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We have measured the differential cross section d’0/df2dT, and the polarization parameter P for the
production of 7+ and 7~ in various target nuclei ("H, *H, Be, C, O, A1, Ni, Cu, Mo, and Pb) by protons with a
kinetic energy of 585 MeV, for production angles 6, =22.5° 45°, 60°, 90°, and 135°, and for pion kinetic energies
T, of 24, 35, 46, 88, 151, 192, and 254 MeV (all quantities in the laboratory system). Our data disagree strongly
with recent data for 580-MeV protons. On the other hand, for pion energies up.to 150 MeV, our cross sections
differ little from those measured for a proton energy of 730 MeV. For nuclei with 4 > 20, the total production
cross sections o(7*) and o (7 ~) show the Z'* and N*”* proportionality expected from theoretical arguments.
There is evidence in our data of a shift of the 7+ energy distributions compared to the 7~ distributions due to
the effects of the Coulomb field of the nuclear protons on the emitted pions.

NUCLEAR REACTIONS 'H, *H, Be, C, O, Al, Ni, Cu, Mo, Pb{p, %, T,=585
MeV; measured o(T,, 6,) and asymmetry parameter P (T,, 6,).

I. INTRODUCTION

The main motivation for our measurements of
pion production cross sections was to provide suf-
ficient data to allow the optimal design of second-
ary pion and muon beams at SIN and other accel-
erator laboratories of similar proton energy. Al-
though many groups have measured pion produc-
tion cross sections,'™® only one experiment'” at a
proton kinetic energy 7, =730 MeV has covered a
wide variety of nuclei as well as a wide range of
pion energies and production angles. The present
experiment was carried out to produce a similar
data coverage at T, =585 MeV as that of Ref. 17 at
730 MeV.

In addition to the differential cross section, the
polarization parameter P for the pion production
has been measured extensively for the first time
in our experiment. We hope that the combined
data will be useful for the improvement of theoret-
ical models of pion production in nuclei. The “iso-
bar” model of Silbar and Sternheim'®*?® reproduces
accurately the measured ratios of the 7" to 7~ total
production cross sections at 730 MeV (Ref. 17) and
the dependence of the total production cross sec-
tions on nuclear size. For positive pions, the
model'®*® also reproduces fairly well the depen-
dence of the differential production cross section,
do /dQ on the production angle and, in addition, the
pion energy distributions d% /dQdT, at fixed

angles. However, for negative pions, the predic-
tions of do/dQ and d% /dQ dT, are not satisfac-
tory. Possible improvements to the model® %
will be discussed in Sec. V below.

II. EXPERIMENTAL METHOD
A. The proton beam

Our measurements were carried out in the pM1
polarized proton channel at SIN.?! This beam is
produced by scattering the unpolarized extracted
proton beam in an 8 mm thick beryllium target
through an angle of 8°. The scattered proton beam
has a downwards transverse polarization of
(41.65+0.40)%.?* Its intensity was typically 5x10°
protons per second during our data taking, The
kinetic energy of the proton beam was 585 MeV,
with an absolute calibration uncertainty of 2 MeV
(standard deviation) and an energy band AT, /T,
of 0.4% full width at half maximum (FWHM). The
position and profile of this beam near the pion pro-
duction target were monitored continually through-
out the experiment with an analog readout multi-
wire proportional chamber.”® The dimensions of
the beam spot at the pion production targets were
14 mm (FWHM) horizontally and 9 mm (FWHM)
vertically. The transverse polarization of the beam
could be rotated through 180° using a 1 m long
superconducting solenoid situated along the beam
line. This solenoid generated a longitudinal mag-
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netic field of 4.5 T along the beam direction (see
Fig. 1). The intensity of the proton beam was mon-
itored using a scintillation telescope P, P, detect-
ing particles scattered at 30° to the beam direction
from a 5 mm thick CH, target. The calibration be-
tween the telescope rate and the proton beam in-
tensity was made after reducing the latter by a fac-
tor of 10° to 10%, This was achieved by detuning a
quadrupole magnet upstream of the acceptance-
defining slit system of the beam channel. Thus the
intensity of the beam could be reduced without
changing the beam dimensions at the pion produc-
tion targets. A direct measurement of the beam
intensity at this position could then be made with a
scintillation counter of dimensions 50X50X 15 mm?
placed in the beam and compared directly with the
P,P, rate. This calibration was carried out at
frequent intervals during the experiment for both
conditions of the precession solenoid (i.e., for
down and up directions of the beam polarization).
Different calibrations were expected because of
the dependence of the scattering cross sections
from the CH, target on the direction of the beam
polarization; however, for each solenoid condition,
- calibrations consistent within the statistical un-
certainties were obtained. The beam intensities
for these measurements were varied from 4X10°
to 1.1X10° protons per second. The following
ratios of direct beam rate to telescope rate were
obtained:

FIG. 1. Plan of the experimental arrangement: 1.
scintillation counter Py, 2. scintillation counter Py, 3.
CH, target for beam intensity measurement, 4. super-
conducting solenoid, 5. central trajectory of the incident
proton beam, 6. pion production target, 7. scintillation
counter m, 8—11. lead collimators, 12. scintillation
counter m, 13. scintillation counter w3, 14. lead shield-
ing, 15. spectrometer turn table, 16. central trajectory
of the spectrometer, 17. spectrometer magnet.

K =proton rate/P, P, rate
=(8.311+0.024) X 10° for beam polarization up,
K =proton rate/P, P, rate ' '
=(3.002 +0.025) X 10° for beam polarization down.

The quoted uncertainties in K are the statistical
errors. The proton beam was focused onto a
remotely controlled target ladder containing eleven
different materials (see Sec. ITI[). The angle o be-
tween the normal to the target and the proton beam
was adjusted according to the pion production

angle under study. This angle o was set at 6,/2
for 6,=22.5° 45° and 60° laboratory angles and
a=60,/2+90° for 6, =90° and 135° (see Ref, 24).

B. The pion spectrometer

The particles produced from the targets were
momentum analyzed in a 1 m spectrometer mag-
net and their time of flight (TOF) through the
spectrometer was determined using the scintilla-
tion counters m,, m,, and 7, shown in Fig. 1. The
TOF measurement between 7, and 7, allowed clear
separation of electrons and pions produced from
the target. The spectrometer was mounted on a
table which could be rotated about a vertical axis
through the center of the target system. The mag-
net included precisely machined and positioned
lead collimators as shown in Fig. 1. The accept-
ance solid angle AQ(p) of the spectrometer is

s0(p)= [[ 8005, 5,915, 3 dx,d, ,

where AQ(p, x,,v,) is the solid angle of the spec-
trometer for particles generated from the target
point ¥, , y, with a momentum p, and f(x,,y,) is the
distribution function of the pion source; the inte-
gral of f(x,,y,) over the (x,,y,) plane is unity.
The %, and y, axes are indicated in Fig. 1. The ac-
ceptance solid angle was calculated using a Monte
Carlo program for isotropically distributed initial
flight directions of the particles produced from
the target and for a typical distribution function
f(x,,9,). The result is shown in Fig. 2. The asym-
metrical form of this resolution curve results in
an average momentum 1.5% higher than the mo--
mentum p, of a particle traveling along the central
trajectory of the spectrometer. The accepted mo-
mentum band of the spectrometer Ap/p, is 18.5%
(FWHM).

C. The electronics

The signals for the TOF measurement were ob-
tained from the counters 7, and 7, using the elec-
tronic system shown in Fig. 3. The counter 7; was
used to reduce the accidental coincidence rate.
The flight path between the counters 7, and 7, was
355 cm. The light guide of the 7, counter was at-
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FIG. 2. Momentum resolution curve of the magnetic
spectrometer, calculated with a Monte Carlo computer
program. Abscissa: momentum of particles divided by
the momentum for the central trajectory. Ordinate:
acceptance solid angle of the spectrometer. The results
of the Monte Carlo program are plotted as points with
error bars. The curve has been drawn to guide the eye.

tached to the right hand side of 7,, an orientation
partially compensating for the TOF difference be-
tween the low momentum pions incident on the
right hand side of 7, and the higher momentum
pions on the left. The optimal TOF resolution was
about 0.9 ns (FWHM). Typical TOF spectra are
shown in Figs. 4 and 5. The pulses from the pion
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FIG. 3. Diagram of the electronics. m, T, T: scin-
tillation counters (see Fig. 1), PM: photomultiplier,
CFD: constant fraction discriminator, DISC: discrim-
inator, FO: fan out, TAC: time-tc-amplitude convert-
er.
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FIG. 4. Time-of-flight spectrum; p,=97 MeV/c (see
Fig. 2), 7*, 6,=90°, target CH,.

counters 7, and 7, were fed into constant fraction
discriminators to preserve the good timing reso-
lution. The output from the m, discriminator was
used after suitable delay as the stop pulse for a’
time-to-amplitude converter (TAC), while the
start pulse was generated from a coincidence be-
tween the three pion counters where the timing

was defined by the counter m,. The TAC output
was processed by a CAMAC compatible 1000 chan-
nel pulse-height analyzer. At the end of each data-
taking run, the pulse-height spectrum was read in-
to a PDP 11/20 on-line computer, together with all
the measured rates in the pion and proton counters.
The experimental conditions for each run were fed
into the computer before the start of data taking and
all information was written on magnetic tape for
subsequent analysis. The computer was also used
to display the data at the end of each run and to
carry out integrations of the TOF spectra.

III. DATA TAKING
A. Data coverage

We have measured pion production cross sec-
tions at the angles 6, =22.5°, 45°, 60°, 90°, and
135° (lab system) with respect to the direction of
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FIG. 5. Time-of-flight spectrum; p,=74 MeV/c, m*,
6,=60°, target CHy. The peak in channel 138 is due to
fast pions which are scattered through the spectrometer.
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the incident proton beam. At some of these angles
data for incident proton energies similar to ours
exist. The pion energies studied were: T, =24,

35, 88, 151, and 254 MeV at ,=22.5°% T,=24,

35, 88, 151, and 192 MeV at 6,=45°% T,=24, 35,
46, 88, and 151 MeV at 4, =60° 90°, and 135°,
Some of these energies were chosen such that they
were near the pion energies in the reaction pp—dn*
at one of the angles used in the experiment (see
Sec. V and Fig. 13). We used the target ma-
terials CH,, C,;D,,, Be, C, Al, Al,0;, Ni, Cu,
Mo, and Pb; the three materials CH,, C,D,,, and
Al,0, were used to determine the cross sections
for the proton, the deuteron, and the oxygen nu-
cleus, respectively. The liquid C,D,, was contained
in a cell with Mylar windows; an empty Mylar cell
was used for the corresponding background mea-
surements. For the targets other than C¢D,, the
background was measured using an empty partition
of the target ladder (“air” target). Thus we used
twelve different targets. The pion production ex-
periment consisted of 1200 separate runs (12 tar-
gets, 5 angles, 5 pion energies, 2 pion charge
signs, and 2 signs of the proton beam polarization);
one run lasted 200 to 600 sec.

B. Time-of-flight spectra

A typical time-of-flight spectrum is shown in
Fig. 4. Since the start pulse was derived from
the counter 7, and the stop from m,, our TOF
spectra are reversed with faster particles at the
right hand side of Fig. 4. The electrons occur al-
ways at the same TOF position of 11.7 ns between
m, and 7, (channel 154 in the displayed spectrum)
irrespective of the momentum setting of the spec-
trometer. A peak in the TOF spectrum due to
pions is observed at low channel numbers, while
muons created before the spectrometer magnet
fall between these pions and the electrons. Muons
created after the spectrometer magnet cannot be
distinguished by time of flight from the pions; this
contamination was calculated with a Monte Carlo
program (see Sec. IV). The rasdom background in
the TOF spectra was determined from the number
of events outside the mue region. A time-of-flight
spectrum at low momentum is shown in Fig. 5. It
contains an additional peak near the electrons due
to scattering of higher energy pions in the lead col-
limators of the spectrometer magnet. This peak is
discussed in Sec. IV.

C. Measurement of the elastic proton-proton scattering

As a check of the momentum and solid angle ac-
ceptance of our spectrometer as well as the moni-
toring of the proton beam and the operation of the
spin precession solenoid, we carried out subsidi-

ary measurements of the proton-proton elastic
scattering cross section and asymmetry. These
data were taken at laboratory scattering angles of
45° and 60° using a CH,-C difference method and
high magnetic field settings of the spectrometer.
The apparatus was the same as that used for the
pion production measurements. In the TOF spec-
tra there was an isolated peak due to protons ac-
cepted by the spectrometer.

IV. DATA ANALYSIS

In our data analysis, particle time-of-flight
(TOF) spectra were generated with a Monte Carlo
computer program, and compared with the experi-
mental TOF spectra. The initial estimation of the
differential cross section used in the Monte Carlo
program in the case of the proton-proton scatter-
ing test was derived from the Saclay nucleon-
nucleon phase shifts.?® In the case of the pion
production measurements, the data of Ref. 2 and
a preliminary analysis of our own data® were
used. Pions were generated in a large solid angle
and momentum range to ensure that no decay muons
were lost.

Other inputs for the Monte Carlo program were
the properties of the incident proton beam and the
production targets, the geometrical arrangement
of the counters, the collimators, and the spec-
trometer magnet. The pion decay probabilities,
nuclear and multiple scattering as well as energy
loss of the particles in the production target, the
air, the counters, and the collimators were in-
cluded in the calculation.

The experimental TOF spectra were well repro-
duced by the Monte Carlo calculation in all cases;
in particular, for low momentum settings of the
spectrometer, the peaks like that around channel
138 of Fig. 5 were also present with correct pos-
ition, shape and height, within statistics, in the
Monte Carlo TOF spectra. These peaks in the
Monte Carlo TOF spectra were seen to be due to
high energy pions inscattered from the collima-
tors through the spectrometer. The ratio of in-
scattered to direct pions in the TOF spectra (an
inscattered particle has touched one of the lead
collimators shown in Fig. 1) was much smaller
at higher momentum settings of the spectrometer.
However, at low momentum settings (such that
T. <46 MeV at the target center), the inscattered
pions in the direct pion TOF peak contribute only
about 5%, whereas for settings with T',>88 MeV
the inscattered pions fall in the direct pion peak
and contribute typically 15% of all the pion events
in this peak. '

In the case of the p-p scattering, there were at.
the peak of the Monte Carlo distribution shown in
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Fig. 17, i.e., at 8.5 kG, (88.9+4.7) direct and
(7.8 £1.4) inscattered protons per 10® primary
protons in the peak of the Monte Carlo TOF spec-
trum (most inscattered protons had a TOF in the
peak region). The Monte Carlo pion and muon TOF
spectra were compared with the measured spectra
(see Figs. 4 and 5), from which the random back-
ground had previously been subtracted. A scaling
factor was obtained by dividing the number of
events in the pion peak of the experimental spec-
trum by that of the theoretical spectrum. This
“pion peak” contains a contamination of 10 to 20%
“late muons” born after the spectrometer magnet.
The parents of the late muons were pions with
kinematical properties similar to those of the ac-
cepted pions. Therefore the scaling factor was
used to correct the initial estimation of the cross
section for the central production angle and the
average initial kinetic energy of the pions ac-
cepted by the spectrometer. The polarization pa-
rameters were calculated from a comparison of
the number of events in the experimental pion or
scattered proton peak in the TOF spectra for both
directions of the beam polarization.

V. RESULTS

The measured pion production cross sections
d% /dQdT, are presented in Figs., 6-10. Table I
shows our data for carbon.?® It also includes the
measured data on electron contamination and the
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polarization asymmetry in pion production. The
quoted uncertainties are due to the statistical er-
rors in the experimental and theoretical TOF spec-
tra; the uncertainty of the integration limits for
the pion peaks are also included. However, the
quoted uncertainties do not include a number of
systematic effects.? The uncertainty due to the
monitoring of the proton beam intensity, common
to all the cross sections d%/dQdT,, is estimated
to be 3%. A further uncertainty arises from the
Monte Carlo calculation of the direct muon and in-
scattered pion and muon contribution to the direct
pion TOF peak (see Sec. IV). This uncertainty of
d%0 /dQdT, is estimated to be 5%. The quadratic
sum of the estimates of all systematic uncertain-
ties is 7% (one standard deviation).

Because of the large momentum acceptance of
the spectrometer used in the experiment, the cross
sections and asymmetries quoted in Table I are
average values over fairly large regions of pion
kinetic energies, namely (24+3), (35+5), (46x7),
(88+£12), (151+20), (192+25), or (254+31) MeV.
The asymmetry parameter P is defined as
P =(0up = Odown)/(0yp + Tgoun), fOT a proton beam
fully polarized in the direction perpendicular to
the pion production plane. Here o, is the differ-
ential pion production cross section for beam pro-
tons with spin up and for pions emitted to the left,
while G4own is the same for beam protons with spin
down. Thus the “up” direction is defined as usual
by fi=k,Xk,/sind,, where k, and k, are unit vec-
tors in the direction of the proton and pion mo-
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FIG. 6. Measured pion production cross sections for 7* and 7~ at a production angle 6, of 22.5°.
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The ratio of particle rates e/(7 + ul), quoted in
Table I, was observed in a scintillator telescope.
The particle flight path from the pion production
target to this telescope was 4.5 m long. Here y,

(late muons) are muons which originated from pion

decays downstream from the pion spectrometer
magnet. These muons were not separated from
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the pions in our time-of-flight spectra. A Monte

Carlo calculation showed that the rate of late
muons was in all cases smaller than about one
fifth of the pion rate. The pion production tar-

gets were plates 5 cm high, _:7 cm wide, and about

1 g/cm? thick. The normal N to the target face lay
in the pion g_roduction plane. The angle a between
the normal N and the proton beam was « =6,/2 for
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FIG. 8. As Fig. 6: production angle 6,=60°
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0, =22.5° 45°% and 60°, For 6, =90°and 135° the
angle was a =(6,/2) +90°,

The differential cross sections d% /dQdT, of 7*
and 7" at each production angle shown in Figs.
6-10 are peaked at higher energies Tr(o,,,) for
positive pions than for negative pions for nuclei

above aluminum. This shift of the energy distribu-

tions was also observed in the 730-MeV data of
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Ref. 17 and was not reproduced by the theoretical
model.’®*?* The difference in peak energies

T+ (0max ) between lead and copper for positive
pions (~+8 MeV) appears to reverse its sign for
negative pions. This may be due to the Coulomb
force between the emitted pions and the nuclear
protons. The magnitude and sign of these differ-
ences are in agreement with those expected from a
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FIG. 10. As Fig. 6: production angle 6, =135°.
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TABLE I. Results of our measurements for carbon; results for all ten elements of the ex-

periment are made available in PAPS; see Ref. 26, All quantities are in lab system. 6,:
pion production angle; T,: Kkinetic energy of produced pions; dzo/deT,: differential pion
production cross section of one nucleus, for unpolarized incident protons; P: asymmetry
parameter, see text (Sec. V); e/(r +u;): ratio of particle rates, see text (Sec. V).

6, T, d?%c/dQdT
(deg) * (MeV) [ub/(sr MeV)] P e/ +u;)
22.5 * 24 6.3 +1.0 —0.21 +0.13 0.88  +0.12
35 8.37 +0.80 —~0.240 + 0.060 0.213  +0.021
88 19.2 +14 —0.111 + 0.021 0.0170 +0.0013
151 297 +1.4 —0.018 + 0.017 0.009 69 + 0.000 77
254 24.13 +0.90 0.131 + 0.023 0.004 79 + 0.000 76
i 24 1.82 +0.32 0.12 +0.22 3.43  +0.44
35 2.39 +0.23 -0.29 +0.11 1.028 +0.059
88 3.90 +0.22 —0.160 + 0.029 0.1075 +0.0044
151 4.30 +0.18 —0.162 + 0.019 0.0304 +0.0017
254 1.975+ 0.090 —0.137 + 0.028 0.0057 +0.0015
45.0 * 24 6.30 + 0.90 —0.17 +0.13 0.565 +0.055
35 9.90 +0.90 ~0.260 + 0.060 0.1278 +0.0093
88 21.0 +1.5 —0.225 + 0.019 0.0115 +0.0010
151 17.49 +0.85 —0.079 £ 0,019 0.007 32+ 0.00085
192 14.04 +0.69 0.063 + 0.022 0.004 01 + 0.00079
™ 24 1.78 +0.35 —0.01 +0.31 2.52  +0.33
35 2.89 +0.22 —0.05 +£0.10 0.577 +0.034
88 3.51 +0.21 —0.180 + 0.034 0.0538 +0.0040
151 2.72 +0.13 —0.124 + 0.032 0.0219 +0.0026
192 1.767+ 0.091 —0.108 + 0.033 0.0058 +0.0022
60.0 * 24 7.5 +1.2 —0.158 + 0.082 0.396  +0.027
35 11.53 + 0.97 —0.200 + 0.039 0.0835 +0.0049
46 11.9 +1.2 —0.221 + 0.038 0.0357 +0.0030
88 17.94 +0.81 —0.193 + 0.020 0.008 90 + 0.00089
151 11.60 + 0.44 —0.081+0.016 0.004 37 + 0.000 55
I 24 1.89 +0.33 -0.23 +0.22 2.03 +0.21
35 2.67 +0.22 —0.120 + 6.094 0.491  +0.029
46 2.79 +0.24 —0.122 + 0,051 0.219 +0.011
88 3.34 +0.17 —0.104 + 0.034 0.0431 +0.0037
151 1.746 + 0,081 —0.115 + 0.040 0.0094 +0.0027
90.0 * 24 11.0 +1.6 —0.109 £ 0.045 0.1896 +0.0081
35 15.0 +1.1 —0.082 + 0.022 0.0401 +0.0022
46 14.8 +1.1 —0.100 + 0.027 0.0128 +0.0012
88 14.28 + 0.57 —0.048 + 0.013 0.003 99 + 0.000 47
151 4.35 +0.22 —0.017 + 0.015 0.004 53 + 0.000 64
T 24 2.39 +0.35 0.04 +0.13 1.084 +0.070
35 3.11 +0.21 —0.101 + 0.047 0.248 +0.010
46 3.28 +0.23 —0.088 + 0.039 0.1319 +0.0061
88 2.32 £0.10 —0.034 + 0.024 0.0262 +0.0022
151 0.552 + 0.030 —0.023 + 0.035 0.0085 +0.0033
135.0 * 24 13.6 +1.8 —~0.031 + 0.031 0.0890 +0.0043
35 17.9 +1.0 0.030 + 0.027 0.0159 +0.0019
46 18.1 +£1.2 —0.016 + 0,030 0.0036 +0.0012
88 7.14 +0.30 —0.082+0.013 0.003 03 + 0.000 51
151 1.320+ 0.094 —0.105 + 0.020 0.0052 +0.0014
i 24 2.63 +0.35 —-0.02 +0.11 0.653  +0.040
35 3,02 +0.18 —0.046 + 0.048 0.1688 +0.0085
46 3.23 +0.21 —0.003 + 0.049 0.0694 +0.0056
88 1.162+ 0.050 —0.024 + 0.035 0.0182 +0.0034
151 0.231+ 0.020 —0.022 + 0.056 0.0088 +0.0084
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FIG. 11. Comparison of our measured differential cross sections dztr/dﬂdT1r for 7* and 7 production from lead and
beryllium at 7,=585 MeV and 6,=22.5°, with other experiments in the same proton energy region. The curves have

been hand drawn through the points.

TABLE II. Total cross sections for the production of charged pions by protons with T,
=585 MeV. The quantity op(r*)/Z1/3, where Z is the nuclear charge number, is roughly in-
dependent of Z for nuclei heavier than oxygen, and the analog is true for op(r 9/N*3 for nu-

clei heavier than beryllium,.

op(m”)

oplmh)
Target op(r*) (mb) op(m7) (mb) Z173 (mb) N2/3 (mb)
Pb 86 +11 415 +5.1 19.8+2.5 1.66+ 0.20
Mo 69.6+ 8.5 24.5 +3.0 20.1+2.4 1.72+0.21
Cu 600+ 7.4 18.0 +£2.2 19.5+2.4 1.70+ 0.21
Ni 62.5+ 7.7 14.7 +£1.8 20.6+2.5 1.50+0.18
Al 43.8+ 5.4 9.8 1.2 18.6 + 2.3 1.68+ 0.20
(6] 346+ 4.2 6.40+ 0,79 173+2.1 1.61+ 0.20
C 285+ 3.5 4,72+ 0.58 15.7+1.9 1.43+0.18
Be 227+ 2.8 4,75+ 0.59 14.3+1.8 1.62+ 0.20
D 8.7+ 1.1 1.03+0.13 8.7+1.1 1.03+0.13
H 9.7+ 1.2 9.7+1.2
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FIG. 13. The measured differential cross sections
d?c/dQdr, for = production from hydrogen by 585-MeV
protons at 6,=22.5, 45, 60, 90, and 135° in the labora-
tory. The pion energies T, corresponding to the energy
of the pion in the pp —dr* reaction at the various lab
angles are indicated at the top of the diagram. The
sharp peaks in the differential cross section at these
energies due to this reaction are broadened by our large
momentum acceptance. The corresponding kinetic ener-
gy acceptance at each lab angle is indicated on the data
points.

simple model** with uniform nuclear charge dis-
tributions and the radii of Ref. 19.

The comparisons of our data with those of Hirt
et al.,? Cochran et al.,'” and James et al.'® show
several interesting features (e.g., see Figs. 11 and
12). In the case of 7" our cross sections are lower
than those of Ref. 2, particularly at their lowest

1

67(1*)/Z 3 [mb]

FIG. 14. Measured total pion production cross sec-
tions for positive pions from various nuclei divided by
zZi3 plotted as a function of the nuclear charge Z. Our
experimental results are plotted as points with error
bars; the curve is drawn to guide the eye. The errors
shown are the total uncertainties.

2

67(r7)/NT [mb]

TN SR T ST SR S

60 80 100 120 1.0

160
N
FIG. 15. Measured total production cross sections for
negative pions from various nuclei divided by N3 plot-
ted against the nuclear neutron number N.

pion energy. The agreement with the 7~ data of
Ref. 2 is good except again at their lowest pion
energy. Our data agree with those of James et al.*®
for T, <35 MeV, but for higher pion energies, the
experiments are in strong disagreement. Compar-
ing our pion production cross sections for 585-MeV
incident protons with those of Cochran et al.'” for
730-MeV protons indicates that for pion energies

d
mb
sr 4.0 g

3.0+ J

2.5 ]

1.5 :

O 1 1 1 1 1 1
50 60 70 80 90 100

8%(cm) [deg]

FIG. 16. Results of the proton-proton differential elas-
tic scattering cross section measurement. The mea-
sured differential cross sections (in the center of mass
system) are plotted as points with error bars. The
curve is the prediction derived from the Saclay nucleon-
nucleon phase shifts (Ref. 25) at T,=585 MeV.
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TABLE II. Results of the proton-proton differential elastic scattering cross section, in
the c.m. system, and asymmetry check at 7,=585 MeV. Columns 2 and 4: our results.
Columns 3 and 5: values calculated from the Saclay phase shifts (Ref. 25).

Lab Cross section do/dQ* (mb/sr) Asymmetry parameter P
angle This experiment Saclay This experiment Saclay
60° 410+ 0.34 3.90 £ 0.04 0.454 + 0,027 0.472+ 0.050
45° 2.61+ 0.24 2.86+0.06 0.116+ 0.023

0.115+ 0.040

below 150 MeV, these cross sections differ little
from each other for all pion production angles.
The advantages of using higher energy protons than
585 MeV become evident at pion production angles
smaller than 45°, where higher energy pions be-
come available,

The differential cross sections d% /d2d T, for
7" production from hydrogen at production angles
0,=22,5° 45° 60°, 90° and 135° are shown in

100t i F\
/I

Events for 108 incident protons

50} /
} \
\
Il \
E‘ %\
4
4 A
0 o /4; ! 1 i\+\+t+.._
5 6 7 8 9 10 N

Magnetic field [kG]

FIG. 17. Proton-proton scattering rates for unpolar-
ized protons as a function of the magnetic field in the
center of the spectrometer magnet, placed at 6(lab)
=60°. The experimental rates are plotted as crosses
(typical statistical uncertainty ~1%). The results of the
Monte Carlo computer program are shown as circles
with error bars. The differential p—p scattering cross
section used in the Monte Carlo program was calculated
from the Saclay phase shifts (Ref. 25). A curve has been
hand drawn through the experimental points. The Monte
Carlo points are seen to agree with the experimental
points. This represents a check of the monitoring and
the acceptance calculation.

Fig. 13. For each 0,, the pion energy correspond-
ing to the pp ~d 7" reaction is indicated. In every
case the energy distribution is peaked at the en-

Har*
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FIG. 18. Measured asymmetry parameters P in
charged pion production from various elements by 585
MeV polarized protons at a production angle 6, of 45°;
see text Sec. V.
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ergy corresponding to this reaction, in contrast
to the data of Ref. 17 at 730 MeV, where no clear
enhancements were observed. This can be under-
stood because of the increased importance of the
pp—~dn* channel at our incident proton energy, near
which the total cross section for this reaction has
its peak.?” A complete theoretical model for pion
production from nuclei at an energy near 600 MeV
should include the contribution from this reaction.
The energy distributions of Fig. 13 have been inte-
grated over energy and angle to give a total 7"
production cross section of 9.7+1.0 mb, in agree-
ment with the sum of total cross sections for the
reactions pp - pnm* and pp~d7" at 585 MeV from
Ref. 27. Our integrated total cross section for 7"
production from deuterium is 8.7+1.1 mb. The
most probable value of this cross section is thus
smaller than that from hydrogen as also observed
by Cochran et al.'” at 730 MeV, who attributed the
fact to strong interference and/or shadowing.

Our total cross sections ¢, for 7° and 7~ produc-
tion at 585-MeV proton kinetic energy are listed
in Table II. The dependence of ¢ (7*)/Z"% and
op(m")/N?%? on Z and N, respectively, are pre-
sented in Figs. 14 and 15 and also in Table II.

The total cross sections for 7* and 7~ production
from nuclei above carbon show the Z¥2 and N %3
dependence, respectively, as expected from the-
oretical arguments'®’?° including the effects of
strong pion absorption in both cases and 7° charge
exchange in the latter case. The ratio of the total
cross sections for 7* and 7~ production are in good
agreement with the predictions of the isobar model
of Silbar and Sternheim,'®’

The results of our proton-proton scattering mea-
surements are presented in Table III and in Fig.
16 together with the predictions derived from the
Saclay phase shifts.?® The predictions quoted in
Table III and shown in Fig. 16 were obtained with

an interpolation between fits to two sets of experi-
mental proton-proton scattering data at very near-
by energies, namely 582 and 593 MeV.**2® Both
sets of differential cross section data were well
reproduced by the phase shifts® used for our inter-
polation. The Monte Carlo and experimental pro-
ton-proton scattering rates as a function of the
magnetic field of the spectrometer are plotted in
Fig. 17 for a laboratory scattering angle of 60°,

- The two curves in Fig. 17 agree within the statis-

tical uncertainties, indicating that the overall ac-
ceptance and monitoring of our system is correct-
ly estimated in our Monte Carlo program.

The polarization parameters P in pion produc-
tion from carbon measured in our experiment are
listed in Table I. Some of the data from other
nuclei are shown in Fig. 18. The polarization pa-
rameters are in general quite small, particularly
for negative pions. Since a large fraction of the
negative pions are not produced directly but rather
by charge exchange of neutral pions, any polari-
zation dependence of the 7~ production is expected
to be small. On the other hand, positive pions
which are predominantly produced in a single pion
production process within the nucleus might be
expected to show a larger polarization sensitivity
than negative pions, and this is confirmed by our
data.
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