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- _I__ABSTRACT
The differential cross sections at one angle for the reaction

prp =% Tr*+d have been measured ss a function oﬁ proton energy in the
energy range 310 Mev to 336 Mev. Using the external beam of the Befkelqy‘
synchrocyclotron, the positive pions produced at 0° £ 3° to the beam
direction were magnetically separated from the proton beam, and were de~
tected by scintillation counters using‘a delayed coincidence between a
17t meson and its }f decay. A polyethylene-carbon difference was used to
obtain the n&drogen conﬁributionov In order to obtain protons at energies
below 340 Mev, lead absorbers were placed in the proton beam immediately
ahead of the target. The pion yield from the lead was automatically sub-
ﬁracted.with_the carbon contribution. At each proton energy the positive
pion energy spectrum was scanned in the region of the characteristic peak

due to the reaction given above. The relative do-/dfl was obtained by

integrating over meson energy. The results are presented in the following

tables
Differential Cross Sections
In Laboratory -and Center of Mass Systems
Laboratory v Center of Mass System
-Eproton dg (0°) : Epion da (0°)
daa aa

Mev lO“BOcm?steradgl Mev lOaBOcm?steradul

336 121 = 9 ‘ - 1965 31e3 = 203

330 103 = 8 ) 17.1 2508 = 2.0

325 90 =10 14.6 R1o6 = 204

321 83 =10 12,9 18.7 = 2.0

315 68 = 8 10.4 1402 = 1o7

311 54 = 17 _ 8.6 1063 = 1.3
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The relation of the excitation function to the thesretical analysis of
Chew, Goldberger, Steinberger, and Yang is discussed. The relative values
have the standard deviations indicated in the table. .The absolute value

has a standard deviation of 25 pef cento
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II.'INTRODUCTION' -

.A fundameéntal problem in ﬁesoniphysiéé‘is'the'prdduétibn of ‘pions in

collisions of free nucléons. The present work is concerned with the ex~

¢itation function for a particular reaction of this type, namely,

.p+p—>'n'*+d | _ (1)

The existence of this reaction was first suggested by the early work of a

: : 1
group at Berkeley, headed by Professors C. Richman and H. Wilcox. Using
nuclear emulsion detectors embedded in absorbers, and magnetic separation to

sort out the mesons formed in the beam direction, they observed the energy

" spectrum of bbsitiVe pions from p=p collisions. An intense peak was found

" near the upper limit allowed by energy considerations. ' It was thought that

this peak might be due to reaction (1) and that the mesons found at, lower

“energies were due to the reaction,

prp=artepen @

The first reaction would yield A‘linébspéctrum abouﬁ 4 Mev higher in energy
in the laboratory system than the upper energy limit of the continuum ex-
' pected from the second féactiony The extra energy results from the binding

renérgy released when the deuteron is formed. SubseQuentLy;'the existence of

reaction (1) was confirmed by Crawford, Crowe, and Stevqudn2 with counters

41'by'directfob5ervation of the positive pion and the deuteron in coincidence.

Continued work on the p-p positive pion yieldB"4 pointed to the fol=-

" lowing conclusions:

1. At Zero‘degrees to the beam, -about 70 per cent of the yield was.

BRI

associated with reaction (1)
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2o The pions associeted:_wiﬁg_.,‘_,gl:xjv.s reaction have an angular distribu-
tiop in the eenter of mass frame}wh;chkis'predeminantly 00529, where © is
. the angle between the pion and the original beam direction. Detailed exam=
ination of the pion ﬁeak ene:gy, cpmbihed with aecurate measurements of the
proton beam energy, yielded a positive pion mass in good agreement with
that obtained by other methods. . |

It was suggested by Marshak5’6 and o@hers,that'measurements on the in-

verse reaction,
mred > p+p | - (3)

in conjunction with detailed balancing calculations and the data on reaction
. (1) could be used to determine the spin of the poéitive pion. A study of
.; reaction.(B) was undertaken by groups at Columbia7 end Rochester8o The
results iﬁ'both cases indicated that the spin is zero, and that the angular
-distribution of the Columbla group was qualltatlvely in agreement with that
obtalned by the Berkeley groupo- i | |
‘The angular dlstrlbution fer reactlon (3 was ebtained:et three pion
energies.- This exclta;;pn data_for reactlon (3) can be-converted to an ex-
citation.fﬁnctiqn for,reactiqﬂ.(l) by.deteiied'balanciggo The pion energies
used for the study of reeetion.(3),corre$ponded te proton energies between
345 Mev and 380 Mev in reaction (1)
The excitation function for the reaction p 4+ p ~—>1*+ d in the proton
energy region BetWeen 310 Méy‘end 340 Mev has been studied in this experi- &
ment. The differential cross sections were measured at o° + 3° to the pro-

ton beam direction. The threshold for the reaction is 291 Mev., Section III

of this report gives a general description of the method employed in the
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experiment. Sections -IV and V- relate details of the experimental tech=
niques and-df-théﬂmethbd of ‘analysis of the data.

- "Results of the experiment areicontained in Section VI. Graphs of the
" experimental déta afe.givenfand~the'resultsvare compared with those of
Durbin,  Loar, and.Steinbérgefg,for higher energies obtained from the in-
' ‘verge reaction by the method of detailed bélancingo -Finally, the relatiocn v
" between the results obtained and the phenomenological theory of Chew, et alo,lo

is discussedo.
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. III. GERERAL DESCRIPTION OF THE EXPERIMENT

A collimated béam of" 340 Meynprotons was sent through an ionization
chamber whose collectedsehargeﬁwas proportienal to the integrated proton
fluxe The7beam'theniimpinge& on.meson pnoduction.targets“plaeed in & mag-
‘netic field. See Figo 1. Emerging from the target, the proton beam
trajectory proceeded through the field region with e small curvature. The
~ positive pions produced in the forward directionvturned4with a greater curva~
ture than the protons and entered a channel»defined by brass shielding.
After turning through about‘75°; the.mesons of interest went through copper
absorbers of such a thiekness that they stopped in the last crystal of a
threeSCrystal‘scintillation.telescopeo Tbe pions were detected by a de~
layed coincidenee.between'the decay mnon in the last crystal and the posi-
tive pion passing through the flrst two cnystalso

The productlen of the plons was studled by means of the usual carbon—
poxyethylene subtractlon technlqueo The polyethylene and carbon targets

-

were designed to contaln the same number of grams per square centimeter of

carbon. The dlfference was take"‘to be the hydrogen contribution. When'it

was desired to decrease the proton energy to measure the excitation function

t”ead absorbers were placed in the proton

for the process belng studled9
beam immediately ahead efvthelproduction targetso ‘The small contribution
of pions coming from the lead ﬁas.automatically subtracted with the carbon.

At each proton enengy the'positiVe pion spectrum was scanned in the region of

the peak whieh‘is‘due'to the reaction p ¢+ p —~>qr*4 d. The spectra from *

polyethylene and'ca:bon ﬁere'then integrated over meson energy, and the
difference was taken to be the differential cross section per unit solid

angle for this reactionq

.
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IV. DETATLS OF THE EXPERIMENT

A. Source of'Protons and Collimation _

The scattered external proton beam of the 18/-inch Berkeley synchro-
cyclotron wés used for £hi$ experimenin The scattered beam has about a
20-microsecond duration with alrepetitiénbratg of 60‘cycles per second.

The electrostatibally déflected béam provides a much greater flux of parti-
cles but has a much shorter duty cycle. The scattered beam was chosen be=-

cause it had an adequate flux of particles and because it had a larger duty
cycle. The number of,accidenﬁal coincidences is inversely proporﬁional to

the duty cycle of the beam when using coincidence telescopes.

A small steering magnet located inside the main cyclotron shieldihg
was ﬁsed to deflectvthe beam through the main shielding into a secondary
shielded area; celled the "cavel, as shdwn in Fig. 1. The beam was roughly
collimated by a pre=collimator located ahead of the sfeering;magneto In
this way much of the collimation was done where the spray of neutrons and
charged particles, introduged.Qy:the slits, did pot_reach the cave. The
final collimatién'was'dbné‘byfméans of a 48=inch bréss_tube ;6cated at the
point where the béam-eﬁ&éredvthé éavéo .The résﬁltan£ bean was contained in

a threenquartérminch sQuare§

B. Beam Monitor

The beam flux was monitored h& a 002 - argon=fiiléd ionization chamber.
The chamber was fiiled to a pressure of 64 centimeters of mercury. It had
- multiplication factor_of 625:for.340 Mev protons, as measuredxwith a
faraday cup. The collecting eléctrodevwas kept at ground potential by a

feedback amplifier located in the counting area. The charge was collected
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across a precision condenser iocated_neagiﬁhe electrcmeiera The voltage
across the calibrated condenser was fed to a Speedomax reéqrdeerhere the
charge was automatically récorded continuously. The con&enser was dis-
charged when-the voltége reached a preset level. Nps the nu@ber of pro-

_ tons_monitoréd by the chamber is given by

N = £V
P Me
whefe G = capacity of precision condenser
V = voltage across the condenser

M = number of ion pairs per proton
e = charge éf the electron
As will be seen later, the meson counting equipment was not opefating
in a %plateaﬁ régiOn"a Henée iﬁ was necessary to normalize the meson
detection effiéienqy frbm run to run. This normalization compensated for
'aqy-change in efficiency of the£beam'monitor from run to run. It was
neceSSany that the mdhit§r répgih.constant only over the period of a given

C. Method of Reducing Besm Energy .

When it ﬁés dééiféa fc7féaé§é1the énergy of thé proton beam, lead ab-
sorbers were placed:iniﬁﬁe“bééﬁ?immeQiately.éhead of the production target.
The range-energy curves of Aroﬁ;‘et aloll, were used to calculate required
thicknesses of.abgcrberso:wLeadiwaé used for this‘purpose because it has a
high ratio of stopping pQwer to:the number Sf meSons-prOduce612913° These
absorbers were plaéed atathe target so that no systematic error in beam
‘.’monitoring WOuld'be introducéd bynmultiple scattering of the protgcm.beamo

It was necessary to correct for the beam attenuation in the lead. This

correction 1s discussed later.
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If the absorbers had been placed in the collimator ahead of the
'monitor,'thelefﬁectrof?low?energyfprotons;multiply-scattered from the walls
: of’tbe,collimator.wculdfhave been difficult to estimate. If the‘ebsorbers
‘were placed.a long distance ahead;ofnthetcollimator, the above:problem
would not occury but the amount of usable beam entering the cave would

.. have given e prohibitively low counting rate.

D. Target |

| The polyethylene and carbon targets were shaped in a milllng machine
-so that the area and thlckness of each could be measured accurately° The
targets were welghed on a chemlcal balance to about O. 1 gm accuracy, which
'corresponded to about one part in 2000 for'the mass of the targets. lhe
number of grams peb sqeare centimeter was calculated from the.area and .
mass. The carbon target was de51gned to be equlvalent to the polyethylene
target in grams per square centlmeter of carbono

The targets were helq in a movable assembly (shown in Fig. 2), which

could be moved from out51de the caves ThlS arrangement ellmlnated the
“nece581ty for turnlng off the beam to make the frequent target changes
necessary ina subtractlon experlmento -

The target—change assembly, channel, meson absorbers, and crystals
were ‘attached to a template which fitted over the poleface, so that the
geometry could be»repnoduced from run to run (see’Figo 2)e In order to
align the system withrfespect to. the beam, film holders eere,inserted.into
positioning holes_in’the.templateo_.Short exposures wefe taken and the system

was aligned with the aid of fiducial marks on the film. . -
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Eo. Chamnel. . ... - . ... . . e

The main.funcﬁion of -the channel was to minimize accidental background
by preventinglhighqenergy%protons from the target from reaching the detector
system. . The ppoton81wh08e:momenta are smali enough to,permit.them to follow -
- the curve of;the,channel:wouldlnot penetrate the copper absorbers, since a
proton has a small fraction of the range of a pion for equal momenta. The
angle and the energy apertures of the channel were made large compared to the
angle sdbtended by the detector and to the energy interval éocepted by the
detectoro Thls could be done w1thout relax1ng the requlrement that high-
energy protons from the target should not reach the detector° This design
helped to reduce the multlple-scatterlng correctlon dlscussed in Section V.

The angular width of the channel was~t 7 4 » in comparlson with an
Vangular w1dth of i 3. O subtended by the detector° The mean radius of the
channel was 1604 1ncheso The maxlmum and mlnlmum rad11 were 17. A inches and
15.4 1nches, respectlvelyo The-energy 1nterval, AE accepted by ‘the channel
. varled from 13 8 Mev for 70 Mev plons, to 6. 9 Mev for 30 Mev plonso In
comparlson, the AE of the detector ranged from 206 Mev to 4.1l MEV over the

same meson energy 1ntervaloh-

‘F. Pion Absorbers .

- The energy of the pions deﬁected was varied'by means of copper absorbers.
- Pion rangeuenergy curves. for copper and stllbene were obtalned, using the |
. proton rangenenergy curves- of Aron, et alllo The magnetlc field was changed,
at each energy settlng so that the Hg for the mean radlus of . the channel
corresponded to a-plon whose range_was that .of the given setting of copper

absorbers. Six absorbers were made up in multiples of the smallest, so that



fan, 14 -

a'range~of'energiesmfromﬂ20ﬁtoySO,Mev~with;appnoximately‘llMey,intervals

- was obtainables:: The absorbers could be changed.from the outside of the

" caves - -This arrangementﬁeliminated'the,necessity of turning off the cycletron.

Go Detectors

1P21 photomultipllers v1ew1ng trans=st11bene cnystals ‘through lucite

'light pipes were used as piOn detectorso Since the phototubes are sensi-

tive to magnetic fields, they were placed outs1de the magnet coils in a

‘ region where the field was approXimately 100 gauss° In addition, the photo-

tubes were enclosed in a l/16-1nch mild steel houSing, which was in turn

enclosed in a l/Arinch thlck steel shield. In order to obtain practlcal
_ countlng rates, it was necessary to detect the pions near the target in a
: region of high field. Lucite light plpes served to optically connect the

»phototubes out31de the 0011 case with the crystals near the targeto The

light pipes and magnetlc shlelds are shown in Figo 20 Tests were made to

check the variation of the phototube sen51t1v1ty with the variation of the

field 1n the gap. Using & Jﬁeiqy source, a change of one part in sixty

o in pulse height was observed fo“na variation of 7000 gauss in the field

1n the-gapc Since the range of field strengths employed in the experiment

was 4000 gauss, the effect was negligible°

Hs Method of~PionvDetection
1l. Introduction . v v
The detection methodfis<baséd”bn'theﬁprinciple of identifying the
positive pionslhydtheir"characteristic decay -to muonss:. o

i)

A
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The mean 1life of the positivevpion,has;been_geaaured”to be.039257hmicro-
secondsoll”15 A crystal;telescope;isﬁe;posed toftheﬁbeamjoﬁéparticles,
and the number of delayed 001nc1dences between p051t1ve plons and their
decay muons are counted as p051t1ve plonso .

In the early stages of the experlment 'a two—crystal telescope was
in use with one delayed 001nc1dence c1rcu1tlsyv In the earller scheme, the
001nc1dence caused by a pos1t1ve plon pa551ng through the flrst crystal
and penetrating the second far enough to lose approx1mately 6 Mev, gener-=
ated a gate whlch was delayed and put in 001ncldence w1th ‘another output
from the second crystal. If the plon decayed in the second crystal during
the time the gate was actuated, a delayed 001nc1dence was reglstered as a
positive pion. 1In order to measure accldental background ‘the delay was
increased to a time where all p031t1ve plons would have prev1ously decayed.
The count at that tlme was recorded as background and subtracted from the
count taken at the short delayo;' R

This arrangement was unde81rable 1n'that it requlred running the back-
ground separately For a glven 1ntegrated proton flux the pion count is
constant, but the acc1dental background varles llnearly with the beam in-
tensity. Since the background rate for thls equipment operatlng in the
cave was of the same order as the plon rate, any shlft in beam intensity
between the short and the long_delay countsamadefgeproduclblllty poOTs
This difficulty is,lntensifiedﬁin a subtraction‘experimento‘ For this reason,
a second dela&ed coincidencefjrjg]circuit_was:constructed:so that the acci-"
dental:background couldvbedcounted-slnultaneously.uith?the pion data. The
use of two circuits also doubled‘the*overall‘efficlenqy in terms of qyclotron

operating time. Qne detector.Was run with the short delay while the other
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~was run vith a long delay and then the delays were interchanged for an

equivalent integrated beam flux. -

.‘UnderithgseJconditions,,lack,pf'feproducibility-due_to'beam intensity
changés.enters'inyﬁas_the prodﬁétﬁof the difference in intensity and the
difference in efficiency~betwegn the. two detectors. The difference in

efficiency was made small. The arrangements made to change absorbers and

f_targets)withqut turniﬁg off the beam aided the reproducibility since the

beam intensity is much more constant when the machine is not turned off
In the previous set-up, plateaus were not obtained for the pion pulses
used in generating gates. As. a solution to this problem the two-crystal

telescope was replaced by a th}éé;crystgl telescope. The first two cry-

_stals were used for generating phe gate,‘and only the delayed pulsés of the

muons were taken from the thirdfczystal¢ In this way plateaus‘were obtained

for the gate-opening‘pion‘puléesaf-In order to detect low=energy pions, the

QnystaLs were made muchwthihﬁéfk?r§$ﬁltingtin'smg;lgr'Signa13¢ A new dis-

tributeq,coincidendéjcircuitfwa énstgucted tojopeﬁéte with these low

signqié??fThiS'équipﬁeﬁﬁ 78 ‘dti‘7th_:ﬁ¢g5uféméq_§vgnd_is described in

the. followmg Sectlons

2. Description'of the_Mq&hpdf

Figure 3 shgwé a séhemat,

_,diagram of the detection system. A positive
pion-passing through the firs§ pwo trans-stilbene. crystals causes scintil-
lations which are traqsmitted.fhrough,1ight pipes to 1P21 photomultipliers

1 and‘2»,_Thé signals from_theée photomultipliers are amplified by distri-

. buted amplifiers A and.B,:and fed to a distributed coincidence. The output

of the coincidence circuit is.delayed and sent to gate generators 1 and 2.
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" The variableﬁdeiay~is obtained by using different-leggths»of-Rﬁéz/U coaxial
cable to transmit the signal. The gate 'generators-are non-symmetrical cathode-
““cdupled*mulpiﬁibratgrsfwith.a}fixed?discrimination-levelg,ﬁIhey produce |
:'gatéé-apprOXimately 0,07 miérqsecond‘in lengtha5_Thévou§pﬁts of;the gate
- ‘generators. are scalediand{sentﬁtp the M coincidgncé circuits.

‘The;output of the ﬂhird'photomultiplieriis émplified by -distributed
amplifiers 1 and 2, and'fed to the ﬂﬂ71~coincidence circuits. In normal
‘opefation,'the‘delays-on the gates referred to above arQASénadjusted that
if a particle appears in the third crystal in the time interval 0.02 to

+'0.09 'microsecond after the coincident pulses in the first two crystals,

- it will make a delayed coincidence with the gate in one ofwthe,zfjA coin-

" cidence circuitsléndiwiil be scaled as a'poéitive pion. If -the signal ap-
‘:ﬁears’in-the time interval 0.19 to 0.26 micfpsecond, it will make a delayed
COincidenge with the gate in»thé chet &ﬁju coingidenceuand will”be scaled
-as background. The1delays ére‘then.interChanged for an. equivalent inte-
gfated‘prqton=b§qmvflﬁxé.7The;d§1§y$rare'chgnggd’from the counting area by

COaxial-SWitches"Operatedfby:liéuyoit_relgys;

3; béscfiptiéhtéfTEiéé££;£iééu'

The distributed amglifiéféfA‘énd B and the distributed coincidence
shown in Fig. 3 were built asiﬁlunita The cirpuit diagram is shown in
Fige 4.  The amplifiérsiaelivef a maximum positive sigpai of about 8 volfs
into a i90;ohﬁ:l§ad with”a éain of about foftyo . The coincidence resolution .
' of the circuit was measured with-prétonS“passing through two crystals. The
test was made with the:énysta1$ onf28-inch light pipes, and no attempt was

"made‘tovclip'the pulses.- When'a'delay of 0.018 microsecond was.inserted
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in one side; all:counts above accidental background disappeared. A resolu-
tion of 0.0l microsecond was measured using a pulse generator with a signal
. output. about: 0,008 microsecond in_lehgthov The ratio of voltage out with a
signal in both sides to ﬁoltage out with a signal in one side is better than
ten co one. |

The units labeled gate generator 1 and Tr-u-1 coincidence circuit in
the schematic Fig. 3 were built into one chagsis. A similar chassis con-
‘tains the units designated by number =2. The circuit diagram for each of

these units is shownvin Fig. 5.

Lo Plateaus, Gountlng Efflclencies

The plateaus of pion countlng rate versus photomultlpller voltage on
the first two detectors in the telescope are shown in Fig. 6. These plateaus
indicate.full efficienc& for geheratiag a gate-if a positive pion enters the
ﬁelescopeo No satlsfacto:y plateau was obtalned for the decay muon pulses
from the thlrd crystalo There seemed to be some ev1dence of a short region
4where the plon countlng rate versus the third photomultlpller voltage had

a reasonable slope, but 81nce 1t was not sufflclently deflned to be used

'for determlning operatlng levels; the follow1ng method was employed'

The magnetlc fleld was set S0 that the mean Hg of the channel cor-
respondlng to p031t1ve plons w1th a klnetlc energy of 31xty~two Meve The
copper absorbers which would ordlnarlly degrade these plons to twenty-one
bMev s0 that they would stop in the detector, were then removed. Under
these conditions a greatly 1ncreased flux of plons and scattered protons -

- were enterlng the detectoro All plons should pass on through the ‘detector

- and not be counted except’for a_very few pions whlch might be scattered



* *from the channel walls with-energies in the proper interval to be counted.

At low voltages (approximately -1200 volts) on photomultiplier three &

~'few mesons compatible with:the numbér which might scatter from the walls were

- observeds 'As the voltage was increased this number remained. approximately

constant until the voltage reached 1400 volts. Above that point a sharp
‘break in-mesou?COuntihg-rete appeered; The voltage was then lowered below
“this‘pointo The absorbers were replaced so that the positive pions would
stop in the detector, and a half-life was run,on'the~particles by varying
the delay of the gate. When this was done, the half-life measured agreed
with the publlshed valueslaf 5o

A number of reasons may be advanced to explaln the lack of a clear-cut -
plateau on the muon pulseS' } |
l._ The 1 2 mllllmeter range of a 4 Mev muon 1s comparable with the
| _ 8 8 mllllmeter thlckness of the crystal so that there is one muon w1th
'a partlal path in the detector crystal for every six whose paths lie com-
pletely w1th1n the crystal° Thls number 1ncludes those which leave the
_crystal and those whlch enter from the outsideo.‘Thls effect would contri-
bute- a flnlte slope to any plateau obtalnedo | » ”

H 2°‘ The use of long llght plpes w1ll cause the statlstlcal fractional

fluctuations 1n pulse helght to be larger than the relatlve fluctuations
bencountered when no llght plpes are usedl7°-h |

3?- The 11ght collectlon eff1c1ency‘may vary over dlfferent portlons
' of the crystal° |
These effects would account for a slope over the reglon of pion detec-

tiona One must flnally account for the indefinite increase beyond the

posslble number of mesons present as the voltage on the-photomultlpller is
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increased.. As the voltage is inc;easéd,‘the pulses due to stopping protons
may be very large. This causes the distribufed amplifier to saturaté and
broadep the amplified pulses. This bfoadening beréists info the time in-
té;val tﬁat the gate‘ié oéeﬁ wheﬁ a éhort.deiay is empléyéd, and makes a
delayed coinciaenée;‘then'tKé loﬁg‘délay is uéed, the broadehéd pulse dis-
appears before £hé éate fisés éﬁd n& délayéd éoincidence resulté°

In order tb show-that this condiﬁioﬁ wﬁé pot present at.tﬁe operating
point chosen and that the detector was not sensitive to éecondaﬁy "satellite®
pulées 5elieved ﬁo follow the main pulseé18 in a phdtomﬁltiplier, a test
was made with 32 Me% protons fr§m‘the Berkéléy proton linear accelerator.

5 ,

With 2 x 10” fifteen-Mev protons entering.the detector érystai, a total of

sixtymohé délayed coincidences were made. Of these, twénty=eight occurred
at the shoff deléy and thirtyathree at the long deiéy,.giving a net dif-
ference ofvfive plus or minus eighto Furthermore, it is almost certain that
many of these were accidental coincidences as they weré correlated with
"bursts" of protons'from:phé machine. ' Under normal‘conditions of the ex¥
periment, between sixahundrédv%ﬁd twenty-five hundréd pions would have been
-counted for an equivaléQi nﬁmbér éf péftiéles enteriné the detector, so the
" effect is negligible. . - |
Since'novplaﬁeaﬁ waS'obtaiﬁed, it wés necessary to have a check on the
stability of the detection efficiency. The number of positive pions from
the carbon target for a-certain integrated proton flux and for a particular
‘meson energy was used as a standard point. Carbon was chosen since its
spectrum iS'élowLy dhanging9 aﬁd the yield at this point would not be sen-
sitive to small changes in the proton beam eﬁergyo . This point was measured

at intervals of five to six hours during all runs. A plot of these points
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for two runs is ‘givenm in Fig. 7.

50 Backéround

The accidental background rates encountered in the experlment ranged
from thlréymflve per cent to three hundred per cent of the meson counting
Vrate, depending upon the target and proton energyo The scattered proton
Eeam has a radioffequenc& stfuctufe such that short bursts of particles
occur abouﬁ 0006Hmicrosecond aparta ‘This’interval is of the same order
as.the gate length emplo&ed in the7ff4 coincidence. At the short delay
.the‘gate spans oan one'of fhese rmfbbursts so that it was‘necessany to
insure that the gate spanned only one r=f burst at the long delayo The
long delay was varled in steps of about 00015 mlcrosecond, and a variation
of the same periodicity as the r-f frequency of the beam was observed. The

long delay was chosen to correspond to a minimum so that the gate overlapped

only one r=f burst.

6o Valldlty of Detectlon

Evidence for the valldlty of pos1t1ve pion detection by this system
is presented by the following, The positive pion mean- 1ife was observed
with the system.l5 and a value obtained which is in“excellent agreement with
that obtained by Wiegandléo- Experiments were cohducted at ﬁhe Berkeley

synchrotron on the photoproduction of pions from hydrogen, deuteriumlg,

20 :
and helium- « Pions were detected with nuclear emulsions as well as with
this system. -When the counter data were normalized to the emulsion data
for one gas, the data for the two methods of detection agreed for the other

two gasese. When the efficiency of the syatem is obtained by normalizing

‘the hydrogen data to Cartwright'’s hydrogen data for absolute values, a
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differential cross seétién'&b‘/dllldE =13.7 x 16'39 2 Mev™! sterad™l is
obtained for carbon at 70 Mev. This is to be compared w;th:the value

do /A0 dE = 12.3 x 107 30 onf Mev™ 1 sterad™! obtained by'Cartwrightjc. The

fagreement iS'within the statistics of either experiment, .
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1. Introdiietion Ui e

Fbur‘éoffééﬁfbhé'Wér%'abpiied~téltﬁé*da€ao‘“1t-wés,necessaryuto correct
fors

1. The attenﬁation of the proton beam in the lead absorbers,

20 The decay of the pions in flight, |

'3a The absorptioh of ﬁﬁé-piohs'in the CuAabSéfbefs;uand

4o The loss of pions due to multiple scattering.
Finally, it is shown that no correction need be made for delayed coincim
dences arising from the beta decay of the positive muons stopped in the

region of the detector.

2. Attenuation of the Prbton Beam in the Pb Absorber

Attenﬁation of the proton beam in the lead absorbers occurred in two
Wayse Elastic collisions‘which deflect thebprotons from the beam direction
cause the probability of détécting the reaction to decrease for these pro-
tons because the cross section for production of a pion is a function of
angle. Any inelastic collisién_suffered'by_a proton with a lead nucleus
-removes it from the usaﬁie beam, as any piqn produced by it would fall
out of the narrow energy range scanned in the expérimento

The elastic scattering may be nucleér or multiple=coulomb scattering.
The data of Richardson, et alzl, indicates that for the thickest leaa ab-
sorber used here, only.four per cent of the protons would suffer elastic

nuclear collisions. Of these, only a few per cent would be scattered as

much as five degrees; and, since the production probability is only down



= 2L = -
" by four per’cent at fivé degrees; the effect is negligible.
Multiple ‘scattering of the protons does give rise to the need for a

'small correction. ‘Using' the formulas ° :

S “9;/"ﬁz
-7/26
P(o)=Ne
* Where N ='normalizing factor

i

- P(®) = probability per unit angle of scattering into d8 at the

angle ©
6 = angle of the scattered particlev

S = mean square scatterihg>éngle

o = [’”AZ’“Q* 10183273 |8

M y*p~
where A = Avogadré 's number -
;M | = molecular welght of ébsorblng materlal
;atomlc number of absorblng materlal '

N
"

(]
i

charge of the electron
v “é veloclty of partlcle
§‘ =%thlckness of absorber in gma/cm

the angular distribution of the scattered protons was obtainéd for each
aebsorber. These angular dlstributlons were combined with the production
probablllty obtalned from the. known c0526 center of mass angular distribu~.
tion for the reactlon (pp am>7f+d) * The resultlng maximum correction was
1.6 per cent for thls effect.

The second §art of the pfoton attenuaﬁion correctidn is for inelastic
scattering. ‘The inelasﬁic scattering crossﬁééction for 340 Mev protons on

lead has not been measured. An estimate of this correction was made from
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other scattering data. 'Richardsonzl measured the total inelastic cross
“section for 340 Mev protons on copper and obtained a cross section of about
Oo7lof the total neutron cross section measﬁred by Moyer. and DeJurenzz°

23

Ball 6btained‘a tentative value for inelastic scéttering of 340 Mev pro-
tons on tungsten equal to about 0.5 of the total heutron cross section.
The correction was made here using 0~ (inelastiec) = 1,75 barns, which

> is slightly greater than 0.6 of the total 270 Mev neutron cross sectionzzo

The attenuation is given by the relation

N = e"% -

vwhere Avogadro's number

A
| ﬁ molecular weighﬁ of lead
O = cross section for iﬁelasfic'séaﬂﬁering of pfotdhs invPb
§ = thickness of Pb. absorber in-gﬁs/émzo
N is the'number.of particles,availabie‘ét the production target if N, is

the number monitored by the jonization chamber. 'The'cbrrection factors

for the various absorbers due to inelastic nuclear scattering are given

I”in_Table I. Y PP
TABIE I. =~
Proton Aﬁtenuation Cbrféétion '
Proton Energy (Mev) : Correction Factor
336 - . 1.000
330 . . 1.015
325 1.029
321 : : 1.046-
315 : : 1.061

. 311 . ° M 10078
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. 3¢ Pion'Decay im Flight .- = . ° ;. . .

‘Since=the_pesitive.pions are detected by their decay-into positive
-muons after stopping in the detector, those which decay in flight between
- the proddctien target and the detector are lost., -The number lost varies
- with pion energy, as the transit time in:the pion frame of reference is a
function of the energy of the pion.

.For N pions detected, the number NO leaving the target would be
Y
N.=Ne

where t Ebt:z"ansi‘c. time in pions frame of reference
T = mean life of positive pion 2.57 x 10-8 sec014’15_

Equating the dilated proper time in the pion frame to the time measured in

the laboratoﬁy,}and using the relativistic expression for velocity in the

laboratory frame, :one obtains for the transit time in the pion frame between

points a and b in the laboratory the expression

T(T+2E,)
where  t 2 time in pion frame in seconds”
E, = rest'energy oﬁ poesitive pions
T = kineﬁic energy of piode in laboratory systemv”

This expression was integrated numeficelly over the range of pion
energles detected and a correetlen was obtained ranglng from twelve per

cent at the lowest energles detected to seven per cent at the highest.

4o Nuclear Attenuation of Pions,infCopper'Absorbers ;

The correction for muclear attenuation of the pions in the copper ab-

/312 15726 2 =

sorbers was made u51ng nuclear area given by 07 = (1.37A x 10

0.9/ barns obtained from neutron scattering 2k, This value is in agreement
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with the values published for 85 Mev negative pionsz5v Preliminary reports
on positive piop absorption in heavy nuclei indicate the values may be a
little smaller than those for negative pions and that they.increase with
increasing energy. This variation with enefgy would tend fovlower the ex-
citation points nearest threshold, but the correction is small and the
results would not be changed appreéiablyo‘ | |

N,, the number of pions entering the copper absorber, is given by

/VNe

A0’§

B

number of pions detected

08

Avogadro s nuﬁber

molecular weight of Cu

q = = =
]

= absorption cross section for pions on Cu -
& = = thickness of Cu absorber em/cm®
The correction ranged from two per cent to eighteen per cent for the pion

energies detected.

 50 Mhltlple Scattering Loss of Plons in the Copper Absorbers
The picn channel was des1gned 1n such a way that 1ts ex1t was wide
compared to the area of the detector telescope to minimize multiple scat=
terlng effects, however, crystals 1 and 2 of the 001nc1dence telescope
~are only sllghtly 1arger in area than the muon detector cnystal and hence
for the outer edges of the muon detector crystal they define the entrance
aperture. | . | \ o

- For a thickness t of copper absorber, the projected displacement Y in

a plane containing the line of the pion beam and at a distance L beyond the
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end of the copper absorber (the distance -to the center of the muon detector
crystal) has a distribution function given by |
. Y* ,
F (ﬂ/) L£Xp- ( Y (AL +2A, L+A,)
R 1'\/7‘!"\/7\ +2AL+A,

wﬁere-A§,‘A1,‘Aé are;functions of t. The derivation of the distribution
bfunction ie outlined in the Appendix; and‘tﬁe definitions of the A's are
'given there. Tﬁis distribﬁtion‘function is derived taking into account the
loss of energyﬂof‘e perticle as it penetrates the material.

At seven points across the muon detector crystal, the distribution
~ function was integpated'betweenbthe‘Values of the projeoted displacement
Y determiped'by the eﬁtranoe aperture:es'seen from that point of the crystal.
This procedure was carried out for a number of absopber thicknesses. The
fraction of perticieswlost at each of the seven points was plotted, and
the totel>ioss for the whole crystal calculated from the area of the curve.

The correction faoto: renged from 1,02 to 1.13 for the pion energies detected.

61; Effect of Mhon Decay
. Since the detection method requlres stopping the pions in a crystal

and detecting the 4 Mév muons emltted when the positive plons decay, ‘there
-will be a large number of /[h—ep decqys in the vicinlty of this crystal.
The equation for the activity of a. daughter decay product may be set up using
the law for radioactive decay and then integrated over the times that the
gate ie‘openo ‘Approximately.three per cent of a;l the /J*-ﬂ»P* decays occur
during -either the short or long delayvgete, and the diffe;ence‘is less than

one tenth of a per cent,ofﬁall‘decayso -In addition to this limitation based
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on- time, geometrical! considerations would further limit the number of betas

which might be countedo;;Hence.the effect. of muon decay may be .neglected.

Bo Fittlng Curves to the Data |

At each protonﬁenergy a set of polyethylene p01nts with a peak structure'
:was obtalned (See Flgs. 9 to 14). The curves for these peaks were drawn
. v1sually On the low=energy 31de of the peaks the slope on the upper part
of the peak was extrapolated down to the carbon line, 51nce the contrlbutlon
from the reactlon P + P ==s,ﬂf’+ o +n mlght be expected to alter the slope
near,the lowaenergy edge of the ‘peak. The 336 Mev proton point was corrected
for the contrlbutlon expected from thls react10n9 using the calculated energy
resolution of the system and the measured P+DP =-v1r 4 p +n yleld below
the peak. Thls/correct;on amounted‘to‘five per cent of the area at this
_‘energyo Insufflclent data was taken to calculate the correctlons at some
of the other proton energles' however, the energy 1nterval betWeen the upper
llmlt of the contlnuum and ‘the llne spectrum increases from A 2 Mev at the
336 Mev proton point to 5.1 Mev at the IOWest proton energy. This increase
in the separation would tend to decrease the contrlbutlon of pions from the
" (pp, 1+ pn) reaction;; Furthermore;-ih the:two'addltional“cases (Bp = 326

’Mev, 321 Mbv, see Figs: ' ll 12) where p01nts were obtained below the pesk,
the yield ‘From the (pp,ﬂf*pn) reaction appears to be too small to 1ntro=
duce any-appre01able contribution.

The ‘carbon spectrum at each proton energy is relatively flat. Conse-

' quently; lt7was7aSSuned that a straight line could be'used'to‘represent
the spectrum over the pion energy interval involved,'and'the method.of least

6 L 4 . .
squares2 was used to obtain the constants for the line.
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The area between the polyethylene’curve and-the carbon curve repre=
-sents. the hydrogen contribution.. The areas.were obtained by counting
-"'squares and were checked with e planimeter.

C. Estimation of Errors

The standard dev1atlons for the constants of the stralght llne repre=
senting the carbon spectrumlwere computed, and the error in the area under
‘the carbon llne was obtalned with themo Por the polyethylene data a second
curve was drawn to flt the end p01nts of the standard dev1at10ns of the in-
_d1v1dual p01ntso The area between this curve and the curve best fitting
the points was d1v1ded by the square root of the number of points used in
" flttlng the date, and the result was taken to be the standard deviation of
| the polyethylene area. This devxatlon and the one for the carbon area were
then compounded as the square root of the sum of the squares of the indji-
vidual dev1at10ns to yleld a standard dev1at10n for the dlfference area.

Since the detection efficiency was not necessarily constant, it was
necessary to normalize from one‘run:to another by means.of the standard
data p01nt mentloned earliers This procedure. introduced ‘another statisti-
cal dev1at10n whlch depended on the statistical accéuracy w1th whlch the
"standard p01nt‘was counted on.a given run. Most of the pion curves for a
giten proton energy were observed in at least two separate runs; and this
_tends to decrease the normalization error. The standard .deviations due to

normalization were computed and compcunded with those indicated in the

.- previous paragraph.’ The resultant standard deviations ranged from 7.5 per

~ cent to 12.5 per cent.
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D. " Normalization for Absolute Values -
'~ Since the efficiency of the detection ‘scheme was not-known, it was

necessary to obtain an absélute value for the-differential CPOSStseCtiOBS

by comparlson with values obtalned by a method of knowu efflclencyo The

336 Mev proton data obtalned here were normallzed to the 340 Mev data of

.CartwrlghtB measured wzth nuclear emulslon detectors. His 340 Mev value

=28 cm2 sterad -1 was extra=

-1

ofdo—/dn(pp-«»vr*dato)g13$03xlo

~28 cm? sterad

»polated to dw/dn 1o 22 £ 0e3 x 107 at 336 Mev’,: using the
relatlve ex01tat10n functlon measured in this work. C

In Sectlon V Cs statlstlcal dev1at10ns arising in thls erperlment were
a dlscussedo_ The relatlve values of the dlfferentlal cross sectlons at dif-
“ferent proton energles are as good as the statlstlcal errors obtalned there;

however, the absolute values are onLy as good as the flgure used for nor-

mallzatlon, whlch has a twentynflve per cent dev1at10nov

- "Asymmetry of the Pion Spectra of Polyethylene -

‘*inspection of the»polyethylene peakS‘in Figs. 9 through l4-shows that
"they were all asymmetrlc in approx1mately the same wayo A-number of effects
“that mlght give rise to some asymmetry were con51dered' but. when the cal-
"culatlons were made, the effects were much too small to account for the ch=
'served'asrmmetryo"lt is of interest to note that the same shabe of the peak

3c

is evident in the data of Cartwright” , measured in a different manner and
‘using the deflécted beam.
. The'possibilitytthat the energy distribution of the proton:beam was

not symmetrlc about the average energy was then considered. An-experiment

7
conducted by Mather and Segr® on range-energy relatlons for protons had
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shown differences between the experiméntal and the theoretical ionization
curves on the-low®energy.side»~forJWhich~the,authors'ﬁerefnot able to
‘dedount quantitatively. - The tentative assumption was made that.the asymmetry
found in the present experiment was due t6-the beam distribution, and the |
"”'prédicted'diétribution was folded ‘into the theoretical icnization curve.
" 'The resultant curve was in qualitative agreement with thet obtained experi-

mentally by thede authors.
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VI. " RESULTS . -

Figure 8 shows the spectrum dcr/d!ldE at zero degrees to the beam for
the ;production oﬁ positive pions from hydrogen for_a proton energy of 336
Mev. ;The pesk due to the reaction (pp'aegﬂf*d);is.shown‘in\relation td‘the .
upper part of the continuous spectrum of the reaction (pp =+ 1r*pn). Figures
9 through 14 show the~pion energy spectra from polyethylene and carbon at
each proton energy. Standard deviations are'indicétédou .

The carbon-polyethylene difference is integrated over pion energy for
each of the curves to obtain differential cross sections per unit solid
angle (at 0° ¢ 36 to the beam) at each proton energy. Figure 15 shows the
excitation function obtained by plotting dor/dfL  as a function of proton |
energy in the laboratory systems The threshold point and the obsgerved
points are joined by straight lines.

The representation of the data_mbst easily compared with the theoreti=-
cal discussion of this work is in terms of'quantities measured in the center
of mass sysﬁem‘qf the'reactiono, The differential cross sections in the
leboratory and in the center éf mass systems of reference are related by
the expressibnl o |  _” ,‘ s | .

[dqr(em_)]jdnmf___ do(Ouss)] 4. e
dlem - dQag

The relation betweenrthe differential'solid angles is given by

YA
___ﬁgg: '='x;’[sinf'1;'6+ nl(cos'e-'-g:) ] (lf%COSG)

where e = laboratory aﬁgle of the pion
Cﬁ%, = velocity of the center of mass frame in the laboratory
system
ko= AT

1

- C P

velocity of the pion in the laboratory system



This equation may be derived by transforming the pion four-momentum vector
from the center- of’ mass frame to the laboratory frame to get relations be-
tween the angles in the tWO frames and then by dlfferentlatlng the cosine of
“the angle 1nione frame:by the ¢osine of the angle'ln the other.- The function
is ejaluatedwat 2ero degrees~in'the'laboratorytsystem'fOr'different pion
energies, and is used to convert the laboratory'measﬁrements'to the center
of mass differential cross sections. Table II gives the differential cross
seotions in both systems with the corresponding proton and pion energies.
TABLE II

Differential Cross Sections
In Laboratory and Center of Mass Systems

Laboratory System Center of Mass System
Eproton | dg(0°) | Epion | de (0°)
’ a : ' an ,
Mev 10" % s terad™t _ Mev 1073%nPsterad™t
33 | 121z 9 » 19.5 31.3 = 2.3
330 103 : 8 _ o 1701 ’ 2508 fd 200
325 90 = 10 : o 1.6 21.6 = 2.4
321 83 =10 - : 12.9 11867 = 2.0
315 ‘ 68 paid 8 ; S 1004 1492 Pt lo7
311 . 54 = 7 o t‘f . - . 8.6 . 10.3 = 1.3

The center of maes7differential cross sections are plotted in Fig.
16 as a function of pion energy. The.theoretical curves plotted‘on the
graph are discussed in the following section. Fig. 17 shows the same
points plotted with the data of Durbin, Loar, and Steinbergergo These
authors measured the differential cross section for the reaction (W*d —# pp)o
A differential cross‘section for the experiment (pp = r*d) is obtained

from this inverse cross section by means of the relation7
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T(Pp_md) Ht dnhd PP)

from.the<thedny.of'detailed bélancingo'Iq'aprk_are.thefpiqn_gnd proton

center of mass momentum respectively.
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_“VII. THEORETICAL DISCUSSION .

A discussion -of ‘the process.p +»p-~—e1fﬁ#,d has been given by Chews )
Goldberger, éteinberger, and Yanglo : A-general interaction is set up con-
: taining-two terms: - [a(q) oe ‘7:; wh;ch leads to pions in even angular
momentun statee; and [b(q) o--q_] which leads to pions in odd angular
momentum. states. a(q)-and-b(q)_are‘scalar;functiops of .the pion center
of mass momentum q. -EF:is the nucleon spin operator, and. x7p.is a gradient
operating on nucleon coordinates only. For the low pion energies considered
here it will be assumed that the pions are restricted te s and p statess
- Other experiments%:indicate that the emission is predominently p state.

On this basis the relation between the measured excitation function
and the p wave ternm, [b(q)?;faj , is considered. If b is assumed to be
‘a constant, this term reduces to one of the terms of a first-order pertur-
bation calculation using pseudoscalar meson‘theofy with pseudovector eoﬁplingo'
In this case'the contrlbutlon of ‘this term to the cross sectlon has the
. energy dependence q /k”Em» » where Ep - is the pion total energy in the

center of mass frame, k 1s the relative momentum of the dlproton system,

and m is at least four and is more probably as large as elght » The value

* 1. For p state emisslon the reactlon (pp TT pp) is forbidden. The
small cross section observed?8 for. this reaction compared to that of the
(pp = 1*d) reaction is compatible with a dominant p wave term

2. The constant angular dlstrlbutlon9 of the reaction (pp u~>‘n*d)
with increasing pion energy indicates that only one term is important, as
the two terms should have different energy dependences.

3. If the pions are restricted to s and p states, the predominantly
cos?e angular distribution’” must come from the p wave.

#%  The phenomenological theory of Watson, Brueckner?9 makes no prediction
for the variation of the possible terms with respect to nucleon momentum.
As a result, the theory cannot be applied.to the data in such a way as to
lead to definite conclusions.
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of m depends on the details of thé nuclear forces. The cross section is
- proportional tdvthé'product‘df";his-factor énd5a kinematic¢al factor qE‘/U%el
resulting from the definition Qf‘the'CrOSS Section%%*g'wheré Vrel is the
- relative velocity of the;inCOmiﬁgiﬁrotonSa :ihe energy dependence of the
cross sectioh-shouId-théreforézVéry'betﬁee§:q3 / Vel k* and g3 /Vrel k5.
These fﬁnction; are plotted with the data in Fig., 16, Both curves are
normalized to pass through the’léwést point; and the data are seen to lie
between the two curves.

In this dpproximation the excitation data of this experiment are con-
sistent with the p wave term, (7?6?T ), in a ﬁerturbation caléulation using
pseudoscalar meson theory with pseud_.dvector‘douplingo It should be stated
that the s wave term;‘~(?;9§2;),‘doés not vénish; but that its coefficient

'is such that it should be of-impcrtance.only for pion energies below teﬁ Mev.

The data for highervpion enefgies obtained by Durbin, Loar, and Stein-
bérger9, require that'thévmesdn nueleén interaction have a higher dependence
on the pion mOmentum than that predicted by this theony, i1seo, that the

parameter b(q) is an 1ncrea31ng scalar function-of ql

Lo .
I

R R do",( |

dQ Wl

H4 f ?fE"
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VIII. APFENDIX

‘The Distribution Punction for Miltiple Scattering

',vThe'éxp;ession for the mean square scattered angle of a particle after

penetrating a materiasl of atomic number Z for a distance of D centimeters is

“given by , L
| T = LI 1 155775
where v = velocity of the particle
P = momentum of the particle
"N = atoms pér cm’ |
D distance in the absorber in cm .

If the units of length are converted from centimeters to radiation

lengths X, defined by

1 _ML_ -4
)L M ln 183JZ 3

where o = fine structure constant

Avogadro's number

Z = atomic number of absorber
M ='mole¢ular weight of absorber
r, = classical radius of the electron

. ’ = e
the expression for ®" becomes
= _ _E 3
@ - Vl P"- T
depth in the sbsorber in radiation lengths

o =VEE me

m = Mmass of'the electron

where -t

=3
n

C = velocity of light
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Rossi and-GreisenBO defineba'projectgd_scattering angle © in terms
of this scattering.apgle'apd.get_up a.diﬁquiangqga§;§g foi a distribu=-
- tion funct%cn;F(tye).éSTalfﬁﬁgtion of the:distancé‘ippéafhg'ébsorber t,

'the;pfpjegted‘displacement Vs and the projected_scatte;ingtaﬁglefeo

‘35“29) zFlt F (tyB) J}La*-Fifge)_  w=2pr

31

If a Fourier transform in y and © is applied to this equation”™; a
change of variables then leads to a separable differential equation for
the Fourier transform of F(tye) which may‘be_integratedo The solution for

the distribution function is obtained from the inverse transform

_{Aoy-,mgge Ay ]
F(.tjgl;_ Lexp | ‘MADA:."AH

,- Wm ‘

where

AF/t dn_ A /(t»n)dn .‘ A; -nl “dn

wrn) *(n) / w*(n)

For an absorber: of tbickness t this gives the distribution at the end
of the absorber. If the deteétor'is a distance'i beyond the end of the
absorber, one wishes to obtain'the_distribu£ionlat,th§t point. If the
projected displacemént at-thecdetector:ig dééoted by ¥, then for a given y
and 6 at the absorberszQE y%Leg The distributioh of projected displace%
ments at the detector is obtained by making. the change of var%able y = Y=L6
in the distribution function above and inteérating over €.

4 YL . .
exp~ 4 A, - +2A L+A,,)
ly"“y’AL+.1AL+A e

The correctlon was made with this function as 1ndlcated in Section V.

Fleri=
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- Fig. 1~ Schematic dlagram of cyclotron and cave show1ng the trajectory of
. .7 . the -external beam. The lower figure gives a detailed layout of
'the experlmental’arrangement in the caveo -

Fige 2 Photograph of the channel systemo The target change assembly and
S ' partlclexdetectors are 1ncludedo ' .

" Fige ;.Block dlagram of the electronlcs of the - detectlon system.

: 5
Fig.  4 ‘t01rcu1t dlagram of the dlstrlbuted c01n01dence circuit.

‘Fig. 5‘_ Clrcult dlagram of the 1rp coincidence Clrculto

-Fié;i 6- Countlng rates for plons versus voltage on photomultlpllers 1 and

2, respectlvely°

Fig.e 7 Standard data p01nts obtalned in. two cyclotron runs. The points
: are for the measured 62 Mev positive pion:yield from the carbon
target for a fixed 1ntegrated proton fluxo Standard deviations

-are 1nd1catedo.~ , el . o

- Fig. . 8 The spectrum dqﬂﬂJL dE of. p051t1ve plons from hydrogen bombarded
s " by 336 Mev protons. The-measurements were made at o 4 3° to
~the proton. beam direction. Standard deviations are indicated.

L Fig; .9 The‘differéntial*érosslsections'dw/d;LdE (09) for positive pions
. o .ifrom: polyethylene and carbon bombarded by 336 Mev protons.: The
- spectraare shown in the energy region of the peak due to the
" reaction p'# p = 1'% d. : The curves. from which the differential
© . cross section da/djl (Oo) for positive plons from hydrogen was
obtalned are showno Standara dev1atlons ‘are indicated.

Fig. 10 © The dlfferentlal cross.sections do/dn dE- (0°) for positive pionms

. 2+ from polyethylene and carbon bombarded. ‘by 331 Mev protons. The
spectra are shown in the energy region of the peak due to the reac-
tion p ¢ . p =% T+ do The curves. from which the differential
cross section do/df (0°) for positive pions from hydrogen was ob=
tained are shown. Standard deviations are indicated.

Fig. 11 The differential cross sections do/dn dE (0°) for positive pions
from polyethylene and carbon bombarded by 326 Mev protons. The
spectra are shown in the energy region of the peak due to the
reaction p + p == 1ﬁ¥ do The curves from which the differential
cross section do7/dn(0°) for positive pions from hydrogen was ob=
tained are shown. Standard deviations are indicated.
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The differential cross sections de/dndE (OO) for positive pions
from polyethylene and carbon bombaerded by 321 Mev protons. The
spectra -are shown in.the energy region of:the pegk due to the reac~

vi.tlon P+ pP=—> ﬂ'+ ds The curves from. whlch the differential cross

Fig. 13

Fig. 14

Fige 15

- Figo(16'~

© Figs 17

by straight lines. Standard. dev1atlons are indicated.

section de/dn (0°):for positive pions from hydrogen was obtained
are shown. Standard dev1atlons are 1nd1cated.

The alfferentlal cross seﬂtlons dq/dILdE (C for positive pions
from polyetliylene and carbon bombarded by 316 Mev protons. The
spectra are shown in: the energy region of the peak due to the:
reaction p 4 p —» '+ d. The curves from which the differential

-¢ross section do/da (0) for positive pions from hydrogen was ob-
talned are shown. Standard deviations are indicated. ’

The differentlal cross sections du/dfldE (O ) for p051t1ve pions
from polyethylene and carbon bomberded by 311 Mev protons. The
spectre are shown in the energy region of. the peak due to the

" reaction p'+ p =» ' d. The curves from which the differential
~ .cross section do/dn (0°) for positive.pions.from hydrogen was ob-

talned are showh. Standard dev1atlons are indicsated.

The cross section (1n the laboratory system of reference)
d0/dn.(0° x 3°) for the reaction p + p —» T+ d plotted as &
function: of proton kinetic energy in the laboratory.system. The
threshold point at 291 Mev and the observed values are connected

The. cross section (in the center of mass system of reference)

dc/de(Oo) for the reaction p + p.-—». % 4. plotted as a function
of -pion kinetic energy in the center of :mass system. The theoreti=-

- .cal curves dg/ dfLec 9%/ k*  and doy/ dau o< 9%/ k¥ are plotted.
~ :These curves were normalized to fit the p01nt for Eqem = 845 Meve
. Standard deviations are indicated.. .

The center of mass. cross section dq/de(Oo) for the reaction
P+ P ~> % 4 plotted as.a function of pion kinetic energy in
the center of mass systems The.data for this reaction obtalned

- from the inverse experiment of Durbln, Loar, and Steinberger? by
ffdetalled balanc1ng are shown.
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