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Production of Charged Pions by 730-MeV Protons from Hydrogen and Selected Nucleic
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An experiment was done in the external proton beam of the Berkeley 184-in. cyclotron to
measure the production cross sections for pions from various target nuclei, from hydrogen
to lead. The cross-section data are presented and the reaction mechanisms discussed. The
hydrogen production appears to fit the one-pion-exchange model.

I. INTRODUCTION

Pion production cross sections for protons on
hydrogen and other nuclei constitute some of the
basic data for medium-energy physics, equally
important in the theoretical understanding of pion
physics and as input for the design of pion beams
for the new generation of meson factories now
under construction. Many experiments have mea-
sured some of these cross sections; however, no
experiment had been undertaken which covered a
wide range of target materials, production angles,
and pion energies. ' " In the present work there
was enough redundancy in the identification of par-
ticles so that counting efficiencies and backgrounds

could be accurately measured and taken into ac-
count in the computation of cross sections, and so
that the proton and electron component in each mo-
mentum channel could also be measured. Here we
report measurement of the differential cross sec-
tion for pion production (d'o/dQdE) by V30-MeV
protons onH, D, Be, C, Al, Ti, Cu, Ag, Ta, Pb,
and Th at eleven lab angles in the interval 15'-150
and at twelve energies in the interval 25-550 MeV.
The vast amount of data represented by this ma-
trix of parameters required automatic data han-
dling and reduction, which was accomplished using
an on-line digital computer, with data reduction
simultaneously done during the experiment. The
experiment used the external proton beam of the
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184-in. cyclotron at the Lawrence Radiation Lab-
oratory, a liquid-hydrogen target and various
solid targets, and a pion spectrometer consisting
of a bending magnet and an array of 12 counter
telescopes.

Some details of the earlier work follow: For-
ward pion cross sections for various nuclei were
measured at 725 MeV by Haddock eI; al. ' A group
using 600-MeV protons from the CERN synchro-
cyclotrom measured the pion spectra at 0.8' and
21.5' from hydrogen by a CH, -C difference, and
also from various nuclei. '

Studies at 560, 600, and 970 MeV using liquid-
hydrogen bubble chambers have been reported. ' '
Naturally the statistics were limited. In Ref. 3,
for example, 233 events were identified of the
class p+ p -p+ n+ n'. A number of production ex-
periments have been done by groups using the
Dubna synchrocyclotron. Neganov and Savchenko'
measured the angular distributions for pions of
energy &15 MeV for eight angles for proton ener-
gies from 480 to 660 MeV. Mescheriakov e$ al.'
measured the m' spectrum at 24' for the reaction
P+ p-P+n+ m', at 556 and 657 MeV. Meshkovskii
et al. measured the same reaction for laboratory
angles of 29' and 46'.' Siderov, ' using emulsions,
obtained the energy spectra of n' from 657-MeV
protons on H at 0» —-60, 70, 90, 105, and 120 .
Batusov et al. ,

"using emulsion chambers and 657-
MeV protons, made similar measurements with
somewhat differing results.

Production cross sections for 450-MeV protons
on various nuclei at 21.5'and 60' have been mea-
sured by Lillethun. " Pion production from nuclei
has been measured by workers at the Dubna syn-
chrocyclotron and reported in a series of pa-

12-15

An early review of production data from hydro-
gen was given by Gell-Mann and Watson. " An in-
terpretation of pion production data was given by
Mandelstam" in terms of a model based on the
dominance of the 6(1236) resonance. Lindenbaum
and Sternheimer" presented an isobar-model fit.
At first glance, neither method looks very plausi-
ble for the pions of very low energy in the center-
of-mass system. A model-independent approach
was adopted by Schillaci, Silbar, and Young, who
calculated pion production near threshold using
the "soft-pion" technique. " The resulting expres-
sion for the cross section, which has no adjustable
parameters, gives values in fair agreement with
measurements near threshold. This success en-
couraged them to extend the calculations to the
production of low-energy s-wave pions at 740
MeV." Other calculations were made by Drechsel
and Weber. " The results of such calculations are
compared with the data in Sec. VI.

No adequate theory of the production in nuclei
exists; however, cascade Monte Carlo calculations
have been employed to represent the data, ""and
some considerations have been given by Margolis. "

In Sec. III we give details of the spectrometer,
and in Sec. IV the details of the counters and the
electronics. The data acquisition system, con-
sisting of the PDP-8 computer, peripherals, in-
terface, and software, is discussed in Sec. V.
Details of the corrections to data are given in Ap-
pendixes. The results are discussed in Sec. VI.

II. EXPERIMENTAL ARRANGEMENT AND

BEAM STUDIES

A. External Proton Beam, and Arrangement of
Magnets and Shield

The experiment used the extracted proton beam;
the beam viewed on a slow time scale was a pulse
with a macro duty factor of -30%. The rf (52-nsec
period) fine structure was 5$. Intensities of up to
70 nA could be obtained, but for data collection the
beam current was reduced to keep dead time and
multiple events to a low value; typically, 5-20 nA

were used.
The beam line from the cyclotron through the

physics cave is shown in Fig. 1. Starting from the
cyclotron, the external beam passes through the
PMC, which is a four-jaw adjustable collimator,
a steering magnet (SM), a quadrupole doublet

(Q,Q,), and then through a pipe in the shield and
into the physics cave. In the cave are a quad dou-
blet (CIRCE), the ion-chamber beam monitors, the
target (T,), and a split ion chamber (SIC); a sec-
ond doublet quadrupole (DIANA) followed by a drift
space. Finally, the beam stopped in a steel block
-10 m downstream from DIANA. The target posi-
tion T, was used for backward production angles.
When T, was in use, the SIC was relocated imme-
diately downstream.

The quad pair Q,Q, served to transport the beam
to the cave; CIRCE was used to focus the beam at
the target when it was at T,. DIANA served to
transport the beam from T, to the beam stop, and,
when the target was at T„to focus the beam at
T2 ~

The initial setup was for forward angles; the
beam spot was adjusted using the Polaroid radio-
graphs and a scintillating screen viewed by a TV
system. The beam appeared to consist of two ma-
jor components; these were separated horizontally
at the location of the premagnet collimator (PMC)
and focused on the target at different steering-
magnet currents. A small spot of reasonable in-
tensity was obtained at location T, by first setting
the PMC to pass only one or the other of the com-
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FIG. 1. Floor plan of beam line and spectrometer.

ponents, and then finding an appropriate setting
for the quadrupoles. However, this procedure
proved to be unsatisfactory; a significant part of
the beam appeared as a low-current halo on one
side, and was not all intercepted by the target.
The PMC was then opened to include almost all of
both beam components, and the quadrupoles were
adjusted for as small a spot as possible. After
the initial tests, the apparatus was set up for back-
ward angles with the same PMC settings. The best
spot obtainable at T-, was perhaps too large for
comfort with a 75-mm-diameter target, so 100-
mm targets were used for most elements. After
taking the backward-angle data, the setup was
changed to forward angles, and the horizontal
PMC was opened the rest of the way for these
cross- section measurements.

B. Secondary Channels

Radiating out from the target positions were the
secondary beam channels which the magnetic spec-
trometer viewed. These secondary channels from
position T, were at angles of 15', 20', 30', 45',
60', 75', and 90, with respect to the incident pro-
ton beam; at T, the channels were at 90, 105',
120, 135', and 150'. The channel opening was 10
cm horizontally by 12.5 cm vertically, or, when a
lead collimator was inserted, 5 cm horizontally
by 7.5 cm vertically. The lead collimator was in-
serted at a constant distance from the target so
that scattering contributions at each angle were ap-
proximately the same. The collimator was used

to make an experimental determination of how
many particles hit the walls of the channel and
scattered back into the spectrometer. The colli-
mator was removed for data taking, but a correc-
tion for the effect was applied to the data.

To correct for inscattering from the walls of the
steel slot, the ratio of cross sections with the col-
limator in place and removed was measured,
taking care that the target spot size was adequately
small and that the collimator. was aligned. This
experimental test indicated that the collimator had
essentially no effect on the highest momentum
channels. However, the ratio of cross sections
(collimator out vs collimator in) steadily increases
with decreasing momentum to a value of 1.65 in
the lowest momentum channel. The ratio was
measured as a function of momentum, pion charge,
target Z, and scattering angle, and was found to
be quite insensitive to these variations, the ratios
were therefore averaged. The averaged ratios
are presented in Table I.

As a check, Monte Carlo calculations were made
of the inscattering, including the effects of multiple
Coulomb scattering, energy loss, and nuclear ab-
sorption in the channel walls. The calculation was
done at energies of 50, 100, and 300 MeV for col-
limator out (smooth iron walls, 10 cmx12. 5 cm
x150 cm long) and collimator in (serrated lead
walls, 5 cmx7. 5 cmx125 cm long). The in-out
ratio agreed fairly well with the measured num-
bers; the calculation showed there was an addition-
al 15/~ inscattering even with the collimator in.
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TABLE I; Channel parameters: Momentum, momentum width, and inscattering corrections
and errors.

Channel
Central momentum

(MeV/ c) Momentum width Inscattering ratio'

0
1
2

4
5
6
7
8
9

10
11

674
606
526
474
419
365
311
255
195
161
123
81

31
30
29
27
26
24
22
20
17
15
13

8

0.93+ 0.14
0.95+ 0.12
0.99~ 0.11
1.02 + 0.10
1.07+ 0.10
1.10+0.09
1.17+ 0.09
1.23+ 0.10
1.33+ 0.11
1.40 + 0.11
1.49 + 0.13
1.65+ 0.26

Ratio is cross section observed with collimator out compared to that observed with colli-
mator in. Error is estimated uncertainty.

The inscattered particles were lower in energy by
one channel or less.

The aperture of the spectrometer was defined by
a scintillation counter mounted on the spectrom-
eter, and not by the dimensions of the secondary
beam channels. The spectrometer itself was
mounted on rails, so that it could be moved to look
at each of the secondary beam channels. There
was a stray magnetic field from the cyclotron at
the spectrometer; the vertical component varied
between 5 and 10 G (downward) at different spec-
trometer locations and had the effect of displacing
the pion beam transversely with respect to the
spectrometer plane. Except for the very lowest
momentum, this effect was very small.

C. Beam Monitoring

Design

Four beam monitors mere used during the ex-
periment: (1) a counter telescope which viewed the
particles produced by the interaction of the beam
with a piece of Plexiglas; (2) a helium gas multi-
gap ion chamber; (3) an argon-CO, gas ion cham-
ber; and (4) several foils which were used for
activation measurements. Of these only the counter
telescope and helium ion chamber were available '

at all times during the experiment. The argon-CO~
chamber and the foils were used occasionally as
an absolute calibration of the telescope and helium
chamber. The source of particles counted by the
telescope was a piece of Plexiglas placed in the
proton beam -6 in. downstream from the snout.
The ratio of counts in the monitor telescope to
charge collected by the ion chamber changed by

&0.2%%up when the pion production targets were re-
moved from the beam. Accidentals and pileup
were measured and found to be negligible over the
entire range of beam current available from the
cyclotron. With a 12-mm Plexiglas source, the
telescope-to-ion-chamber ratio was found to be
insensitive to beam steering over a reasonable
range of steering-magnet currents. However, we
found that for the backward angle position of the
production target, only 6 mm of Plexiglas could
be tolerated because of the increase in beam size
due to multiple scattering in the Plexiglas. In this
case, the steering magnet caused a +2%1 change in
the telescope-to-ion-chamber ratio for a reason-
able range of steering. During the data-taking
period for forward angles, this ratio remained
constant to better than +0.4/p, while for the back-
ward-angle data, the ratio was constant to +2%%up.

A helium ion chamber was located -45 cm up-
stream of the production target. It was verified
that the ratio of counts in the monitor telescope to
charge collected from the ion chamber varied by
0.5'%%up for a two-decade change in beam current.
The calculated gain of this chamber mas 165; how-
ever, an accident occurred during filling and we
could not be sure that the gas was free of mater
vapor. Since the helium chamber operated reliably
and its gain (relative to the monitor telescope) was
stable over long periods of time, we chose to use
this chamber as a relative monitor and to obtain
an absolute calibration by comparison with an
argon-CO, chamber and also by comparison with
foil activation measurements. The gain value ob-
tained mas 183. Further details on ion chamber
calibrations are given in Appendix A.
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D. Targets

1. HyCrogen Target

The target cell was designed to provide an un-
obscured angle of 2VO'. Figure 2 shows the front
and side views of the hydrogen-target inner as-
sembly. The liquid-hydrogen inner container
(flask) is a 12.5-cm-diameter cylinder 4 em deep,
with windows of 18-mg/cm' Kapton. The flask is
surrounded by a container (dome) for cold H, vapor
in order to keep the pressure difference minimal
across the flat windows; the window is 18-mg/cm'
Kapton. The window of the vacuum jacket (not
shown in Fig. 2) is also Kapton, of thickness 0.5
mm (70 mg/cm'). (The composition of Kapton is
C22H, Q,O, .) Counting rate differences between the
flask full of liquid at pressure V60 mm and filled
with vapor were taken. The equivalent number of
protons is

Pf~ = 1.59x10"protons/cm'

The energy loss contributed by the target is com-
puted for each pion channel.

Other Targets

Eleven different target materials were studied.
The solid targets were either V.5 cm or 10 cm in

diameter. A representative set of the materials
and their respective areal densities is listed in
Table II.

TABLE II. Target densities.

Material
Areal density

(g/crn2)

LH2

CD2
Be
C
A1
Ti
CQ

Ag
Ta
Pb
Th

a
1.13
0.90
1.10
0.97
0.76
0.97
1.08
1.28
1.90
1.01

See Sec. C1. Hydrogen target.

HI. SPECTROMETER

A. Magnet Conversion and Measurement

The spectrometer magnet was constructed by
modifying an existing LRL "C"magnet which had
a 33-em&61-cm pole face and a 15-cm gap. A yoke
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spacer was added to increase the gap. Triangular-
shaped pole tips 15 cm thick were cut to provide a
61.5' wedge-shaped field with a 76-mm gap (Fig.
3}.

The Z (normal) component of the field was mea-
sured in the median plane on a 13-mm~13-mm
grid for all points where B(x,y) ~ 10 Bo, where
B„the central field, was chosen to be 11 kG. In
addition, less detailed maps were made above and
below the median plane to check for symmetry
relative to the median plane. A median-plane map
was also made, with Bp =10 kG, to allow the sensi-
tivity of the focal properties to field variations to
be determined.

The field values mere checked for internal con-
sistency via the OMNIBUS program written by the
LRL magnetic measurements group. The field
symmetry above and below the median plane was
within 0.2'%%u~ at locations of rapid spatial field vari-
ation (near the pole-tip edges) and within 0.01% in
the high field region. The absolute error on each
field measurement is believed to be smaller than
0.1'%% of Bo

Trajectories for the 12 momenta desired were
traced using the median plane field map via an
LRL code entitled FOCUS. The FOCUS program
performs a numerical calculation of the trajectory
of a charged particle of momentum p in the median
plane of a dipole field, given a rectangular map of
the magnetic field component normal to the plane
of the particle orbit. In addition, the horizontal
and vertical FOCUS matrices are calculated at each
point along the trajectory. The magnetic field for
any point (x, y) is calculated as needed by fitting
the nearest three-by-three array of measured field
values to a polynomial B(x, y) which is of second
degree in both x and y. The magnetic field and the
needed space derivatives of the field are deter-
mined from the coefficients of B(x,y). The central
orbit paths and focal properties agreed surprising-

ly well with earlier calculations used for choosing
the pole-tip wedge angle. These design calcula-
tions assumed that the magnetic field consisted of
two triangular-shaped regions, one with field Bp
and one mith the field reduced by the ratio of the

gap spacings. The results of FOCUS allowed us to
locate each of the twelve momentum-defining scin-
tillation counters (S,) at a focal point for the cor-
responding trajectory, . and to center the other
counters on the central orbits.

B. Spectrometer, Counter Mounting, and Alignment

The vertical aperture of the spectrometer was
defined by counter S, located in front of the en-
trance to the magnet. The horizontal aperture was
defined by counter S, located in front of the magnet
(Fig. 3}. Together they defined an acceptance
aperture of 21.8&&l.0 ' sr. Located betmeen Sp and
S, was a methane-gas Cerenkov detector used to
discriminate against electrons in the secondary
beam. The third scintillation counter (S,) was lo-
cated against the sloping exit face of the magnet.
The triple coincidence SpS,S, assured us that a
charged particle had entered the spectrometer
within its acceptance and had traversed the mag-
netic field. Twelve scintillation counters [S,(I)],
each 3.8 cm wide in the bending plane, were placed
at the focal points of the desired trajectories to
define the momentum band accepted by each chan-
nel. The telescope was completed by twelve larger
scintillation counters [S,(I}] placed behind the mo-
mentum-defining S, counters. In the six highest
momentum channels, Plexiglas C'erenkov counters
2.5 cm thick were placed immediately behind the
S~ counters to aid in separating pions from protons.

The spectrometer carriage was made of steel
I-beam, with counter mountings made of steel
unistrut. All counters were surveyed in place. A

So

Ma 4oo
25t} 500

i50

———————————————————UNDEVlATE D

550
075

{ONE IN
EACH CHANNEL)

BEAM

r

F6
Sp 0 .5 I

scale in meters

FIG. 3. Spectrometer.
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difficulty with the support system was discovered
before any final data were accumulated; the uni-
strut counter supports were not sufficiently rigid
to maintain the So and S, alignment when the car-
riage was moved. In order to prevent errors re-
sulting from this effect, counters So and S, were
realigned after each production angle change.

The position of the detectors in each momentum
channel was calculated for the desired momentum,
assuming that the production target and the coun-
ters S, and S, defined the incident beam. The coun-
ter positions relative to the spectrometer magnet
were measured again at the end of the experiment.
The position of the channel-11 S, counter had shift-
ed during the run, probably at a time when the en-
tire spectrometer was shifted from the back-angle
track to the forward-angle track.

IV. COUNTERS AND ELECTRONICS

The scintillation counters consisted of NE102
plastic scintillators, optically coupled with Lucite
lightpipes to RCA-8575 photomultiplier tubes. All
scintillators were 3 mm thick except for SD (0.75
mm) and S, (1.5 mm), whose thicknesses were
minimized to reduce multiple scattering.

The gas Cerenkov counter consisted of a 7.5-
cm-diameter radiator, 30 cm long, filled with -8
atm of methane gas. A 45 aluminized Mylar mir-

ror was used to deflect the light to an RCA-8575
phototube mounted below and external to the gas
volume. The six Lucite Cerenkov counters con-
sisted of 2.5-cm slabs, with integral coupling to
RCA-8575 phototubes.

The fast electronics consisted of two subsys-
tems: A digital system which provided an "en-
abl, ing" trigger pulse, and an analog system which
recorded timing and pulse-height information each
time an enabling trigger pulse was generated. A

block diagram of both systems appears in Fig. 4.
The digital system operated from the outputs of

plastic scintillation counters. Discriminators with
a threshold of less than —,

' the pulse height-of mini-
mum ionizing particles were used on each counter
output. All acceptable particles passed through
the three counters, S„S„andS„(seeFig. 3),
and through one counter pair, S,(I) and S~(I), which
defined the .I th momentum channel in the hodo-
scope array. There were twelve momentum chan-
nels altogether, with channel 0 corresponding to
the highest momentum and channel 11 defining the
lowest momentum.

A fast coincidence (+15 nsec) of the S„S„and
S, signals defined the signal "strobe. " A slow co-
incidence (+50 nsec) of strobe and any pair of coun-
ters S,(I) and S,(I) defined the signal "event. "
These events which occurred when the computer
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was not busy (event busy) triggered the computer
interface and signaled the analog data system to
convert the data resulting from that event.

A small fraction of all triggers consisted of
events in which two or more of the S,(I) counters
or two or more of the S,(I) counters fired simul-
taneously. We called such events "zoo" events,
and a circuit was set up to detect such events and
send the information to a binary input of the com-
puter interface.

The analog data system recorded the informa-
tion from two time-of-flight measurements and
six pulse-height measurements. The time-of-
flight measurements were made with a time-to-
amplitude converter (TAC) followed by an analog-
to-digital converter (ADC). The pulse-height data
were collected by a linear gate followed by an ADC
for each signal. All six ADC's were identical, and
consisted of EG& G model No. AD128 units with 200
counts maximum.

The time-to-amplitude converters were both
started by the 8, scintillator pulse. The stop pulse
for one unit was generated by the logical OR of the
twelve S,(I) counters, while the second TAC stop
was generated by the logical OR of the twelve S,(I}
counters. These two signals, TOF (S,) and TOF
(S,), were generated with a resolution of less than
2 nsec and a least count of 0.6 nsec. This time

resolution was adequate to separate pions from
protons. The digital system was set up to give a
trigger probability which was independent of time
of flight over a much larger range, and the fine
discrimination was accomplished inside the com-
puter.

Four pulse heights were measured: the pulse
height in the gas Cerenkov counter, the linear OR
of the twelve S,(I) dE/dx signals, the linear OR of
the twelve S~(I) dE/dx signals, and the linear OR
of the six LC(I} (Plexiglas Cerenkov} counter sig-
nals. The LC counters were placed behind the
S,(I) counters in the six channels analyzing the
highest-momentum particles and were used to im-
prove the pion/proton rejection for purposes of
setting time-of-flight and dE/dx biases. These
counters had a threshold of v = 0.65c, and only
pions and electrons had velocities high enough to
count in these counters. The S,(I) and S,(I) dE/dx
signals were used to partially separate pions from
protons. The gas Cerenkov counter was used to
separate pions and protons from electrons and
positrons.

V. DATA ACQUISITION AND REDUCTION

A. Computer

The data acquisition was supervised by a PDP-8
computer which had a 12 288-word core memory
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FIG. 5. PDP-8 interface.
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with a 1.5- p.sec cycle time. This computer re-
corded events, monitored the spectrometer mag-
netic field, read the current integrators, logged.
information about each run, computed counter ef-
ficiencies, and classified events as pions, protons,
electrons, or undecidable (zoo}. During each run
various computer-generated scope displays were
available. At -the end of each run the computer
analyzed the data, computed cross sections, and
printed and punched out the results.

B. Computer Interface

Figure 5 indicates the essential components of
the interface between the fast counter electronics
and the PDP-8. The- devices to be interfaced fell
into two main categories: (a) those which had to
furnish data to the computer for every event, and
(b) those which supplied data rarely, i.e., on re-
quest of the operator or at the end of a run. The
former consisted of the momentum-channel infor-
mation and the analog-to-digital converter data
(time-of-flight and dE/dx information), and the
latter of the real-time clock and the twelve 24-bit
binary scalers which recorded various experi-
mental parameters pertaining to an entire run
rather than to single events.

C. Particle Identification and Displays

Pions were distinguished from protons in the
same momentum channel by two criteria, time of
flight and energy loss. Two time-to-amplitude
converters were started by the signal from S, and
stopped separately by S, and S4, the average of
these two times was compared with the limits for
that channel to decide if the particle was a pion.
Similarly, the energy loss in counters S, and S,
was measured separately, and the geometric mean
of the pulse heights was used.

As an aid to setting the limits, several histo-
grams were available on the computer display
scope. For each momentum channel there were
two displays of the energy-loss spectrum, one for
those events classified as pions by time of flight
and one for those classified as protons; likewise,
there were two time-of-flight spectra with classi-
fication by energy loss. The spectra observed con-
tained few events above or below the expected
peaks; the only critical limit was the one separat-
ing pions from protons.

Electrons were separated from pions by a gas
Cerenkov counter; if the pulse height was suffi-
cient, the event was tagged as an electron. The
spectrum consisted of a broad peak, only partially
separated from the noise. The pulse-height limit
was set down in the noise to keep the percentage of
electrons counted as pions down to less than 190.

The error this introduced by tagging some pions
as electrons was checked by the percentage of pro-
tons (by time of flight and energy loss) giving a
Cerenkov pulse, and found to be small. Again no
correction was applied.

D. On-Line Computer Programs

The program for the PDP-8 consisted of three
major subsystems: (1}an executive program, (2)
an event processor, and (3) an analysis program.
The executive program handled the interrupts and
performed all input-output operations. The event
processor was called each time an event interrupt
was detected, and performed all calculations which
were required for each event. The analysis pro-
gram was called once at the end of each run. The
analysis program caused the fast scalers to be
read into the computer, and then calculated effi-
ciencies, calculated cross sections, and punched
a paper tape record of the important data for each
run.

The event processor performed three main
tasks: (1) the preprocessing of data from the inter-
face; (2) the sorting of events into logical classes;
and (3) the collection of pulse-height distributions
for diagnostic purposes.

The preprocessing was performed in three steps.
First, the zoo bit and the momentum-channel bits
from the interface were scanned, and all events
with either a positive zoo bit or two or more mo-
mentum channels recorded simultaneously were
rejected (such events would have confused the ana-
log data system, making particle identification
unreliable; hence they had to be rejected). The
number of such events was tallied and no further
processing was performed on them. For good
events the functions

and

TOF = TOFI+ TOF2

were calculated. The use of the square root of the
product of the two dE/dx signals rather than a sin-
gle such signal had several advantages: (1) The
particle identification was improved because of the
reduction of the tail in the dE/Ch product distribu-
tion; (2) the square root allowed a compression of
scale (as compared with a product distribution)
without any loss of information; and (3) the depen-
dence of the gain of the scintillator on distance
from the phototube was canceled (in first order)
because the 8, and S4 phototubes were on opposite
sides of the spectrometer midplane. Similarly,
the computation of the sum of the two time-of-
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TABLE III. Signals analyzed.

Name

Channel number

TOF (TOF1+TOF2)

Typ e

12-bit binary

Analog

Analog

Pos sible logical result

Channel number 0-11

0 =pion (or electron)
1 =proton
2=bad data

0 =pion (or electron)
1 =proton
2 =bad data

FC

Analog

Analog

Digital

0 =proton
1 =proton {or electron)

0=pion or proton
1 =electron

0 =good event
1 =accidental event

flight signals improved the time resolution and
canceled out the transit time differences in the S,
and S4 scintillators.

The event classification program first tested
each of the analog signals against bias tables and
determined a logical result. All of these bias ta-
bles were kept separately for each channel so that
the best bias for each channel and each signal could
be used without need for tedious gain-matching
adjustments.

Two kinds of bias tests were used. The first was
a single-bias test, in which the logical result was
zero if the signal was less than or equal to the bias
and one if it was greater than the bias. This test
was used for the LC and FC signals. The second
test was a four-bias test. A signal which fell be-
tween the first two biases was assigned a logical
result of zero. A signal which fell between the
third and fourth biases was assigned a logical re-
sult of one. All other events were given a logical
result of two. This kind of test was used for both

the dE/dx and TOF signals. The complete list ot
signals used for event classification is given in
Table III.

The pulse-height-analysis program collected 53
separate pulse-height distributions simultaneously.
These one-dimensional spectra are shown in Ta-
ble IV. Space was provided for only six LC spec-
tra of each type, since these counters were in-
stalled only in the six channels which analyzed
particles of the highest moments. Because of the
memory space limitations, only 32-channel pulse-
height distributions were collected for the first
50 spectra tabulated. The last three, namely FCe,
FCe, and a spare, were 256-channel spectra. The
spare was provided so that any single spectrum
could be examined in finer detail if desired.

At the end of each run, the analysis program
was initiated. First, the computer read the fast
scalers and constructed several ratios useful for
consistency checks of the experiment. In addition,
the range setting of the helium-ion-chamber cur-

TABLE IV. Types of pulse-height spectra stored on line.

Signal source Event type Momentum channels

TOF

dE
dx

LC

FC

Spare (any)

Pion
Proton

Pion
Proton

Pion
Proton

Electron
Pion or proton

Any

Kept separately for all 12 channels
Kept separately for a)l 12 channels

Kept separately for all 12 channels
Kept separately for all 12 channels

Six momentum channels
Six momentum channels

All 12 channels summed
All 12 channels summed

Any one channel or all 12 channels summed
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rent integrator was read. From this information
and the integrator counts recorded in the scalers,
the number of protons passing through the target
was computed.

The next step in the analysis was to determine
the number of pions, protons, and electrons count-
ed in each momentum channel. For example, the
program classified events in a given momentum
channel as pions if the time-of-flight and the dE/
dg signals were within the established windows,
and if the gas Cerenkov counter gave no signal.

The PDP-8 memory contained typed-in data for
each run about target, angle setting, etc. , perma-
nent tables of AGEE for each momentum channel,
precalculated tables of channel momentum, a ma-
trix to make the mp. decay correction, and a table
of target atoms/cm'. With this information and

with the data corrected during the run, the pro-
gram computed preliminary values of the produc-
tion cross sections, corrected for computer dead
time, zoo (unclassified) events, and wp, decay. The
PDP-8 typed out these cross sections and punched
out the data on paper tape.

E. Off-Line Data Reduction

The paper tape output was transcribed to mag-
netic tape and to cards for further processing at
I os Alamos on the CDC-6600 computer. There,
additional corrections were made to the data.

The most important of these corrections was that
for the effects of inscattering discussed in Sec. II.
In the final data reduction the inscattering correc-
tions (Table I) were applied to the measured pion
and proton cross sections on a channel-by-channel
basis, independent of the spectrum. The errors
on the inscattering correction were estimated by
comparing the experimental ratio results with each
other and with the Monte Carlo results. Before
the inscattering corrections were applied, the
c.m. angular distributions for hydrogen, which

should have forward-backward symmetry, were
asymmetric. After applying the correction, the
angular distributions became essentially symmet-
ric.

Additional corrections were made for pion ab-
sorption in the production target (small) and for
pion energy loss in the materials before momen-

TABLE V. Ratio of E to' x+ from Cu.

Angle
(deg) 98 132 168 201

Electron energy (MeV)
259 315 369 478 530 610 678

15 0.807
+ 0.071

0.234
+0.018

0.121
6 0.012

0.066 0.026
+ 0.007 + 0.004

0.014
+ 0.002

0.005
+ 0.001

0.004
+ 0.001

0.003
+ 0.001

0.001
+0.001

0.005
+ 0.003

20

30

60

0.528
+ 0.044

0.489
+0.032

0.280
+ 0.018

0.147
+ 0.011

0.138
+0.011

0.128
+0.009

0,082
+ 0.006

0.040
+ 0.003

0.082
+ 0.007

0.063
4 0.005

0.040
+ 0.003

0.021
+ 0.002

0.039
+ 0.005

0.040
+ 0.004

0.024
+ 0.002

0.012
+ 0.002

0.020
+ 0.003

0.018
+ 0.002

0.007
+0.001

0.004
+ 0.001

0.010
+ 0.002

0.009
+ 0.001

0.003
+ 0.001

0.003-
+0.001

0.003
+0.001

0.003
+ 0.001

0.003
+ 0.001

0.002
+ 0.001

0.002
+ 0.001

0.002
+ 0.002

0.002
+ 0.001

0.003
+0.002

75

90

105

0.115
+0.007

0.149
+ 0.006

0.112
+ 0.006

0.035
+ 0.002

0.034
+ 0.002

0.022
+ 0.002

0.016
+ 0.002

0.012
+ 0.001

0.008
+ 0.001

0.007
+ 0.001

0.007
+0.001

0'.005
+ 0.001

0.004
+ 0.001

0.003
+ 0.001

0.002
+ 0.001

0.004
+ 0.001

0.003
+ 0.002

0.001
+ 0.001

0.011 0.010
+ 0.006 + 0.010

0.044
+0.044

120

135

0.079
+ 0.005

0.062
+ 0.004

0.018 0.007 0.003
+0.002 +0.001 +0.001

0.017 0.006 0.003
+ 0.001 + 0.001 + 0.001

150 0.075 0.016 0.004 O.OOS 0.003
+ 0.005 ' +0.002 + 0.001 + 0.001 + 0.002
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TABLE VI. Ratio of E to 7t from Cu.

Angle
(deg) 132 168 201

Electron energy (MeV)
259 315 369 478 530 610 678

0.760 0.414
+ 0.034 + 0.016

0.245
+ 0.012

0.155
+ 0.009

0.082
+ 0.006

0.051 0.021
+ 0,005 + 0.003

0.014
+ 0.003

0.009
+0.003

0.006
+ 0.006

20 0.668
+ 0.023

0.318
+ 0.011

0.205
+ 0.009

0.130
+ 0.006

0.074
+ 0.004

0.042 0.027
+ 0.003 + 0.003

0.015
+ 0.002

0.009
+ 0.002

0.009
+ 0.004

0.013
+0.009

30

45

60

0.584
+ 0.019

0.425
+ 0.016

0.305
+ 0.010

0.278
+ 0.009

0.190
+ 0.008

0.119
+ 0.005

0.166
+ 0.007

0.119
+ 0.006

0.069
+ 0.004

0.109
+ 0.005

0.068
R 0.004

0.038
+ 0.003

0.051
+ 0.004

0.030
+ 0.003

0.018
+ 0.002

0.029
+ 0.003

0.023
+ 0.003

0.010
+ 0.002

0.015
+ 0.002

0.014
+ 0.003

0.012
+ 0.004

0.007
+ 0.002

0.011
+ 0.004

0.016
+ 0.007

0.004
+ 0.002

0.011
+0.005

75

90

0.280
+ 0.010

0.303
+ 0.009

0.106
+ 0.005

0.108
+ 0.004

0.054 0.032
+.0.004 + 0.003

0.059 0.033
+ 0.003 + 0.003

0,019
+ 0.003

0.018
+ 0.003

0.015
+ 0.004

0.009
+ 0.004

0.018
+ 0.008

105

120

135

0.247
+ 0.009

0.169
+ 0.006

0.167
+ 0.007

0.078
+0.004

0.064
+ 0.003

0.053
+ 0.003

0.039
+ 0.003

0.034
+ 0.003

0.030
+ 0.003

0.018
+ 0.003

0.019
+ 0.003

0.010
+ 0.002

0.002
+ 0.003

0.005
+ 0.003

0.015
+ 0.006

0.008
+ 0.006

0.024
+0.017

150 0.138
+ 0.006

0.051
+ 0.003

0.029
+ 0.003

0.014 0.003
+ 0.003 + 0.003

turn analysis. Some minor modifications were
made to the on-line mp. decay correction.

The effects of multiple Coulomb scattering in
causing loss of particles were calculated. The
correction was negligible and none was applied.

VI. RESULTS

The corrected cross sections are presented in
the form of tables and curves. Energies and an-
gles refer to the laboratory system. Errors listed
include both statistical errors and uncertainties
arising from the various calibrations and correc-
tions. Pion differential cross sections are given
for the following target materials: H, D, Be, C,
Al, Cu, and Pb. Data for the other target nuclei
will be published elsewhere.

The piori cross sections and their errors are dis-
cussed in Secs. IV and V. Summarizing these dis-
cussions, we can say that the systematic error in
the beam-current measurement (which affects all
cross sections the same) introduced by the un-
certainty in our calibration of ion-chamber gain is
believed to be about 10/q. This is not included in
the stated errors. The channel-inscattering cor-
rection introduces an average uncertainty of 10%%,

and is included in the stated errors. The other
corrections and estimates introduce relatively
small uncertainty, which is included in the stated
errors, namely the estimates of solid angle, mo-
mentum interval, target number, counter effi-
ciency, corrections for mp decay, target absorption,
computer deadtime, zoo events, etc. The statisti-
cal uncertainty is typically of the order of 3%.

The protons are believed to come from scattering
and from nuclear reactions in the target, and the
appropriate corrections have been applied to them.
The tabulated proton cross sections should provide
a reliable guide for calculating beam contamina-
tion in experimental setups. The positrons and
electrons arise from m and p. decay in flight and
from m' y decay and subsequent pair production in
the general region of the target. There may be
some contribution from reactions in the channel
wall. The electron numbers should be regarded
only as an order-of-magnitude indication of the
backgrounds to be encountered in an experimental
setup, and are presented as the ratio of e'/x';
the number of e+ is approximately equal to the
number of e . Results are given here for electrons
and protons from the copper target only (Tables
V-VII}. More extensive tables of protons and elec-
tron data will be published elsewhere.
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TABLE VII, Cross section forP from Cu in p,bsr MeV ~.

. Angle
(deg) 60 71

Proton energy (MeV)
86 103 125 148 225

20

306.2
35.2

354.6
40,5

630.5
66.3

622.4
65.3

592.3
57.3

559.6
+ 54.1

629.2
69.4

583.0
64.3

680.6
78.7

600.3
69.4

677.0
88.7

595.7
78.0

659.9 625.9
98.2 + 111.0

568.3 522.3
84.6 + 92.6

30 369.9
42.1

636.5
66.6

566.5
54.7

580.0
63.9

588.9
68.0

568.2 505.2
74.4 + 75.2

444 4
78.8

45 344.0
39.1

550.7
57.6

478.0
46.1

478.2
52.7

475.3 449.0
54.9 + 58.7

391.3 338.1
58.2 + 59.9

60 334.2
37.9

513.2
53.7

431.2 415.0 398.8 364.1 282.7 203.7
41.6 + 45.7 + 46.1 + 47.6 + 42.0 + 36.1

75 286.5 408.0 335.0 297.3 256.1 204.6 125.8 75.1
32.5 + 42.7 + 32.3 + 32.7 + 29.6 + 26.8 ~ 18.7 + 13.3

90 214,5
24.3

264.9 200.6 164.3 129.9 92.2 49.1 23.6
27.7 + 19.3 + 18.1 + 15.0 + 12.1 + 7.3 + 4.2

105 196.6 204.1 150.3 112.3 80.7 53.3 23.0 8.8
22.3 + 21.4 + 14.5 + 12.4 + 9,3 + 7.0 + 3.4 + 1.6

120 86.5
9.9

122.8 84.9 66.0 45.4 28.0 10.2 3.4
12.9 + 8.2 + 7.3 + 5.3 + 3.7 + 1.5 + 0.6

135 66.2
7.5

90.1
9.4

65.6 49.9 34.2 19.3 6.1 1.6
+ 6.4 + 5.5 + 4.0 + 2.5 + 0.9 + 0.3

150 60.7
6.9

82.3
8.7

53.9
5.2

42.4 28.3 15.5 4.6 1.2
47 + 33 + 21 + 07 + 02

A. x Production in Hydrogen

Several qualitative features may be seen in the
hydrogen data, (Fig. 6, Tables VIII, IX). First,
v from liquid hydrogen (LH) are observed at en-
ergies up to 250 MeV, and at angles of 15', 20,
and 30', but predominantly at 15' and the lowest
energies (30 and 52 MeV). The cross section is
only a few percent of that for positive pions. m

mesons come from the reaction p+ p- m '+ m +p
+p. We can interpret the w peaking near zero
energy and angles as the influence of the 6" reso-
nance, according to the one-pion-exchange (OPE)
diagram (Fig. 7). The 6" tends to be formed

near the resonance energy, in effect reducing the
amount of energy available for the n- p+m branch.

The curve for w' production (Fig. 8) shows a
very strong forward peaking at all energies, the
maximum cross section being at 15' and 305 MeV.
This behavior is to be expected on an isobar
model, ""where the b.(1236) formation and decay
dominates the production process. Partly phenom-
enological treatments, assuming that 6 formation
dominates the pion-nucleon interaction at these
energies, have been reasonably successful z6-zs

More recently a number of calculations have been
made on the basis of the peripheral or one-pion-

77

P

600 Mev

FIG. 6. Cross section for 7r production from liquid
hydrogen. The solid lines are polygons with the data
points as vertices.

FIG. 7. One-pion-exchange diagram of m+m production
from hydrogen. The ~++ tends to be formed near the
resonance energy, leaving little energy for the 7r .
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TABLE VIII. Cross section for 7t+ from LH in pbsr ~MeV ~.

Angle
(deg) 30 52 79 105

Pion energy (MeV)
155 205 255 305 358 408 486 553

2.57 1.74 2.81
+ 0.54 + 0.28 + 0.33

4.19 8.38 14.42 20.06 21.54 17.03 10.70
+ 0.46 + 0.76 + 1.17 + 1.69 + 2.05 + 1.71 + 1.21

20 1.17 2.10 2.65 4.15 8.55 13.72 18.56 18.84 15.83 1.82 0.08
+ 0.30 + 0.26 + 0.29 + 0.42 + 0.75 + 1.10 + 1.56 + 1.79 + 1.58 + 0.23 + 0.05

30 1.16 1.73 2.87
+ 0.25 + 0.20 + 0.27

437 887 12 89 1414 11 54 848
+ 0.40 + 0,75 + 1.01 + 1.17 + 1.09 + 0.84

1.22 2.07 3.50
+ 0.22 +0.20 + 0.29

5.50
+ 0.47

8.49 7.83 5.25
+ 0.70 + 0.61 + 0.44

0.20 0.02
0.03 + 0.02

60 1.94 3.12 4.78 7.05
+0.32 + 0.28 + 0.38 + 0.59

6.43 3.67 0.03
+ 0.53 + 0.29 + 0.01

90

2.70 4.98 6.51
+ 0.43 + 0.44 + 0.51

3.98 6.31 6.36
+ 0.63 + 0.56 +0.50

7.35 4.53 0.03
+061 +037 + 001

5.83 0.08
+ 0.49 + 0.01

105 4.84 6.71 6.01 5.26
+0.76 +0.59 +0.47 +0.44

120 5.13 6.49 5..59
+ 0.81 + 0.57 + 0.44

0.12
+ 0.01

150

5.18 6.18 2.01 0.12
0.82 + 0.54 + 0.16 + 0.01

4.32 4.62 0.26 0.09
+ 0.68 + 0.41 + 0.03 + 0.01

exchange (OPE) model. """In this model one of
the initial protons emits a virtual pion of 4-mo-
mentum k, which interacts with the other initial
proton, of momentum p„to produce a real pion of
momentum q and a final nucleon of momentum q.
The assumption is made that this latter interaction
is dominated by the A resonance. It is further as-
sumed that there is no interference between the
several diagrams of this type, corresponding to
the pion being emitted in any external leg. The

virtual pion is emitted corresponding to a vertex
function strength or pion-nucleon form factor de-
pending on the pion mass p. and the momentum
transfer k . Suslenko and Kochkin take this form
factor to be G(k') =9p'/(k'+10', '). They are able
to fit the pion spectra in the reaction p+ p —n+ p
+ m' for the experimental proton energies of 660
MeV"" """"and 970 MeV "' For the pres-
ent energy, 740 MeV, the comparison with the ex-
periment is shown in Fig. 9. The agreement is

TABLE IX. Cross section for x from LH in pbsr ~MeV ~.

Angle
(deg) 30 52

Pion energy (MeV)
105 155 205 255 305 358 408 486 553

20

30

120

150

0.38 0.23 0.08
+ 0.07 + 0.03 +0.02

0.35 0.18 0.03
+ 0.06 + 0.02 + 0.01

0.07 0,03
+ 0.03 + 0.02

0.02
+ 0.01

0.03
+ 0.01

0.14 0.03 0.03
+0.02 + 0.02 + 0.02

0.03 0.03
+ 0.01 + 0.01

0.04
+ 0.01
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600 slav

FIG. 8. Cross section for x+ production from liquid
hydrogen. The solid lines are polygons with the experi-
mental data points as vertices.

fairly good except for the lowest-energy and the
highest-energy pions. The highest-energy pions
come from the reaction p+p- w'+d, which is not
included in their calculated curves. " Two of us
have recently participated in a measurement of
p+ p» m'+d at higher proton momenta (3.4-12.3
GeV/c). " The behavior of the cross section below
4-GeV/c proton momentum can also be interpreted
in terms of the OPE model, with a final-state in-
teraction between the two nucleons. "

As for the low-energy pions, attempts have been
made to calculate the cross section for low-energy
pions using the soft-pion approximation. " At pro-
ton energies near threshold, the method had some
success, but at the present energy the soft-pion
contribution is small compared to the total." We
find experimentally for the low-energy pion cross
section

d2 = 10 'p'[1.2 + 0.13+(0.22 +0.4) cos'8],
dQdp

where p and 8 are respectively the pion momentum
and angle in the center-of-mass system. This val-
ue, while not in disagreement with CERN' and
Berkeley' data, is about eight times higher than
the soft-pion prediction. As Schillaci and Silbar
point out, "the b, isobar, which was not included
in their calculation, ",is also responsible for the
large low-energy pion emission. Extending the
Mandelstam model" to this energy gives qualita-
tive agreement. Essentially pions emitted from
the 6 decaying backward can appear in the labora-
tory system as copious low-energy pions.

Drechsel and Weber" are able to account for the
full spectra by evaluating diagrams for one-boson
exchange (OBE) and one-pion exchange (OPE). The
OBE contributes a nucleon-pole term to the pro-
duction amplitude and appears to enhance especial-
ly the low-energy pions. In summary, it appears
that peripheral processes are dominant in the m

production at this energy.

B. Deuterium

The deuterium data (Tables X, XI) are the re-
sult of a CD,-D subtraction. In the m D data, Ta-
ble XI, we see a sharp rise in 0 near 0' and low
energy, suggesting that the same pion-pair mech-
anism is operating as in H. We also see a broader
spectrum superimposed from the reaction p+n

C4

E

OJ

O

b ~
cu

15'

45
75'
IO5'
I35 +

IO

IO

20

IO

l5'

IO

I35

IO

T (MeV)

75

, 100 ~,200 . 500
,'l00 ', 200 ', 500 MeV-45'

, l00 ~, 200MeV-75'
~ 100 MeV-I05'

IOO MeV-155'

, 4OO MeV
I 5'

F&G. 9. x+ spectra from liquid hydrogen. Solid curves, calculated by Suslenko and Kochkin, are the OPE model for
the reaction p +p n +p +m+. The reaction p +p d +n. is not included in their calculations.
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TABLE X. Cross section for x+ from D in pbsr MeV

Angle
(deg) 30 52 79 105

Pion energy (MeV)
155 205 255 305 408 486 583

20

267 229 333 590 873 1218 1624 1846 1637 592 037
+0.80 ~ 0.49 + 0.56 +0.74 +0.92 + 1.11 ~ 1.48 ~ 1.83 + 1.69 +0.74 ~0.15

1.71 1.50 3.15 4.05 7.23 11.78 14.16 14.42 12.78 3.10
+ 0.60 + 0.40 + 0.49 + 0.57 + 0.76 + 1.04 + 1.27 + 1.43 + 1.32 + 0.42

0.11
+ 0.07

30

45

60

2.47
+ 0.60

1.74
+ 0.38

2.46
+ 0.44

2.22
0.38

2.48
0.30

3.44
0.34

2.44
0.39

3.26
0.33

5.18
0.44

3.49
+ 0.48

5.00
+ 0.47

6.40
+0.55

8.13
+ Q.76

6.95
+ 0.60

5.21
+ 0.44

10.79
0.91

6.27
0.52

2.57
0.21

11.81
1.04

4.35
0.39

0.57
0.06

9.83
0.97

1.05
0.13

0.14
0.03

5.00
0.54

0.24
0.06

0.05
0.02

0.26 0.08
+0.11 + 0.05

4.90 6.97
+ 0.83 + 0.65

8.47 8.38 4.54 1.16 0.21 0.08
0.70 + 0.72 + 0.39 + 0.11 + 0.04 + 0.02

90 7.78 11.58 10.91 8.90 2.23 0.45 0.11 0.02
+ 1.25 + 1.02 + 0.87 + 0.74 + 0.19 + 0.04 + 0.01 + 0.01

- w +2p. The cross section oo(w'), Table IX, is
significantly less than oH(w')+ oH(w ), indeed less
than o H(w') alone. There is either a strong inter-
ference or a Glauber-type shadowing. The +/-
ratio (Table XII) is 10.2 +0.8, where an isobar
model would predict 11.

C. Berylhum

The Be cross-section data are given in Tables
XIII and XIV. The Be(w') cross section is about

double the H(w') value No r.emarkable structure
is evident in the spectrum or the angular distribu-
tion. The forward low-energy peak for m seen in
the hydrogen isotopes has disappeared.

D. Carbon

The C cross-section data are given in Tables XV
and XVI. The total cross section for carbon is
about 2.7a H. The m' doubly differential spectrum
has a broad maximum at about 250 MeV and is

TABLE XI. Cross section for m from D inlL(, bsr ~MeV ~.

Angle
(deg) 30 52 79

Pion energy (MeV)
105 155 205 255 305 358 408 486 553

15 1.24 0.79 0.77
+ Q.24 + 0.11 + 0.10

0.79 1.35 1.74 2.23 1.91 1.12 0.10
+0.11 + 0.13 + 0.16 + 0.20 + 0.19 + 0.12 + 0.03

20 1.24
+ 0.23

0.65
+ 0.10

0.80
+ 0.10

0.85
+ 0.11

1.16
+ 0.12

1.50
+ 0.13

1.82
+ 0.16

1.43
+ 0.14

0.64
+0.07

30 0.26 0.40
+ 0.12 + 0.09

0.48
+0.09

0.69
+ 0.10

1.05
+0.11

1.30
+ 0.12

1.33
+ 0,13

0.70
+ 0.08

0.17
+ 0.03

60

0.35
+0.07

0.48
+ 0.08

0.40
+ 0.05

0.54
+0.05

0.50
+0.05

0.71
+ 0.06

0.76
+0.07

0.92
+ 0.08

1.04
+ 0.09

0.68
+ 0.06

0.82
+ 0.07

0.23
+ 0.02

0.31
+ 0.03

0.04
+0.01

0.04
+ 0.01

75 0.33
+ 0.07

0.42 0.56
+0.05 + 0.05

0.59
+0.05

0.20
+ 0.02

0.03
+ Q.Q1

90 0.41 0.49 0.43
+0.08 +0.06 +0.04

0.29 0.03
+0.03 + 0.01
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TABLE XII. Total cross sections for x+ and 7t .

Element Ratio

H

0
Be
C
Al
Tl
CU

Ag
Ta
Pb
Th

13.50 + 0.73
11.42+ 0.55
27.30+1.40
35.00 + 1.80
53.1O ~ 2.9O

67.00 +3.60
77.30+4.30
91.60 + 5.10

101.00 + 5.60
104.20+ 5.80
107.90 + 5.90

0.03+0.01
1.12+ 0.06
6.49+ 0.37
6.64+ 0.41

13.17+0.90
21.20 + 1.60
25.20 +2.0
35.00+ 3.0
51.$0+4.70
53.70 +4.90
60.40 +5.50

45
10.2
4.3
5.3
4.0
3.2
3.1
2.6
2.0
1.95
1.9

strongly forward (Fig. 10). The m spectrum, Fig.
11, is also strongly forward, but shifted to lower
energies, the maximum being at 50 MeV. The +/-
ratio is 5.4, compared to the isobar-model predic-
tion. '4 The shape of the pion spectra can be ac-
counted for by a Monte Carlo calculation of an in-
ternucleon cascade process, ""in which the initial
production of a pion is via a free nucleon-nucleon

process, with experimental production spectra
used, ' ' "' and with the pion subsequently fol-
lowed through the remainder of the nucleus. Re-
scattering, energy degradation, and absorption
are taken into account. A limitation of this method
is the substantial amount of computer time re-
quired per pion traced, which is reflected in the
small number of pions traced, and the consequent
statistical fluctuations in the output. Figures 12
and 13 show some of the carbon data compared
with the Monte Carlo calculations. "

E. Heavier Elements

'Cross-section data for Al, Cu, and Pb are given
in Tables XVII-XXII. In Table XII.we list total
cross sections, namely, or =f(d-'&x/dQdE)dQdE,
and the ratios of m' to w production. [Note that
the +/- ratio drops from 45 in hydrogen to 1.9 in
thorium. ] Figure 14 shows or(m')/Z'~' vs Z.
Beyond carbon we have, to a good approximation,

0+, =24.5Z'~'

On the other hand, for m (Fig. 15), or is propor-
tional to N' ' beyond carbon:

TABLE XIII. Cross section for m+ from Be in p, bsr ~MeV ~.

Angle
(deg) 30 105

Pion energy (MeV)
155 205 255 305 358 408 486 553

15

20

30

60

75

90

105

120

135

5.23
0.86

5.14
0.88

4.94
0.83

4.96
0.83

6.20
1.00

8.04
1.29

9.59
1.51

11.12
1.76

9.67
1.54

8.21
1.30

6.57
0.60

6.54
0.62

'7.05
0.66

7.34
0.67

9.60
0.86

12.03
1.06

13.54
1.18

15.16
1.33

12.27
1.08

10.63
0.93

10.30
0.84

10.00
0.83

10.52
0.87

9.94
0.81

11.54
0.92

13.15
1.05

12.41
+ 0.98

12.27
0.97

8.70
0.69

6.70
0.53

15.66
1.32

14.68
1.25

14.54
1.23

13.77
1.16

13.75
1.15

12.66
1.06

9.83
0.82

7.53
0.63

4.69
0.39

3.41
0.28

22.80
1.87

20.52
1.70

19.67
1.62

14.57
1.20

9.29
0.77

5.96
0.49

3.08
0.25

1.72
0.15

0.88
0.08

0.54
0.04

27.97
2.17

23.61
1.84

22.11
1~ 73

11.76
0.93

5.11
0.40

2.'12

0.17

0.80
0.06

0.36
0.03

0.17
0.02

0.08
0.01

33.10
2.72

27.66
2.29

21.25
1.76

7.73
0.65

2.13
0.18

0.60
0.06

0.19
0.01

0.07
0.01

0.03
0.01

32.95
3.09

25.67
2,42

15.04
1.43

3.38
0.33

0.70
0.07

0.21
0.03

0.05
0.01

23.94
2.36

17.36
1.72

7.69
0.77

1.26
0.14

0.25
0.03

0.04
0.01

10.91
1,22

6.62
0.75

2.69
0.31

0.26
0.04

0.03
0.01

2.21
+ 0.29

1.28
+ 0.18

0.35
+ 0.06

0.03
+ 0.01

0.35
+ 0.06

0.12
+ 0.03

0.04
+ 0.01

150 7.65 9.15
+ 1.21 + 0.80

5.44
+ 0.43

2.-69 0.40
0.23 + 0.03

0,06
0.01
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TABLE XIV. Cross section for 7r from Be in pbsr ~MeV ~.

Angle
(deg) 30 52

Pion energy (MeV}
79 105 155 205 255 305 358 408 486 553

15 2.81 2.92 3.60
+0.47 +0.27 +0.30

4.49 5.13 5.28 5.52 4.43
+ 0.38 + 0.43 +0.42 +0.46 + 0.42

2.68 0.72 0.15
+ 0.27 + 0.09 + 0.03

0.03
+ 0.01

20 2.74 2.88 3.24
+ 0.45 + 0.26 + 0.27

4.12 4.69 4.81
+ 0.35 ' + 0.39 + 0.38

4.62 3.66
+ 0.39 +0.35

1.98 0.59 0.11
+ 0.20 + 0.07 + 0.02

0.02
+ 0.01

30 2.09 2.43 3.25 4.46
+0 35 +0 23 +0 27 +0 38

4.53 4.38 3.72 2.25 0.98 0.25 0.03
+ 0.38 + 0.35 +0.31 +0.22 + 0.10 + 0.03 + 0.01

1.76 2.43 2.89
+ 0.28 + 0.22 + 0.23

3.71
+ 0.31

3.33 2.56 1.44
+ 0.28 +0.20 + 0.12

0.58 0.18 0.03
+0.06 + 0.02 + 0.01

60 2.14 2.76 3.15 3.44 2.30 1.08 0.40 0.13 0.03
+ 0.34 + 0,25 + 0,25 + 0.29 + 0.19 + 0.09 + 0.04 + 0.01 4 0,01

75 2.47 3.36 3.37
+ 0.40 + 0.30 + 0.27

2.96 1.27 0.44 0.12 0.03
+ 0.25 + 0.11 + 0.04 + 0.01 4 0.01

90 3.06 3.64 3.18
+ 0.49 + 0.32 + 0.25

2,32
+ 0.19

0.74 0.20 0.04
+ 0.06 + 0.02 + 0.01

105 3 44 3 65 2 77 1 74
+ 0.55 + 0.32 + 0.22 + 0.14

0.44 0.09
+ 0.04 + 0.01

120 2.78 3.09 2.13
+ 0.44 + 0.27 + 0.17

2.30 3.00 1.91
+ 0,37 + 0.26 + 0.15

1.18
+ 0.10

1.02
+ 0.09

0.25 0.04
+ 0.02 + 0.01

0.19 0.03
+0.02 +0.01

150 1,81 2.29 1.47
+ 0.29 + 0.20 + 0.12

0.76 0.12 0.02
+ 0.06 + 0.01 + 0.01

Figures 16 and 17 show some experimental re-
sults and the cascade Monte Carlo calculations for
Cu. Noteworthy are the large numbers of low-en-
ergy w at 90'. The agreement is comparable for
all the other elements. Figures 18 and 19 show
the complete experimental distributions from cop-
per, and Figs. 20 and 21 those from thorium. The
striking feature of these curves is the buildup of
negative pions in the heavier elements. Negative
pions are relatively more copious than in hydro-
gen, are predominantly of low energy, and are

emitted over a wide range of angles. In contrast,
the positive pions are predominantly at forward
angles, and the spectrum peaks at about 250 MeV.
The shape of the spectra and angular distribution
is rather constant from one nucleus to the next
from Cu to Th for either sign of pion. Indeed the
following approximate scaling law holds for ele-
ments from Al to Th:

d 'o(A)
dQdE

Figures 22 to 25 show the degree of validity of the

600 MeV
600 MeV

FIG. 10. Cross section for ~+ from C. Solid lines are
polygons through the data points. FIG. 11. .Cross section for m from C.
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TABLE XV. Cross section for x+ from C in p,bsr ~MeV ~.

Angle
(deg} 30 52 79 105

Pion energy (MeV}
155 205 255 358 408 486 553

15

20

6.93
1.25

7.34
1.25

9.19
0.92

10.05
0.95

14.93 21.36 27.15 33.53 38.77 37.60 27.17 13.73 3.18 0.46
1.28 + 1.86 + 2.29 + 2.65 + 3.23 + 3.56 + 2.70 + 1.56 + 0.43 + 0.10

14.36 20.34 '24.23 27.63 30.54 29.04 20.57 8.67 2.06 0.28
1.19 + 1.73 + 2.01 + 2.17 + 2.54 + 2.74 + 2.04 + o.gg +0.28 +0.06

30 6.37
1.09

10.35
0.97

13.84
1.15

18.87
1.61

24.05
1.99

25.26 24.62 18.18 9.57 3.55 0.50 0.06
1.98 ' + 2.05 + 1.73 + 0.96 + 0.42 +0.08 +0.02

7.69
1.26

11.14
1.00

14.08
1.14

17.54
1.48

17.39
1.43

13.92
1.09

9.04
0.76

4.45 1.80 0.43 0.04 0.02
0.43 + 0.19 + 0.06 + 0.01 + 0.01

60 9.05
1.46

13.79
1.23

15.96
1.28

16.49
1.38

11.78
0.97

6.49
0.52

2.93
0.25

0.99
0.10

0.32
0.04

0.05
0.01

0.03
+ 0.01

90

12.23
1.96

12.49
1.97

17.09
1.51

17.60
1.54

17.28
1.38

15.95
1.26

15.90
1.33

12.32
1.02

7.28
0.61

4.13
0.34

2.77
0.22

1.20
0.09

0.90
0.08

0.31
0.03

0.26
+ 0.03

0.07
0.01

0.07 0.02
0.02 + 0.01

0.02
0.01

105 14.92
2.37

20.23
1.77

15.58
1.23

9.g2 2.51
0.83 + 0.21

0.62
0.06

0.11
0.01

0.03
0.01

120

135

150

12.07
1.92

12.65
2.01

9.09
1.45

16.01
1.41

16.91
1.49

13.24
1.17

11.66
0.93

11.16
0..89

8.85
0.71

6.47
0.54

5.48
0.47

3.99
0.34

1.38
0.12

0.96
0.09

0.67
0.06

0.28
0.03

0.16
0.02

0.11
0.02

o.o6
0.01

0.02
0.01

0.03
0.01
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FIG. 12. 0. (C, 90'). Histograms are cascade Monte
Carlo calculations. Points are experimental data. Dashed
line is to guide the eye.

FIG. 13. a'(C, 90 ). Histograms are cascade Monte
Carlo calculations. Points are experimental data. Dashed
line is to guide the eye.
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TABLE XVI. Cross section for x from C in p.bsr MeV'

Angle
(deg) 30

Pion energy (MeV)
105 155 205 255 305 358 408 486 553

3.24 3.89 4.08
+ 0.53 +0.36 + 0.33

' 5.01 5.15 4.96 4.77 3.62 2.13 0.69 0.11
+0.43 + 0.43 + 0.39 + 0.40- + 0.34 +0.21 + 0.08 +0.02

20

30

2.34
. +0.39

2.14
+ 0.36

3.39
+ 0.31

3.43
+ 0.31

3.66
+ 0.30

3.83
+ 0.31

4.47
+0.38

4.67
+0.39

4.61
+ 0.38

4.25
+0.35

4.52
+ 0.35

3.98
+ 0.31

4.02
0.34

2.86
+ 0.24

2.97
+ 0.28

1.83
+0.18

1.69
+ 0.17

0.88
+ 0.09

0.54 0.09
+ 0.06 +0.02

0.26 0.03
+ 0.03 +0.01

2.33
+ 0.37

3.01
+ 0.27

3.33 3.78
+0.27 +0.32

3.25
+0.27

2.27
+ 0.18

1.30
+ 0.11

0.58
+ 0.06

0.20
+ 0.02

0.03
+0.01

60 2.52
+0.40

2.92
+ 0.47

3.35
+ 0.29

3.59
6 P.32

3.37
+0.27

3.39
+0.27

3.32
+0.28

2.88
+0.24

2 13
+ 0.17

1.27
+ 0.11

1.05
+ 0.08

0.47
+ 0.04

0.43
+ 0.04

0.14
+ 0.01

0.14
+ 0.01

0.03
+ 0.01

0.04
+ 0.01

90

105

3.37 3.80 3.06
+0.54 +0.33 +0.24

3.73 3.88 2.76
+ 0.59 +0.34 +0.22

2.17 0.76 0.20
+ 0.18 + 0.06 + 0.02

1.77 0.48 0.10
+0.15 + 0.04 + 0.01

0.05
+ 0.01

0.02
+ 0.01

120

135

150

2.94
+ 0.47

2.99
+ 0.47

2.12
+ 0.34

3.25
+ 0.29

3.08
+0.27

2.50
0.22

2.13
+0.17

1.97
+0.16

1.57
+ 0.13

1.18
+ 0.10

1.05
+0.09

0.76
+0.06

0.28
+ 0.02

0.20
+ 0.02

0.14
+ 0.01

0.05
+0.01

0.03
+ 0.01

0.03
+ 0.01

scaling law. For 30-MeV m
' it holds approximate-

ly for elements all the way from Be to Th.
Evidently the process of s formation and decay,

which as we have seen dominates the pion produc-
tion process in hydrogen at this energy, is strong-
ly modified in the heavy elements. Since the ~ de-
cays within a fermi or so to a m' nucleon, we ex-
pect the subsequent processes of pion absorption
and scattering to be important. The Z' ' law for
w' suggests that the m' which we measure are
those produced peripherally, and which therefore
tend to escape the nucleus with relatively little
scattering or energy loss; hence the peaking in

nuclei of the n' at forward angles and at 250 MeV,
as in hydrogen.

On the other hand, there are several indications
that m production is somewhat more complicated
than simple isobar formation and decay. The fact
that the m'/w ratio is much smaller than the iso-
bar value, the preponderance of low-energy m,
and rather flat angular distribution all suggest ad-
ditional processes must be taking place. Hince on
the isobar model the w'/w ratio is 6 for N= Z, m'

formation and the charge-exchange reaction n +n
-n +p is an important source of w . The addi-
tional step of charge-exchange scattering tends to

C

20 Be~

f H
IO e

D

Ti Cu
AI

Ag
I

Ti CU

Be

2.0- f
C

bz
D

Pb

j

0 IO 20 50 40 50 60 70 80 90
z

I I I I I I I I

0 20 40 60 80 IOO I 20 I 40 I60
N

FIG. 14. ~' total cross section /Z~/3 v~ Z. FIG. 15. m total cross section/N~3 vs N.
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TABLE XVII. Cross section for m+ from Al in pbsr ~MeV ~.

Angle
(deg} 105

Pion energy (MeV)
155 205 255

15 9.94 .

1.75
18.97
1.78

24.15
2.01

31.81.
2.73

38.00
3.17

43.61
3.43

51.17
4.25

48.34
4.57

37+73
3.74

18.31
2.07

3.99
+ 0.54

0.56
+0.11

30

13.85
2.26

12.88
2.14

19.11
1.72

18.70
1.71

22.54
1.82

23.24
1.90

29.17
2.46

30.63
+ 2.59

32.94
2.73

37.42
+ 2.91

33.68
2.64

41.11 38.10
3.39 + 3.59

32.58
2.VO

26.87
2.66

12.62
1.27

11.13
1.26

2.81
+ 0.37

5.38 0.87
0.62 +0.13

0.41
+0.08

0.06
+ 0.03

13.47
2.16

20.10
1.78

22.98
1.83

25.41
2.12

23.78
1.95

18.95
1.48

13.00
1.08

6.38
0.61

2.83
0.29

0.Vl 0.11
0.09 +0.02

0.02
+ 0.01

90

120

150

18.80
3.01

20.33
3.21

25.61
4.07

21,22
3.38

17.55
2.78

17.23
2.74

22.05
1.97

28.77
2.52

31.99
2.81

27.23
2.40

25.70
2.26

22.19
1.95

25.25
~ 2.01

24.22
1.91

23.24
1.85

18.94
1.51

17.39
1.38

14.46
1.15

24.28
~ 2.04

23.04
+ 1.93

18.94
1.57

15.59
1.31

11.39
0.96

9.07
0.76

7.23
0.61

17.37
1.44

10.97
0,91

4.16
+ 0.35

2,34
0.20

1.79
+ 0.16

1.33
0.12

4.27
0.35

2.01
+ 0.16

1.07
0.09

0.58
0.06

0.36
0.04

0.29
0.03

4.58
0.40

1.60
0.15

0.51
0.04

0.23
0.03

0.11
0.02

0.08
0.01

0.03
0.01

1.70
0.18

0.55
0.07

0.17
+ - 0.02

0.06
0.01

0.03
0.01

0.49
0.07

0.18
0.02

0.03
0.01

0.12
+ 0.03

0.03
0.01

0.03
+0.01
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FIG. 16. Cascade Monte Carlo and experimental cross
sections for Cu(m+, 90'}.

FIG. 17. Cascade Monte Carlo calculations and experi-
mental cross sections for Cu(x, 90'}.
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TABLE XVIII. Cross section for x from Al in pbsr ~MeV

Pion energy (MeV)
155 205 255 305 358 408 486

6,60 8.36 8.13
+ 1.08 + 0.75 + 0.66

8.82 8.58 7.91 7.24 5.27 3.31 0.95 0.26 0.03
+0.75 + 0.71 + 0.63 + 0.61 + 0.50 + 0.33 + 0.11 + 0.04 +0.01

30

6.16
+ 1.00

5.75
+ 0.94

5.64
+ 0.91

7.67
~0.69

8.16
+0.73

7.15
+ 0.64

7.17
+ 0.58

7.85
+ 0.64

6.56
+ 0.52

8.30
+0.71

8.07
+ 0.68

6.82
+ 0.57

7.35
+0.61

7.03
0.58

5.19
+ 0.43

6.76
+0.53

6,07
+ 0.48

3.62
+ Q,29

4.76
+ 0.40

2.16
+ 0.18

4.44
+ 0.42

2.91
+ 0.28

0.91
0.09

2.58
+ 0.26

1.39
+0.15

0.39
+ 0.04

0.82 0.19 0.03
+ 0.10 +0.03 +0.01

0.43 0.08 0.02
+ 0.05 +0.02 ~ 0.01

0.09
+ 0.02

60

75

90

105

120

150

6.38 7.45 6.34
+1.01 + 0.65 + 0.50

7.06 7.85 6.37
+ 1.13 +0.69 + 0.51

7.97 7.97 5,66
+1.26 + 0.70 +0.45

8.53 8.20 5.27
+1.35 +0.72 +0.42

7.38 7.04 4.20
+1.17 + 0.62 + 0.33

7.15 7.17 4.07
+ 1.14 + 0.63 +0.33

5.32 5.50 3.07
+ 0.85 + 0.49 + 0.25

5.87 3.45 1.80 0.74 0.27 Q.Q8

+ 0.49 + 0.29 . + 0.14 +0.06 + 0.03 + 0.01

5.20 2.14 0,81 0.30 0.08 0.02
+ 0.44 + 0.18 + 0.07 + 0.03 + 0.01 + 0.01

3 95 133 043 011 003
+0.33 + 0.11 + 0.04 + 0.01 + 0.01

3.16 0.85- . 0.22 0.04
+ 026 + 007 + 002 + 001

2.40 0.53 0.10 0.02
+0.20 + 0.04 + 0.01 + 0.01

2 07 044 0 08 002
+ 0.18 + 0.04 ~ 0.01 + 0.01

1.55 . 0.29 0.06
+ 0.13 + 0.03 + 0.01

lower the energy, broaden the angular distribution,
decrease the n'/w ratio, and make the total cross
section more nearly proportional to the nucleaq
area times (Pf/A), or roughly N'~' The pa. rtial
success of the cascade Monte Carlo calculations,
w'hich embody these ideas, also testifies to their
essential correctness.

Sternheim and Silbar" have calculated the m pro-
duction based on the above ideas, plus the effects
of m absorption by the nucleus. The approach dif-
fers from earlier treatments by Margolis" and
Beder'~ in dropping the forward-scattering as-

sumption and in including the charge-exchange
scattering. They obtain fairly good predictions of
the spectra and the total cross sections. "

The success of these models indicates that n

production in nuclei ean be generally understood
on the basis of relatively simple considerations,
and that details of nuclear structure play a minor
role in m production at this energy.
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FIG. 18. Experimental distribution for x+ from Cu.
Solid lines are polygons through the data points.

FIG. 19. Experimental distribution for x from Cu.
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TABLE XKK. Cross section for vr from Cu in pbsr ~MeV ~.

Angle
(deg) 30 105

Pion energy (MeV)
155 206 265 305

14.71
2.72

28.25
2.73

29.72
2.78

31,93
2.77

34.51
2.89

42.06
3.70

40.42
3.50

52.39
4.44

43.08
3.64

58.51
+ 4.67

47.8.6
3.81

65.14
5.48

53.54
4.49

63.28
6.03

48.95
4,66

46.96
4.71

36.40
3.64

24.23
2.78

14.40
1.67

5.66
+0,79

3.86
+0.65

1.09
+ 0,22

0.52
+ 0.12

18.40
3.07

30.22
2.75

34.53
2.82

40.85
3.47

44.78 45.49
3.72 + 3.57

42.51
3.54

32„25
3.07

16.69
+ 1.68

7.15
0.83

1.23
+ 0.19

0.09
+ 0.04

18.84
3.08

30.68
2.75

31,81 35.55
+ 2.57 + 3.00

31.78
2.63

25.86
2.03

9.30
0.90

4.28 1.11
0.46 + 0.15

0,].6
+ 0.04

0.03
+0.01

60 24.91
4.00

31.12
4.96

36.33
3.22

41.97
3.70

34.16
2.74

37.57
2.99

35.27
2,96

33.35
2.79

23.09
1.91

15.81
1.31

13.15
1.04

6.73
0.54

6.17
0.53

2.43
0.22

2.63
0,27

0.80
0.09

1.00
+ 0.12

0.28
0.04

0.20
0.04

0.06
~ 0.02

0.08
+0.02

90 31.01
4.92

43.17
3.79

35.78
2.83

26.97
2.25

9.77
0.81

3.11
0.25

0.89
0.08

0,25 0.07
0.03 + 0.02

36.61
5.81

46.21
4.06

36,18
2.87

23.53
1.97

6.69
0.56

1.75
0.15

0.44 0.11 0.02
0 05 + 0 02 + 0 01

120 33.62
5.36

42, 75
3.77

30.53
2.44

18.73
1.58

4.12 1.01
+ 0.36 + 0.10

0.16
0.03

0.04
0.01-

30.06 42.73
4.78 - + 3.76

28.27
2.25

15.36
1.29

3.10 0.68
+ 0 27 ~ 0 07

0.08
0.02

0.02
+ 0.01

150 27.89
4.44

36.30
3.20

24.35
1.95

12.58
1.07

2.58
0.23

0.46
0.06

0.08
0.02

0.02
0.01
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The electronic integrators used during the ex-
periment were an ORTEC model 439 and a BIC
model 1000. The BIC was used with the helium
chamber for all data-taki. ng runs, and the current
range selected was calibrated to better than 1/~ at
the LASL Standards Laboratory. The calibration

600 MeV 600 MeV

FIG. 20. Experimental distributions for m+ from Th. FIG. 21. Experimental distributions for ~ from Th.
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TABLE XX. Cross section for x from Cu in pbsr ~MeV ~.

Angle
(deg) 30 105

Pion energy (MeV)
155 205 255 305 358 408 486

15.71 15.91
2.55 . + 1.44

14.87
1.22

14.02 13.40 11.97 11.70 8.07 4.90 1.46 0.31 0.06
1.21 + 1.13 + 0.96 + 0.99 +0.78 +0.51 +0.18 +0.06 + 0.02

20 15.05
2.41

15.34
1.37

12.92 13.00 11.87 10.74 9.38 6.72 3.82
1.05 + 1.10 + 0.99 + 0.84 + 0.79 + 0.65 +0.38

1.25 0.28 0.03
+0.16 + 0.05 + 0.01

30

45

15.11
2.42

14.29
2.28

15,32 13,56 13.06 11.72 9,39 - 7.33 4.35 2.09 0.62 0.12 0.02
1.36 + 1,09 + 1.10 + 0.97 + 0.74 + 0.62 +0.42 +0.22 +0.08 + 0.02 + 0.01

13.51 11.65 11.31 8.21 5.46 3.24 1.44 0.59 0.14 0.03
1.20 + 0.94 + 0.95 + 0.69 + 0.43 + 0.28 + 0,15 + 0.07 + 0.03 + 0.01

60 15.84
2.52

14.54
1.28

11.26
0.90

9.38 5.62
0.79 + 0.47

2.78
0,22

1.16
0.11

0.43 0.14 0.03
+0.04 + 0.02 + 0.01

75

90

17.10
2.72

16.71
2.65

15.01 10.89 8.65 3.48 1.34 0.48 0.15 0.06
+ 1.33 + 0.87 + 0.73 + 0.29 + 0.11 + 0.05 + 0.02 + 0.01

14.65 9.55 6.30 2.07 0.65 0.20 0.05
1.29 + 0.76 + 0.53 + 0.17 + 0.06 + 0.02 + 0.01

105 17.46
2.77

15.05
1.33

8.67
0.69

5.30
0.45

1.39
0.12

0.31
0.03

0.08
0.01

0.03
+ 0.01

120 16.52
2.62

13.72
1.21

7.51 3.97 0.93 0.18 0.04
0.60 + 0.34 + 0.08 + 0.02 + 0.01

135 16,80
2.67

14,48
1.28

7.15
0.58

3,31
0.29

0.68
0.07

0.13
0.02

0,03
0.01

150 12.96
2.06

10.99
0.97

5.36
0.43

2.63
0.23

0.44 0.09 0.02
004 + 001 + 001

was checked occasionally during the experiment,
and no drift was observed.

2. A~gon -Cham be~ Calibrations

A 5-cm ion chamber filled with 96% argon and

4% CO, (by weight) to an absolute pressure of 889
Torr at 22 C was used as an absolute beam moni-
tor. The gain of this chamber was computed from
the energy deposit per ion pair data of Bakker and

Segre, "obtained by comparing the ionization cur-
rent produced by 340-MeV protons with beam cur-
rent monitored in a Faraday cup. By scaling to the
conditions of our experiment, we obtained a cali-
bration based on the Bakker and Segre measure-
ment. The ionization potential of our gas mixture
was determined from the Ar data of Bakker and
Segre and the CO, data of Hine and Brownell. " The
(dE/dx weighted average) ionization potential is
25.85 eV per ion pair. To preserve the accuracy
of the Bakker and Segre data we took their value of
dE/dx, namely, 4.02 keV/cm for Ar gas at 15 'C

and 760 Torr, and corrected this to 740 MeV and
an Ar-CO, mixture, using data from Janni. " The
gain of the a,rgon chamber was calculated for our
temperature and pressure to be 6=669. The gain

calculation should have the same accuracy as the
Bakker and Segre data, namely, +1%, since all
factors except beam energy were measured with
considerably greater precision. If the assumed
beam energy were changed to 720 MeV, the cal-
culated gain would increase by 1%.

The actual calibration consisted of placing the
Ar-CO, chamber at the position of the production
target, then comparing the charge collected in the
two chambers. In order that this calibration be
independent of the integrator gains, this measure-
ment was made, then repeated with the integrators
interchanged. The helium-chamber gain was then
calculated from the relation

He(BIC) He(ORTEC)
Ar-CO, (ORTEC) Ar-CO, (BIC)

The He gain defined in this way was a function of
beam current because of recombination effects in
the Ar-CO, chamber; hence the measurement was
made at several beam currents and the "plateau"
value of the gain was used. The gain data for the
two target positions are given in Table XXIII. The
best estimate of the He-chamber gain from these
measurements is 178 ~ 5.
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TABLE XXI. Cross section for ~+ from Pb in pbsr ~MeV ~.

Angle
(deg) 30 52 105

Pion energy P/feV)
155 205 255 305 408 486 553

15

20

19.75
3.60

16.21
+ 3.06

31.51
3.09

31.96
3.09

36.82
3.21

37.04
3.18

49.11
4.34

45.19
3.98

57.53
4.92

50.72
4.33

64.43
5.17

54.46
+ 4.38

75.86
6.39

61.85
5.23

73.57
7.02

59.36
5.67

57.49
5.76

43.69
4.40

27.27
3.14

18.86
2.19 .

4.82
+ 0.71

4.19
+ 0.61

0.89
+ 0.21

0.31
+ 0,12

30 17.76
3.04

36.24
3.32

39.86
3.29

48.89
4.18

51.10
4.26

53.30 50.90
4.20 + 4.26

38.56
3.67

20.65
2.09

8.11
0.96

1.29
+ Q.22

0.16
+ 0.06

45

60

90

23.35
3.86

27.59
4.48

37.50
6.04

48.70
7.74

37.96
3.43

44.82
4.00

56.41
5.01

68.72
6.04

39.62
3.23

44.76
3.60

51.21
4.11

55.85
4.43

44.02
3.74

45.03
3.79

43.02
3.62

44.18
3.69

40.00
3.33

29.76
2.48

21.96
1.84

16.86
1.40

32.24
2.56

16.67
1.34

9.14
0.76

5.46
0.45

21.54
1.83

8.47
0.74

3.55
0.34

1.74
0.17

12.33
1.20

3.58
0.37

1.09
0.13

0.43
0.06

5.27
0.56

1.48
0.18

0.45
0.07

0.19
0.03

1.39
0.20

0.23
0.05

0.05
0.03

0.04
0.02

0.20
+ 0.06

0.08
+ 0.03

0.03
+ 0.01

0.05
+ 0.02

0.05
+ 0.02

0.02
+ 0.01

105 53.07 74.35 55.21 39.42 12.00 2.95 0.76 0.17 0.05
8.47 + 6.55 + 4.40 + 3.31 + 1.02 + 0.27 + 0.09 + 0.04 + 0.02

120 48.14
7.65

68.54
6.03

48.99
3.89

31.42
2.63

7.74
0.66

1.77 0.33 0.07 0.03
0.16 + 0.05 + 0.02 + 0.01

150

38.22
6.11

37.83
6.04

69.39
6.11

64.14
5.65

47.63
3.80

43.87
3.50

28.15
2.37

23.70
2.00

6.63
0.58

5.05
0.44

1.33
0.14

0.84
0.09

0.30
0.05

0.16
0.04

0.07
0.02

0.04
0.01

0.02
O.Ql

3. Foil Calibration of Beam Monitors

The foil activation studies were carried out in
collaboration with the LBL Berkeley Health Phys-
ics Group. The activities studied were '"Tb,
"Na, and 'Be and "C, from gold, aluminum, and
polyethylene, respectively. Only the results from
the ir'radiation in which the three foil materials
were simultaneously bombarded by 730-MeV pro-
tons will be reported, although a 5-min irradiation
of polyethylene was performed to establish the
'Be/"C production ratio.

To account for particle recoil effects each foil
was covered, front and back, with like material
for the irradiation. The total interaction probabil-
ity in the foil stack for 730-MeV protons was about
1%. The error due to secondary interactions is
estimated to be less than 1/0.

The results of the activation study are summa-
rized in Table XXIV, giving the cross sections"
at 730 MeV used to calculate the average current
and the calculated gain of the He chamber. During
the 4-h irradiation the beam current was suffi-
ciently steady so that no time-dependent produc-
tion-rate corrections were necessary.

The mean value 195 of the He-ion-chamber gain
differs from the value (178) from the Ar-CO2 cali-
bration. The discrepancy could be explained by
saying that the activation cross sections used were
too small; the literature values used have quoted
errors between 5/p and 13$. Errors due to sec-
ondary interactions tend to increase the current
and reduce the calculated ion-chamber gain.
Radioautographs of the irradiated foils gave no
indication of beam missing the foils. The counting
statistics contributed +3/q error. In computing
cross sections we adopted the value 183 for the
He- ion-chamber gain.

APPENDIX B: PION-DECAY CORRECTIONS (PIMU)

The measured fluxes of pions must be corrected
for pion decays in flight to obtain the fluxes emit-
ted at the production target. The attenuation can
be calculated from the flight paths from the target
to the final detector (S~) in each channel. In addi-
tion, muons arising from pion decays can be de-
tected with nearly 100/o efficiency. It was neces-
sary therefore to estimate what fraction of the par-
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TABLE XXII. Cross section for m from Pb in pbsr ~MeV

Angle
(deg) 30 52 105

Pion energy (MeVj
155 205 255 305 358 408 486 553

15 37.31 30.68 26.79 25.28 22.71 20.60 18.97 13.94 8.29 2.06 0.55 0,13
5.99 + 2.77 + 2.20 + 2.17 + 1.92 + 1.66 + 1.62 + 1.35 & 0.85 + 0.27 +0.09 + 0.03

20

30

34.29
5.49

37.54
5.99

28.76
2.58

30,91
2.75

25.11
2.04

24.89
2.01

24.75
2.10

24,09
2.04

20.88
1.75

19.82
1.65

19.18
1.52

16.83
1.33

16.12
1.36

12.34
1.04

11.41
1.10

7.13
0.69

6.02 1.85 0.39 0.07
+ 0.62 + 0.23 + 0.07 +0.02

3.37 1.00 0.17
~ 0.35 + 0.13 ~ 0.04

45

90

105

32.84
5.23

36.19
5.74

39.81
6.32

44.18
6.99

49.11
7.77

29.63
2.62

29.50
2.60

30.21
2.67

31.84
2,80

32.62
2.87

21.89
1.76

20.76
1,65

19.58
1.57

19.33
1.54

17.71
1.41

20.15
1.70

17.27
1.45

14.79
1.25

12.03
1.01

9.77
0.83

14.44
1.20

8.86
0.74

5.79
0.49

3.93
0.33

2.57
0.22

9.94
0.79

4.69
0.37

2.18
0.19

1.31
0.11

0.70
0.07

5.13
0.44

2.07
0.18

0.81
0.08

0.37
0.04

0.20
0.03

2.40
0.24

0.83
0.09

0.27
0.04

0.13
0.02

0.05
0.01

0.94
+ 0.11

0.31
+ 0.04

0.08
6 0.02

0.03
+ 0.01

0.27
+ 0.04

0.04
+ 0.01

120 39.35 28.53 15.25 7.74 1.73 0.42 0.08 0.02
6.23 + 2.51 + 1.22 + 0.66 + 0.16 + 0.04 + 0,01 + 0.01

135 38.22
6.07

29.25
2.58

14.16 7.06 1.39 0.30 0.08
1.14 + 0.61 + 0.13 + 0.04 + 0.02

31.93
5.06

24.10 11.74 5.39 0.92 0.23 0.04
2.13 + 0.95 + 0.47 + 0.09 + 0.03 + 0.01

P, (8) = n~ n, hO .R, (P) ' —exp ——. dp
d'o(8, P)

d'o(a, P, )
dPdQ

= CD, (x,AP]

TABLE XXIII. He-ion-chamber gain from Ar-CO2-
chamber comparison.

Backward-angle setup Forward-angle setup
He current He gain He current He gain

1.4x10 8

3.2x 10
1.4x 10
1.3x10 7

1.4x 10 '

178.0
178.0
178.5
180.1
199.4

3 x10 8

2.5x 10
178.5
180.9

ticles detected as pions were, in fact, muons.
Let N,. be the number of particles detected as

pions in channel i, and let P,. and M, be the actual
number of pions and muons comprising fq, (Ã, =P, .
+M,). These quantities can be related to the de-
sired laboratory cross sections and experimenta1.
parameters as follows:

where we have assumed that d'c/dpdQ is constant
over the momentum interval bp,. (full width at half-
maximum), and have replaced the momentum-
resolution function R,.(P) by a rectangular function
of width Ap, The quantities n~ and n, are the num-
ber of protons incident on the target and the num-
ber of target nuclei per square cm as viewed by
the proton beam, respectively. The exponential
decay factor is represented by D,. and depends on
the length of the channel and its central momen-
tum p, . Similarly

= Cg E„&r,q, , . .

where E(p, , p) is the fractional probability that a
pion of momentum p decays into a muon which is
detected in channel i. We replace the integral with
a sum over average quantities evaluated at each of
the 12 channel momenta. E,J is an abbreviation
for E(p, , p, ). The quantities q,. are the momentum
intervals over which the quantities F and 0 are
averaged [i.e., qj =-,'(p,.„—p~, )]. We need not
consider momenta below the lowest channel mo-
mentum, since the momentum of the muons arising
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TABLE XXIV. Calibration of ion-chamber gain from activation study.

Target Activity
Production

cross section (mb)
Average

current (nA)

He-ion-
chamber gain

CH2

Al
Au

ilC
~Be
24Na

'49Tb

29.8
11.0
10.8
0.21

21.8
20.9
20.9
22.3

Average

192
200
200
188

195

from pion decay have a momentum range from
slightly more than the momentum of the pion to
roughly half the pion's momentum. Also, at the
high-momentum end of the pion spectrum, kine-
matics does not permit pions to be produced with

momenta higher than that of our highest-momen-
tum channel at any angle.

Therefore, we can write for any particular tar-
get and spectrometer angle

N; =P&+M

= CD p, bp,.+Cg E,~o~q,

=CgtI6, ~D~AP, +E„q,]o, . . .

Letting

ij gp

and defining an observed cross section o,. =N, /Cap,
we can write

o; =Q(6;qDq+ f,q)oq =Q G;, o; .

Thus, the desired cross sections can be obtained
from the inverse of the matrix G:

oc=ZG uo~ .

The pion-decay probabilities f„(which are inde-
pendent of angle and target) were calculated via a
Monte Carlo technique which traced muons arising
from pion decays at a succession of fixed distances
from the target. This calculation was carried out
for each channel over the full range of pion ener-
gies and averaging over the possible pion decay
points. The initial pion directions at the target
were chosen over a sufficiently large solid angle
so that all possible decay muons that could enter
the spectrometer were included. The effect of the
beam collimator was also included, and had the
effect of eliminating most of the possible large-
angle pion decay points except those very close to
the target. The trajectories through the spectrom-
eter were calculated as circular orbits with edge

focusing within a wedge-shaped field region.
The 12-by-12 inverse G matrix was calculated

before the experiment was set up for a geometry
very similar to that actually used. The off-diago-
nal matrix elements of G are typically less than 3%
of the diagonal elements. For a typical channel,
only three or four terms contribute, so that the
correction due to muons arising from pion decay is
of the order of 10%. It is estimated that the upper
limit of the error due to this correction is 50/o of
the correction.

The inverse matrix was stored in the PDP-8 so
that the decay correction could be applied immedi-
ately to the results of each run. After the data-
taking stage of the experiment was completed, a
recalculation of the model wedge magnet geometry
was made, and the new results agreed quite closely
with those used in the original calculation. In ad-
dition, a new calculation of the channel-10 correc-
tion was made. The correction appears to be a bit
larger than that calculated earlier, but would de-
crease the channel-10 cross sections (assuming a
flat pion-production spectrum) by only 1.9%.

The code also calculated -the energy and time of
flight of muons detected as pions. The result,
which was available early in the experimental de-
sign stage, indicated that it would be difficult to
distinguish between pions and muons. Therefore,
the discrimination windows were set generously so
that the muons would be detected as pions with full
efficiency. However, knowing the muon energies
in detail from the calculation allowed a crude
check of the validity of the calculated correction
to be made by comparing the calculated output
spectrum from a totally absorbing Cerenkov coun-
ter with an experimental measurement. Looking
with a water Cerenkov detector in the 150-MeV
pion energy channel, a high-pulse-height tail was
observed arising from muons extending beyond the
pulse-height peak arising from pions. The ratio
of pulses with pulse heights greater than twice the
average pion pulse height was observed to be
0.075. The ratio calculated by converting the cal-
culated energy spectrum into a pulse-height spec-
trum was 0.062. It is believed that this result in-
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dicates that the correction for muons arising from
pion decay is satisfactory within the errors stated
above.

.APPENDIX C: MULTIPLE-COULOMB-SCATTERING
CORRECTIONS AND MOMENTUM

DETERMINATION

A computer program entitled MULCOS was written
to calculate the channel central momenta and mo-
mentum resolution function from the measured
positions and to estimate the possib1e loss of par-
ticles due to multiple Coulomb scattering.

The MULCOS program incorporated the FOCUS

program as a subroutine so that trajectories could
be calculated from the measured magnetic field.
Central momenta for each channel were calculated
from the measured counter positions via a suc-
cessive approximation search mode of MULCOS.
The resulting momenta agreed with 1.3% of the mo-
menta originally desired for channels 0 through 8.
The momenta of channels 9, 10, and 11 changed
by +3.3%, +1.9%, and -V.5%, respectively, the lat-
ter change being due to the counter position change.
The increased sensitivity of channel momentum to
position in the lower-momentum channels is ex-
pected, since the momentum dispersion is smaller
in these channels.

Momentum resolution (full width at half-maxi-
mum) was determined from the calculated disper-
sion at the S, counter width in the bending plane.
The momentum resolution was also checked by
using the MULCOS program in a mode which per-
mitted the variation of the trajectory momentum
for a given geometry, which in effect is equivalent
to determining the dispersion exactly. The MULCOS

program was particularly useful in determining
the momentum resolution function of channel 11,
since the minimum accepted momentum was de-
termined by counter S4 rather than S,. The cal-
culated channel central momenta and momentum
interval accepted are listed Table I.

The spectrometer was designed so that the coun-
ters S, and S, would be the defining apertures.
The width of S, in the bending plane would then de-
termine the momentum cut accepted in each chan-
nel. All other counter dimensions (S„S~height,
S,}were designed to be so generous that no par-
ticle could miss them unless it were multiple-
Coulomb-scattered through an angle equal to sev-
eral mean projected scattering angles in one of the
counters. The adequacy of the design was verified
by using MULCOS, which calculated these effects
using the Monte Carlo technique as follows.

The production target and each counter were
specified by eight parameters, three being used to

specify the location of the counter, two specifying
their rectangular area, two specifying their thick-
ness and atomic number, and one specifying the
angular orientation of their normals from the hor-
izontal plane. In addition, the air or helium in the

path of the beam could be lumped into six "aper-
tures, "which allowed one to take into account the
scattering from these materials. The effect of the
collimator hole in the shield wall was accounted
for. For the geometry specified, charged particles
were started at random positions in the target and
aimed at randomly chosen points in the spectrom-
eter entrance aperture defined by S, and S,. Ver-
tical and horizontal transport matrices were cal-
culated from aperture to aperture, and used to
transfer particle vectors one by one through the
system. At each aperture, the position of the par-
ticle was checked to see if it passed through the
aperture or had missed it. The tracing continued
until the particle successfully entered the Plexi-
glas Cerenkov counter or missed one of the aper-
tures. The first tracing of each particle ignored
any multiple scattering. To evaluate the scattering
effects, each particle was restarted with the same
initial conditions. At each aperture, a scattering
angle appropriately randomly distributed for the
particle being traced and for the thickness and

atomic number of the material in the aperture was
added to the particle's angle, and the tracing con-
tinued. The multiple-Coulomb-scattering formula-
tion of Marion and Zimmerman" was used. Again
the particle was traced until it reached the final
detector or missed an aperture.

Calculation of the transmission was made for
each channel with and without multiple scattering.
The transmission was 100% (standard deviation
less than 1%}with multiple scattering ignored.
With multiple scattering turned on, the transmis-
sion was also 100%, with somewhat poorer statis-
tics in the low-momentum channels. (Actual num-
bers for transmission with multiple scattering to
no multiple scattering were 1.08 +.06 for channel
11, and 1.00+0.02 for channel 10. These numbers
assume the presence of a 4-ft-long He-filled bag
just ahead of S,.) We conclude that we do not need
to correct for any losses due to multiple Coulomb
scattering in the scintillation counters and the tar-
get.

APPENDIX D: cRoss-Cross Section Analysis Program

The final cross sections were calculated on a
CDC 6600 computer with the program CROSS. Input
data were obtained from the paper tapes generated
by the PDP-8 computer, which were transcribed
to punched cards to facilitate manipulation and cor-
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rections. The program consisted of ten parts.
(1) &nergy parameters read in the central mo-

menta and momentum widths of the 12 momentum
channels defined by the spectrometer. Corre-
sponding kinematical quantities are calculated and
stored for subsequent use.

(2) A CH range table permits entry of range-en-
ergy tables for the plastic scintillator material for
subsequent calculation of pion and proton energies
at any point throughout the particle trajectories.

(3) A decay matrix section reads in the matrix
E(I, J) described in Appendix B.

(4) An inscattering section reads in the inscatter-
ing corrections.

(5) A background section reads in data from a
run defined as a background run. The input cards
are checked for consistency in run numbers, the
products of the dE/dx and time-of-flight efficien-
cies are checked for each particle and channel,
and, if the efficiency does not exceed 98%, a warn-
ing statement is printed.

(6) A run data section reads in data concerning
ous kinematical quantities for pions and protons
referred to the center of the production target.
the characteristics of the target and a range-energy
table for the target material, then computes vari-

(7) A foreground section reads in data from a
run defined as a foreground run. The input cards
are checked for consistency of target, angle, etc.,
with the most recently read-in background run.
The detection efficiencies are again checked as
described above for the background run. Cross
sections are calculated, correcting for attenuation
of the incident protons by the target and for atten-

uation of the existing protons and pions by the tar-
get and other material between the target and the
final detector in each channel. The background is
also subtracted and background errors appropriate-
ly compounded. Note that the momentum widths
used in calculating the cross sections are not sim-
ply those defined by the spectrometer but rather
those effective at the target center. Corrections
for pion decay and acceptance of muons from pion
decay are applied to the pion data. Next, the in-
scattering corrections are applied to the pion eros:
sections. The electron cross-section results are
given as ratios relative to the corrected pion cross
sections. Thus, these numbers should approxi-
mate roughly the number of electrons relative to
pions of the same momentum produced at the tar-
get. The results are printed and punched for sub-
sequent plotting and listing.

(8) A center of mass section converts pion and
proton data from proton-proton collisions to the
center-of- mass frame.

(9) The save carbon section allows temporary
storage of carbon cross-section results for later
subtraction from CD, results to obtain deuterium
cross sections.

(10) A deuterium section. This section takes the
current foreground calculations (assumed to be a
CD, run), subtracts the carbon cross section which
had been saved, and divides by two to obtain the
deuterium cross section. The inscattering correc-
tions are not applied until after the deuterium cross
sections have been extracted to avoid improper
compounding of the errors.
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