VoLuME 3, NUMBER 12

PHYSICAL REVIEW LETTERS

DEcemBER 15, 1959

HIGH-ENERGY TOTAL CROSS SECTIONS FOR POSITIVE PIONS AND PROTONS ON HYDROGEN*

Michael J. Longo, Jerome A. Helland, Wilmot N. Hess, Burton J. Moyer, and Victor Perez- Mendez
Lawrence Radiation Laboratory, University of California, Berkeley, California
(Received November 23, 1959)

On the basis of dispersion relations, Pomeran-
chuk has shown that if the (7%, p) and (77, p) total
cross sections approach constant values at high
energies, these limits must be equal.! Consider-
able information is already available on the (77, p)
total cross sections in the Bev range.?”™* We
present the results of an experiment at the Berke-
ley Bevatron in which (7+, p) cross sectiogs be-
tween 1.4 and 4.0 Bev/c were measured. Data
on (p,p) total cross sections are also presented.

The experimental arrangement is shown in Fig.
1. Positive particles produced when the circu-
lating proton beam strikes a target are bent
inwards towards the center of the Bevatron by
the magnetic field. In order to obtain positive
pions with the highest possible momentum, the
pion beam was brought out of the machine through
a window on the inside radius. The beam is fur-
ther deflected by bending magnets to keep it clear
of the Bevatron structure and is focused by an
8-in.-bore doublet quadrupole.

Scintillation counters M,, M,, and M,, each 13
in. in diameter, define the beam. Pions are
distinguished from protons by requiring a coin-
cidence with C, a gas Cerenkov counter® filled
with sulfur hexafluoride to give an index of re-
fraction of approximately 1.008. By putting C in
anticoincidence with M,M,M,, we obtained data on
p-p scattering simultaneously with the (n , D) data.

After passing through the defining telescope,
the beam impinged on a 4-ft-long liquid hydrogen
target. The number of pions (and protons) trans-
mitted was measured simultaneously at three

N8 bore doublet
quadrupole

4" by 2" by 60"
bending magnet

FIG. 1.
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different solid angles by means of counters S,,
S,, and S;. An extra coincidence in S, was added
to reduce accidentals. The solid angles defined
by S,, S,, and S, ranged from 0.6 to 4.3 milli-
steradians.

The coincidence circuits used were of the type
described by Wenzel.® With the clipping lines
employed, the resolving time was about 5x107°
sec. The output of the monitor coincidence cir-
cuit was used as an input to a second circuit
where a coincidence with S, and S, (for example)
was required. Several species of accidentals
were monitored throughout the experiments, and
corrections to the data were made where neces-
sary. Accidentals involving C were always less
than 2 9% of the number of pions.

The momentum spread accepted by the counter
telescope was approximately 2.5%, and the un-
certainty in the momentum determination is
estimated to be +3%. Extensive magnetic shield-
ing to reduce the Bevatron’s leakage field was
required along most of the beam line.

Data collection at each momentum involved
series of runs with the H, target filled and empty;
each series consisted of a full run preceded and
followed by an empty run. The number of counts
recorded in each series was usually sufficient
to give a cross section with a statistical uncer-
tainty of less than 1%. An analysis of the data
from different measurements at the same mo-
mentum indicated that the probable error assigned
to each measurement had to be increased to about
3%. The results given below are averages of two

gnet yoke

Cherenkov

Counter
M, My Concrete and
paraffin shielding

8" by 18" by 36"
bending magnet

Experimental arrangement.



VoLuME 3, NUMBER 12

PHYSICAL REVIEW LETTERS

DECEMBER 15, 1959

or more measurements at each momentum. The
uncertainty in the extrapolation to the zero solid
angle subtended by the last counter was considered
in assigning the errors. Where necessary, the
data at the smaller solid angles were corrected
for multiple Coulomb scattering by a method
similar to that of Sternheimer.” These corrections
were assigned a probable error of +20Y% and had
little effect on the extrapolated cross sections.
Other possible sources of error are discussed
below.

(A) Sources of error in the (7,p) measurements.
A curve of the ratio of M, M,CM, counts to
MM ,M, counts as a function of gas pressure in
the Cerenkov counter indicated less than 2%
electron contamination and less than 1% muon
contamination at 1.8 Bev/c. Such a curve gives
only the fraction of muons with momentum equal
to or greater than that of the pions. The total
muon contamination for the geometries and mo-
menta used was determined by calculation, and
corrections were made. The maximum was 2 %.
Practically all of the muons came from pions
decaying after M,, where the calculation is re-
latively simple.

(B) Sources of error in the (p,p) measurements.
The errors assigned to the (p, p) cross sections
have been increased to allow for the uncertainty
in the efficiency of the anticoincidence circuits
and the Cerenkov counter. If these were not 1009
efficient in eliminating pion counts, the measured
(p,p) cross sections would be low. The assigned
errors are based on an efficiency between 90%
and 100 (70.

K-meson contamination in the “proton beam?”

Table I. Total (nt,p) and (p,p) cross sections.

Momentum o(nt, p) o(p,p)
(Bev/c) (mb) (mb)

1.40 39.4%0.6 46.9%4:2
1.46 39.10.8 47.5%3:2
1.60 35.8+0.9 47.743
1.73 30.1+0.5 46.5%:0
1.89 28.4+0.6 46.3%3-2
2.05 27.8+0.6 45.073:0
2.47 29.0+0.6 45.615-
2.97 29.2+0.5 45.1%8:3
3.58 29.2+0.4 43,3%0:&
4.00 29.3 £ 0.4 42.4+0.6

is estimated to be less than 1% for the momenta
and take-off angles used in this experiment.

Our cross sections are shown in Table I and
Fig. 2 which also shows data of other experi-
menters.?» % ? Our data for o(st,p) indicate a
maximum near 1.5 Bev/c and an essentially
constant cross section above 2.4 Bev/c. Our
value at 4.0 Bev/c is 29.3+0.4 mb. The best
high-energy values for o(s™,p) to date are
28.7+2.6 mb at 4.3 Bev/c,? and 29.1+2.9 mb at
5.2 Bev/c.*

We wish to acknowledge our indebtedness to
Ken Lou for handling the many engineering
problems encountered in the experiment, to
Thomas Devlin for his help in conducting the
experiment, and to the Bevatron staff and crew.

50 |

O (mb)

U’fof (p,p)

—T T T T
O This experiment B

<& Chen,Leavitt,Shapiro

25

O This experiment
[J Cool,Piccioni,Clark - i

A Devlin et al. 1
i preliminary data g
20 [ | P S R | 1 1 PR | T s |- L R L L 1
1.2 1.5 20 25 3.0 35 4.0
Momentum (Bev/c)

FIG. 2. Total (1r+ ,P) and (P, p) cross sections vs momentum.
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It was originally suggested by Yukawa' that the
muon decay may be mediated by an unstable
boson with weak couplings to lepton fields. More
recently,? % a charged, spin-one boson has been
proposed in order to generate the V-A form of
the weak decay interactions. It has already been
pointed out* that a charged scalar intermediary
can give rise to the desired couplings, providing
an alternative but generally equivalent theory of
the weak interactions. This applies when the
first-order Kemmer formalism for spinless
bosons is employed, but not with the use of the
more conventional Klein-Gordon second-order
theory.

The field equations in the Kemmer theory may
be written

-1 -2, (w)
gp)\—m a)\<p+m (g1

(u)J(u)

qp:m—la)\(p)\er-z(gz +g2(e)J(e)), (1)

when both scalar and vector interactions are
present, where
(e) - 1—')/
J = s .C.
v Ve 2 Yt e
J(e) Vs

- 1
= w(e) 5 w(v) + c.C.
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Only in the absence of any vector interaction is
L simply proportional to 8 N2 The induced
normal muon decay interaction, to lowest order
in g,© and g,@, is

m—2g1(u)g1(e)/d4xJ)\(e)(x) Jx(u)(x)

(1) )
. (gz(u)+gl(u) ! )( g2<e>+g1<e)_1_nm_)

xfd4x d4x'J(e)(x)DF(x-x’,m)J(“)(x’). (2)

The first term is a purely local V-4 interaction,
the second a nonlocal S-P interaction. If g,©
=0, the scalar admixture for muon decay be-
comes m ‘M © /3% — less than 107* for nucleonic
mass of the intermediary.® Alternatively, if
either or both of the factors [g, ‘™ + g, ‘W (m‘M /m)]
and [g,©'+ g,'¢’(m ©’/m)] are set equal to zero,
the normal p-decay interaction (to this order in
g) becomes a purely local one.

Using the Klein-Gordon formalism, we obtain



