 0,8 74,
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proposed by Mukhin et al2.

The magnitude of the phase o, depends strongly
on whether the D state is taken into account in the
phase analysis. SPD analysis yields almost half
the value of loc3 | obtained by SP analysis. This ob-
servation evidently holds for a broad range of meson
energies®. The quantity o, =—14° obtained in the
analysis which included the D state agrees well
with the linear dependence of o, on the meson mo-
mentum in the center of mass system: o, =—0.11p°.

Mukhin et al? proposed the following dependence
of the phases 5,, and 535 on the momentum:

Bag 7= — Byg = 0,20° 7P

Taking these expressions into consideration and as-
suming that o, depends on the momentum linearly,
o,=—6.3°7, it is possible to calculate the phase
shifts o, , 1 from the condition that the total
scattering cross section determined from the phase

shifts must agree with the experimental value:

and o

oy = 4nk% [sin? &g + sin? ag,

4+ 2 (sin? agy + sin? 84) + 3 sin? g4].

The phase shifts calculated in this manner are:
ogg o= 148 a5, = — 4°;

Ay = — 150; 8” = —33‘= 15°,

()

The differential scattering cross sections corre-
sponding to this set of phases is shown in Figure 2
(curve b). It is evident from the figure that curve b
fits the experimental data as well as curve a. It
must be noted, taking into account the statistical ac-
curacy of the results, that both sets of phases are
almost identical.

It is interesting to consider the results from the
point in view of an application of the causality con-
dition to the meson-nucleon scattering!®. The en-
ergy dependence of the real part of the forward scat-
tering amplitude was previously obtained 1> 12 from
the data on the total meson-nucleon scattering cross
section. It is possible to compare the magnitude of
the real part of the forward scattering cross section
obtained in this manner with the amplitude obtained
by means of the above sets of phases (4, B, C). If
we denote by D* the real part of the forward scat-
tering amplitude in the laboratory system of coor-
dinates and by X and X, the meson wavelengths
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in the laboratory and the center of mass systems re-
spectively, the relationship between the real part of
the forward scattering amplitude and its value in
terms of the phase shifts assumes the form:

2xko2s D, = sin 205 4 sin 2ay,
+ 2 (sin 2uagy + sin 2855) + 3sin 2855 4. . .

Substituting into this expression the magnitudes of
the phase shifts from sets 4, B, C, we obtain —3.20,
—3.22, and —2.96 for the right hand side and —3.16
for the left hand side. This result points out the
good agreement between the real part of the forward
scattering amplitude calculated from the causality
condition and the values calculated using phase
shifts obtained from angular distribution. A similar
deduction was made in a study of the scattering of
mesons in a broad energy range up to 310 Mev. The
results obtained in the present work give grounds

for assuming that this deduction can be extended to
meson energies up to 360 Mev.

It is necessary to note in conclusion that the ex-
perimental data presented still do not afford a suf-
ficiently strong proof that it is necessary to include
D states in a phase analysis of the results. It is
even less possible to make any conclusions con-
cerning the dependence of the phase shifts 534 and
8, on the meson momentum. However, if it is as-
sumed that the inclusion of the D states is justi-
fied, it is possible to deduce conclusively from the
results of the SPD analysis for 307 and 360 Mev
mesons that the phase shifts for the Ds, and Ds,
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states are approximately equal, opposite in sign,
and have a tendency to increase with the meson
energy.
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results.
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