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Abstract

The production cross sections for positive and negative
picns by 580 MeV protons on Be, C, Cu, and Pb have been
measured for pion energies from 20 to 100 MeV and production
angles from 60° to 150°. The differential cross sections for
pion energies below 50 MeV are nearly isotropic for angles
between 60° and 150°, while at higher energies the mﬂOmm

sections are predominantly forward peaked.
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I. INTRODUCTION

Pion u«OaCano: cross sections for nucleors on nucie! provide
basic data for the study of pion physics and nuclear structure. Such

data are also important for the design of pion beam channels.

-

An extensive set of measurements for 730 MeV protons has bean
reported by Cochrar et al.! for various targets at several angles
from 15° to 150°, and pion energies from 25 to 550 MeV. At 600 MeV
Hirt et al.? have measured cross sections at 0.8° and 21.5° for
several pion energies from 50 to 350 MeV. Pion production by p.-cions
has alsc been measured at 660 MeV by Meshkovskii et a?.,3 at £25 MeV
by Haddock et al.,“ and at 450 MeV by Lillethun.S w more complete

list of references to pion production by intsarmediate energy protons

Is given in reference 1.

Theoretical attempts®™2 to fit existing data indicate the reed
for additional measurements of the differential cross sections for

producing low energy pions at large angles.

The work described here was undertaken in order to augment the
existing data on production of pions by protons with energy near 600
MeV. Production cross sections have been measured for both positive
and negative pions at five angles from 60° to 150°, and for five en-
ergies between 20 and 100 MeV for 580 MeV proton bombardment of tar-
gets of Be, C, Cu and Pb, Measurements of the positive pion produc~
tion cross sections for carbon were made at 22° for comparison with

the measurements of Hirt et al.2
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An Yon-line'" data acquisition system!! using the SREL 1BM 360/44
computer was used to record for each event in each telescope the time-
of-flight between counters 1 and 2 and the pulse amplitudes in counters
3 and b, as well as to record scaled data such as the beam Intensity
monitor. The data acquisition program generated histograms of the
various telescope parameters permitting the monitoring of the detection
systems during the runs. A preliminary cross section value was calcu-
lated by the program on the completion of each run. The three para=-
meters recorded for each event permitted "off-line'' analysis to be used
to give good separation of the m events from events due to protons and

electrons.

A. Beam Monitoring

The proton beam Intensity was monitored using a ‘'scattered-beam"
telescope made up of three scintillation counters to detect particles
scattered from an aluminum target placed In the beam several meters
beyond the pion producticon target. This monitor was calibrated abso-
lutely using two methods. In the first method the monitor was calij-
brated in nmmam of the measured n«Wmu section for the production of
11 by the 12¢(p,pn)!lC reaction (30.8 + 1.5 mb).12 For this case a
carbon foil was activated in the beam and the subsequent m+ activity
from the !1C measured relative to that from a calibrated 22Na source
by counting the annihilation radiation with a Nal(T2) scintillation
detector. In the second method, a ''beam intercepting' scintillation

counter telescope was placed directly in the proton beam. At a re-

duced intensity of approximately 105 protons/sec, the fraction of
!'scattered-beam'' monitor telescope events in coincidence with the beam
intercepting telescope events was measured, giving the efficiency of

the "scattered-beam' telescope directly. The results obtained by the

two methods are giver in Table II and are in good agreement.

B. Data Analysis
The cross sections were calculated using the equation:

d2 g z:

ab aﬁa zv Pe Q >4= €

m

where z: Is the number of pion events detected; zu is the number of

protons incident on the target as determired from the number of moni-
tor counts recorded and the monitor calibration; Py is the number of
target atoms per unit area normal to the beam; Q is the geometrical
solid angle; >ﬁa is the energy acceptance of the pion tziescope de-

termined from range and energy-loss tables!?; € is the picn detecticn

Yactor, defined as the ratio of pions detected to pions stopped in
counter 4; €4 Is the non-decay probability for a pion between the pro-

acoﬁmo: nmmmmﬁ and counter 4; €, is the probability the pion will not

be lost because of nuclear absorption or inelastic scattering; €y is

the probability that a pion will not be lost because of nuclear elastic

scattering; €n is the probability that a pion will not be lost because

o

of a:_nmndm Cculomb scattering, calculated using a Monte Carlo method.l%
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those pions which elastically scattered would miss counter 4 based

on published angular distribution measurements.22,23,24,26,27 Thig
correction is only significant for the 100 MeV measurements and even
here uncertainties due to the assumption produce a negligible contri-
bution to the uncertainty in the cross mwnnmo:m.. The contribution
from pions of higher energy being inelastically scattered in the
material in front of counter 4 and stopping in counter 4 was esti-

mated to be less than 0,1% in the worst case.

C. Accuracy of the Measurements

Uncertainties in the cross sections were calculated by adding
in quadrature the rms errors of the individual parameters entering
into the cross section formula; typical values contributed by the
various factors are given In Table IV. The statistical uncertainties
in N_ include those arising from background corrections and from un-

m

certainties in setting the time-of-flight and pulse-height limits.

They are typically 3% for the % data and up to * 15% for the lower

yield 7~ data at 100 MeV plon energy.

Uncertainties in the parameters zu and € contribute to the un-

certainty In the absolute normalization of the data. Error in zv is

due to the uncertainty in the monitor calibration. Recently a check

+

has been made of the m" telescope efficiency by measuring the yield

* 4+ d at proton energies

of positive pions from the reaction p + p + =
between 400 and 500 MeV. The results agree with the published values

for this cross section and confirm the telescope efficiency.?28

ITI. EXPERIMENTAL RESULTS

The values measured for the differential production cross sec-
tions, amo\aﬁsan. for positive and negative pions are given In Tables
V to VIII for targets of Be, T, Cu and Pb. The errors listed in these
tables include only the relative errors; there is a common normaliza-

tion error of * 6% for n' and * 11% for n~ not included.

% and qm were calculated from the dif-

The total cross sections o
ferential cross sections reported here and from the 0.8° and 21.5°
data measured by Hirt et «l.2 by integrating over pion energy and

production angle. The results of these calculations and the rativs

of ¥ to 1~ production cross sections are given in Table IX. Aporaxi-

mately 35% of the total cross section came from measurements of Mire

et al. The results for the four targets for the =t total cross sec-

1
tions are given to a good approximation by o% =11.22 /3 mb &5 A

function of atomic number Z, and similarly for the m total cross

T=0 e

resuits can be compared with similar fits by Cochran et al.} to their

sections by ¢ mb as a function of neutron numter 4. These

1 -
730 MeV production data for which they found o% = 24,5273 and o7 =

T
N\w

2.33 N Thus the total cross sections at 730 MeV are aoproximataly

+

a factor two larger for both 7" and =~ yieids compared to the results

at 580 MeV reported here.

The 7% differential production cross sections measured for carbon

at 22° can be compared to similar measurements by Hirt et al.2 These

data are shown in Fig. 4. The results from the two measurements for
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are also given in Fig. 7. The error flags in the experimental data
points do not include the 6% normalization uncertainty. The accuracy
of the theoretical calculation is estimated to be about * 10%. The
agreement with the experimental data at forward and backward angles
is good, whereas at angles of 60° and 90° the calculation appears to

predict too many high energy pions.

The results of the measurements reported here and those measured
at 730 MeV provide important m:mOmen_m: for the design of pion beam
channels for intermediate energy proton accelerator facilities. Low
energy plion production is maddmn Isotropic; in fact, the cross sections
ﬂzoﬁmmmm slightly between 120° and 135°. Therefore it is advantageous
to lccate a pion channel at backward m:m*wm from the production target
where the lower neutron and proton ylelds can be used to improve the
pion to background ratio. For a higher energy pion channel a produc-

tion angle forward of 90° must be used.
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TABLE II ) TABLE IV

PROTON BEAM MONITOR CALIBRATIONS® . EXPERIMENTAL UNCERTAINTIES

(units 105 protons/monitor counts)

. . . Parameter Percent
By comparison with: # #2
. Contributions to Relative Accuracy:
c!2 (p, pn) Cil Activation Method 1.74 + 0.09 1.41 & 0.07 Na events, corrected for background 2 to 15
Beam Intercepting Telescope : 1.70 # owow 1.36 + 0.02 Q soiid angle 1 to w
Weighted Average 1.70 £ 0.02 1.36 £ 0.02 AT energy bite . 1
: €n multiple scattering 0.3 to 1.7
a The difference between calibrations #1 mra #2 1s due to a change made €, " nuclear absorption . 0.1 to 3.1
in the detection molﬂa angle of the proton beam monitor. : € nuclear scattering 0.1 to 1.8
, ey decay .. < 0.5
’ N, target thickness < 0.5
TABLE III
0 production angle 1

Calculated Parameters for the Positive Pion Telescope Efficiency

Contributions to Normalization Accuracy

T AT €y €, € €n €4+€q Em g Ep a zv number of incident protons 5
MeV MeV . + .

e T detecton factor 2.5

energy bite scattering efficiency €, - 7~ detection factor 10
20.9-  3.54 0.517 0.993 0.999 0.794 .159

30.4 2.73 0.588 0.982 0.997 0.906 .203

52.3 2,27 0.670 0.932 0.991 . 0.885 . W214

75.8 1.89 0.716 0.846 . 0.981 0.898 .208

99.9 1.7 0.745 . 0.745 0.967 0.893 .187

a Pion detection efficiency.,. ¢_, Is 0.39.

a«-
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TOTAL CROSS SECTIONS FCR n AND

TABLE IX

PRODUCTION BY 580 MeV PROTONS

Nucleus

Be

Cu
Pb

Figure 1

Figure 2

Figure 3

Figure 4

9y 9r aq\eq
(mb) (mb)
17 £ 2 2,7 £ 0.3 6.3
20 ¢ 2 3.4+ 0.4 5.9
35 £ 4 11 1 3.2
50 5 25 £+ 3 - 2.0

FIGURE CAPTIONS

Experimental Arrangement

m and u~ star detection factors € and mzn as

a function of the counter 4 discriminator level

Total reaction cross section curves for pion absorption
by Cu and C used in the calculation of the nonabsorption
factor €, o reference 23, e reference 20, V reference 13,

x reference 19, A reference 21, o reference 22.

QNQ\aq=ub from carbon for positive pions at approximately

20° as a function of pion erergy for various proton bambarding
energies. A 21.5°, 450 MeV reference 5; o 21.5°, 535 MeV,
reference 2; V 19.5°, 660 MeV, reference 3; & 2C°, 730 MeV,
reference 1; and22°, 580 MeV, results reported here.

Lines drawn through the data points are to guide the eye.

Figure 5

Figure 6

Figure 7

Comparison of amo\aq:ap for m" from carbon as a function

of pion energy for result reported here at 580 MeV (

),
and for 730 MeV (--=-) (reference 1) for various production
angles. Lines drawn through the data points are to guide

the eye.

Comparison of nma\mqaam for n~ from carbon as a function
of pion energy for results reported here at 580 MeV (—)
and for 730 MeV (----) (reference 1) for various production

angles. Lines drawn through the data points are to guide

the eye.

Comparison of an\aqaab for n" for 580 MeV protons calcu-

lated by Beder and Bendix®:7 for targets of C | ) and
Cu (==--) and the measured cross sections reported here
for C (e) and Cu (x). The error bars on the measured points

do not include the 6% normalization error. For the 22° pro-

duction angle the data of Hirt ét al. (o) is also plotted.
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