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Superviso~ : Professor G.A.Beer 

Th,2 di..ffe:::-en ~ial cross seetio.i:1s .f:Jr production of 

posi..tiva pions by bombarding carbon with 400, 450 and 500 

MeV protons and copper with 1t50 and 5·)0 MeV p1·otons hav2 

be;3:::1 m-Gas:n~ed, This data was tak2n at pion p1·oduetio11 

a ·1gles of 
,,,. Q 

1 J0° and 150° \vi th ::-esp2et to the j_ ,1eident l)\) ' ' 

The resu1 ts a.re coi-:i.pa.red t'.) theo L1 etical cal cu.la tio.i:1s 

qnd to similar work at other p~oton energies . The earlier 

L'esul ts of Li112thw1 at 450 l1cV sh:ml:i be re11011 mal ized by 

a factor of approximately 0 . 3. As proton ane~gy increases 

i'ro;n 1t00 t o ?30 JfoV the d:LfferentL=i.l C:::'OS3 sei:!"!:.io.!1s f :n· J. 
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CHAPTER __ 1_ 

INTRO DUCT IO!i_ 

Pion production cross sections are important for 

several reasons. The differential cross sections may be 

used to choose the angle at which a secondary channel in 

a meson factory is located in order to maximize the flux 

of a specific energy range of pions. Estimates of these 

figures have been made on the basis of higher energy data 

for use in designing Tn.Iffi.fL-i' m•eson ~hanm~ls an.d d.s.ta at 

TRIUMB' energies is of im.m.ediate interest to evaluate the 

oper:::i.tion of these c~:ian;'l,els and the design of new channels. 

Pion producti~n measurements provide a test of nuclear pion 

production models. Beder and Bendix (1971) have requested 

large angle data for this purpose. .. 

Measu~emcnts have been made by James (1975) at proton 

ernHgy 58D MeV and by Cochran et al ( 1972) at 730 M:eV for a 

wide val'iety in targets and a w:id,3 ra.age in the a ... rigl0s :it 

which the pion is emitted. Hirt et al ( 1969) have measa~.:-ed 

6 80 pion produ,:::tion by 00 MeV protons at angles O. and 

21 . 5° with r espect to the pro ton ::ieam. Earl i.er r.aeasurements 

were made by Lillethu.J'l ( 1962) at 450 MeV, by Meshkovskii et 

al (195.S) at 660 MeV, and by Haddock et al (1961+) at 725 

MeV. The latter two experime.-ats were primarily concern1.3d 

with high energy pions. 

Th 1.3 purpo:3e of this experiment was to measure 2.ow 

energy positive pion production differential cross sections 

at large angles with respect to an ineid.ent proton beam. 
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The measurements were intended to supplement those fo~ 

proton energies 5BO and 730 MeV for carbon and copper 

n-1clei, with data betwee!l l+OO and 500 MeY. Of par tic;.1lar 

interest was a mes.sm:-eme'[lt o~ the cross seetions at; 450 

MeV, where Lillethun's data has been qi.l:estioned by Hirt et 

al ( 1969), Beder and Bend:lx ( 1971), 8.nd J:1.mes ( 1975). 

The experi:uental techni:iue is described :Ln Chapter 2. 

Chapter 3 is a suruna.ry of the calcalations of differential 

cross sections, d2a-/dT1r dfi . An important calibration 

and check of the calculations was done by measuring pions 

produced in the two body reaction,p(p,1r)O . This meas­

u:::-ement and comparison with previo:.is results is discussed 

in Chapter 4. The crdss sections for nuclear pion prod­

t1etion from carbon and copper are summarized and compared 

with similar cases and theoretical calculations in Chapter 

5. Co11cludi1'lg rem:trkH a.nd a. summary of this thesis are 

found in Chapter S. 
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EXPE:1.D:-fE..~TAL Ti!:Ci:lli,IQU~ 

2.1 Pion Datectir)n 

To meas~re d2c,-/dT,rdflfor pions the experimcn~al 

method must allow separation of differe!1.t en,3rgy pions 

at each produ·~tion angle. A range talcsc:::,pe, shown in 

Fig. 2.1, ~aI1 be used to select particles of a given 

,3rnHgy by 9lacing the appropriate amount of absorber 

~aterial betwee!1. th8 source and the stopping cou:'l~er 

rrnmber s4 . The logic c::>ineid3nee signal for a particle 

stopping in 1:!ounter 34 is 1·2·34·5 which is defined to 

be a "STOP". The symbol 5 means no signal obse::-vad in 

counter s5. For a particular thickness of absa-r·ber 

several types of particles with different en,ergies may be 

stopped. To dlstiQguis:i be-tween th.e differen~ types o~ 

par~icles, analog signals ~epresenting the time of flight 

betwean two counters and the ,3nergy lost in a third 

counter are digitized and reeorded in two di:nensional 

his togrami-,. An 13:xample o:' th0 di ffer:m. ~ mean stopping 

energiJs, anergy losses and ~imos of flight in the range 

telescape used .ls given in Table 2.1. Fro11 this example 

it is clear that protons c9.n be separated from pions and 

muons, howeyer time of flight a:id r~nergy loss al,:me ar,~ 

not su.fficient to separate pL:ms a.nd r:1uons, and add:L tional 

ti!n.i::1g restraL'l ~s based 0 1.1 th.e !1.a t:iral decays of the.,,.+ 

~nd fL+ ar-e invoked as de3cribad bel:>w. 

The pion to muon d-aeay, -r/➔J,i+vJ,I,, :ias a maan lifetime 



s, 

~ 

,-0.6m~"' 19m 

S2 S3 S4 S5 

R 

De DA DB 
----~~"' 0.2 -m --~ 

Fig.2.1 Schematic diagram of the range telescope 
showing target,counters and copper absorbers. 

I 
+ 
I 



TABLE 2.1 

TYPICAL MEAN STOPPING ENERGIES, 

ENERGY LOSS IN S3, AND TIME OF FLIGHT BETWEEN S1 and S2 

STOPPING PARTICLE ENERGY LOSS TIME OF 
PARTICLE ENERGY IN S3 FLIGHT 

{ MeV) {MeV) {ns) 
I 

'-'l. 
I 

muon 69.20 5.89 7.81 
• 76.13 6.55 8.17 pion 

proton 15 9. 8 14 .61 12 .0 
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of T11": 2 6.Qns. The dec3.~{ mt1on has a kin1.3tic energy 

of 4-.1 MeV whe=i the pion decays at rest, which is in 

ge=ieral too small for the mt1on to escape the stopping 

counter and be d0tec~ed in an adjacent cou.r1ter. A 4.1 

MeV muon c3.n travel appro1ci.na tely 1 . 6 nr.:1 i:..1 the counter 
+ + -material. The mt1on dGc9.y,J,£➔ 8 + v8 + "f' , has a 

mean lifetime of T f' = 2 .2 0 JLS In order t\1 separate 

stopped pions fro~ mt1ons in ~he telescope a signal 

cor-respond.ing to the pion decay in the stopping counr.er, 34, 

is requi-red within a 100 ns period following a STOP signal. 

Th·1s a stopped pion is ind:lcated by ch9 lJgic coin.cidence 

- -signal 3-4·5 during a 100 ns gate following the STOP signal 

which is ·defined to be an "EVENT". The anticoin-

cidence signals on •~ow1~ers 3 3 and S 5 el lmL1ate other part­

icles traversing the telescope after -che STOP signal. The 

probability that a pion will be detected within this 100 ns 

gate is «.,,.and will be d:iscussed in section 3.2. 

Fig.2.2 and Fig.2.3 are c~xamp.lGs of histograms fror:i a 

STOPS and an EV~NTS run ::-espectj_vely. Fig.2.4 and Fig.2.5 

are projections of these histogramg onto the time o~ flight 

and energy loss axes for 'che sa.mG two runs. 

Negative pions undergo atomic capture at a rate much 

higher than their dacay ra~a, hence they could not be idcnt-

ifiad by the mothod dasc~ibed above and negative pion prod­

uctj_on cross sections could not be calc~lated. 
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Fig.2.3 Two dimensional histogram from an EVENTS rlL~. 
This particular example is for 32 MeV pions 
produced at 150°,from carbon by 500 MeV protons. 
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2. 2 Coy;nter Telescoues and Ele_c__t_:r,:Q~i,cs 

The experiment was performed at tha pro~on target 

ani scattering stand,P'f1 , in the external proton line 

IVb at TRIIB1li', as show~-i in Fig. 2. 6. 

The range telescope consisted of five NE,02 1 plastic 

scintillators coupled with lueite light pipes to photo-
? 

multiplier t;u.bes·-. Coun~er ,s
1 

was positiorn3d as cl::>se as 

possible to the target. Tim remainder :,f t.he telescope 

was positioned at thG back of a mo:)ile boom giving a 

reasonable time of flight distance between s1 and s.2 • 

The area of counter s1 was kept small in order that the 

counter should not become saturated. Sa~uration of counters 

occurs when pa.rticles are arriving at such a rata that 

the signals o,;e.!'lap or that suf ficien: c1.1:::-1·ent to amplify the 

signals ln th8 photor:n1l ti plier c9.nno t be supplied. The 

areas of counters s3, s4, md ,s5 were chosen sueh that all 

particles passing throt.1.gh the telescope 1::!ould not miss 

counter s5 giving a false s·roP signal. Th,3 solid angle of 

the telescope was set by counter s2 • For so1~e moasurements 

it was advantageous ( se,3 section 4-.1) to replace (~OUJ1.ter s2 

with a smaller :1.rea counter, whic::i has been label led counter 

"X ", to reduce the solid angle of the telescope. The dimen­

sion of this counter and th1'3 other tele3co:pe d :Lrnens ions 

1. Manufactured by Nuclear Enterp.rise3 

2. Manufact11red ')Y ItCA, tube model g575 
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CYCLOTRON 
VAULT 

RANGE TELESCOPE 
ON BOOM 

MONITOR TELESCOPE 

HE LIU f1v1 ION I Z AT I O N 
CHA~.1BER 

. Fig.2.6 Diagram of the external proton line IVb at TRIUMF 
showing position of one of the u~of A.remote 
controlled b:>om, proton beam moni-cor location, . 
monitor telescope, and helium ionization chambar. 
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are given in Table 2.2. 

A rem.iJte control d'3vice was built to change the am::.>w1t 

of copper degrader in the telescope. The dimensions of 

degraders available and thP- correspondL1g r.s.nge in energy 

of particles s·!:;opped in the telescope is given in Table 2. 3. 

Th,e posittnn of degraders DA, DB and DC are shown j_n Fig. 2. 1 • 

These energies were calculated ·:ising range energy tables 

(Barka.s and Berger 1964). Fig.2.7 is a schffr!1atj_c diagram Jf 

the degrader transpo.rt. 

A schema tic diagram of the elect·ronics used with the 

range telescope is show.i.1 iri Fig. 2. 8 .. 

Th,9 time of flieht me~su.rement-; was done with a Time 

to Amplitude Conv,~rter· (TAC) 1, utili7.ing s2 as a start 

signal and a del9.yed :3
1 

as th13 stop signal. The TAC outpat 
".) 

was digitj_zcd~ and stored as one variable of a two dim-

sional histogram in a two dimansional pulse h•eight 

analyzer. 3 The s3 signal was split into two parts. On,e 

part was utilized in the digital logic to determi~e if 

there was a stopped parti~l•e, and the -:)'the::- part fed thr:mgh 

a linear gate and stre t,~he:- :i.nd thenee to a.11 Anal:)g to Digital 

'.::onverter (ADC) 
2 to be used as th,3 second va.ri:q,ble of the 

two d :Lnenslonal ~1.istogram L'l the puls,3 height analyzer. An 

EVENT was :::-ecordod if a 3.4.5 W:t.3 observ·ad duri:ng a 100 ns 

gate whi.ch was generated. 22 ns after the end of the 

1. Ortec mod.el 4-37A TAC 

2. Nuclear Data model G.EN II ADC 

3. Nuclear Data model 2400 



TABLE 2.2 

RANGE TELE SCOPE DIMENSIONS 

COUNTER DIMENSIONS COUNTER SPACING 

counter S 1 3.80cmx3.80cm1<0.32cm target to S1 64.7cm 

S2 8.86 8.86 0.32 s, to s2 186. I _,, 
+ 

S3 15.2 15.2 1.27 s2 to S3 13.0 

S4 11.4 11.4 0.63 S3 to S4 4.43 

S5 12.7 12.7 0.63 S4 to S5 1.27 
II xii 2.54 2.54 0.32 s 1 to 

II 
X11 

167.2 

; 



TABLE 2.3 

COPPER DEGRADER DIMENSIONS AND CORRESPONDING 

ENERGY BITES 

DEGRADER DEGRADER DEGRADER STOPPED-,, ENERGY STOPPED-,, 

DA Cu De Cu De Cu ENERGY BITE ENERGY 
ENERGY 

BITE 

(cm) (cm) (cm) -not including target- -with OJ89 g/cm-2 c-
(MeV) (MeV) (MeV) (MeV) 

no degraders 21.75 3.65 22.69 3.54 

0.32 31.26 2.97 32.00 2.93 

0.95 0.32 52.81 224 53.35 2.22 

2.22 0.32 75.68 1.88 76.13 1.8 8 
2.22 1.59 0.32 10 I. 24 1.72 IO 1.65 1.7 2 

..... 
Vl. 
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RANGE TELESCOPE 
~ SUPPORT STRUCTURE 

Fig. 2.7 Schem~tic diagram of the copper degrader transport. 
Each pair of degraders are mounted on bearings and 
are moved under the control of a reversible 110 volt 
motor. Positions of the degraders are indicated 
by a series of microswitches. 
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S'l'OP pulse. 

The monitor telescope consisted of three plas~ic 

scL1.tillation counters pe:-"11.a.::iently positioned to detact 

scatte-r:-ad particles fro::n a. thin aluni.:iiUll :'oil at monitor 

l:)cation 4-BM6 shown in Fig.2.6. A diagram of the monitor 

telescope is given in Fig.2.9. A 1 .25 c~ copper a~sorber 

betwe:3n coun Ge1' 112 and counter M3 imp1·oved the def in:!. t ion 

of a logic r:10:aitor pulse, I ·2 · 3 , by set ting 9. lower limit 

for energy of scattered particles. The di~ensi~ns of the 

monitor counters are presented in ~abla 2.4. A schematic 

diagram Jf the , elect-ronics for the :'.D.,)nj_t:)r telescopi~ is 
,..., 

gi van j_n F i 6 . 2. 10. The symbol 1 means a delayed counter 

M
1 

signal. 

Each exper~mcntal r~n consisted of~ ~a~sQrement for 

::i. particular i.acid.ent proton em~:-g-y, -pi,J!l production angle, 

pion ene!'gy, and target. A CAMAC 1 data acquisition system 
') 

using a NOVA 1220 minicomputer~ ~~3 used to record the data 

during each run. Single cou..nter 1":1 tes, numbers of ;-:rroPS and 

EVENTS, !Ilonitor telas~opa counl-;s a;1d :'.'andom counts, ion cham­

be1' c;.1rrent i:ategration .:!Ol..L1ts, and livetime were reco·r:led 

in th,e computer f,Jr Gac:.i. r11n. In add:ltio!1 Go this information 

experiment p::.trameters f )r aa::!:J. run, such as target thi::~k-

1 . Modular Ins t-ru.-ncnt:1. tion System, U. S .AEC neport TID-25875 

2. Data General Corp~ration 
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Fig. 2.9 Sch13matic diagram of the three element monitor 
telescope showing scattering foil, counter3 and 
copper degrader. 
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TABLE 2.4 

DIMENSIONS OF THE MONITOR COUNTERS 

COUNTER M1 2.54 cm>e2.54 cm ,cQ.32cm 

COUNTER M2 5. 07c m "5.07cmx0.32cm 

COUNTER . M3 12.5cm xl2.5cm •0.64cm 

I\) 
0 
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Fig.2.10 Schematic diagram of the monitor telescope 
electronics. 
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ness, and material, stopped pion energy, incident proton 

energy, monitor calibration., s.nd pion production angle, 

were read ln';o the compLlter for a preliminary analysis at 

the end o::' each run.. A listing and guide to the data 

acquisition computer program is given in Append:ix A. 

The analogue inJ:'ormation in the two dime:isional 

histograms stored in the two dirnensional pulse height 

analyzer "l'TaS tra..'1.sf er~ed to magn,atic tape s.t the cor.Jplet­

ion of each rw1. 

The three element monitor telescope has been described 

in section 2.2. Calibration of the monitor telescope is 

disc~ssed in section 2.5. 

In order to demonstrate that this monitoring scheme was 

linear over a wide range af incident proton beam intensities, 

a series of measurements of monitor c::,unt rate was made. 

This count rate W3.S compared ·:;o the rate measu:t'ed with a 

helium ionization chamber (Stetz : 975) located :in the pro·~on 

beam about 1 m downstream o::' tha monitors. Measurements by 

the University of Alberta group indicated that the ion 

chamber was linear over the range of currents used d:iring 

this test. The statistics.l un,~ertainty due the num".Jers of 

counts in each rw1 was typically 1 • 5:l and the s taI1dard 

deviation in random corrected monitor counts was (Ol..'lly 0.6%,. 

Ion chamber co1.1n.ts were recorded throughout th3 experiment 

and. provided a check on all monitor cs.librations. 
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Duri:..'lg a 100 µ.,s period following a STOP pulse th,e 

discriminators of the monitor ccrJ.nters were shut off s•:> 

that no monitor counts would be recorded while the range 

tel,escope was inactive. 

2.5 Calibration of the Monitor Telcscoue 

The monitor telescope was calibrated absolutely by 

an activation technique. Carbon targets with areal density 

0.341+ g/c::1/ or 0.858 g/cm2 were activated for a snort tim0 

with a beam intensity about the same ran.ge as that used 

throughout the experiment. The activated foils wer9 placed 

between two al1JJ1Llnum foils so that positrons from the decay 

lie ( a+) II 8 . . /J . would promptly anrnhilate. The foils · were 

placed adjacent to a NaI scintillation eounter which was 

used to observe thi:~ 0. 51 MeV annihilation gamma rays. 

Repeated 200 second pulse height spectra were recorded an 

tape for several hours after thi.~ activation. The numbar 
12 II 

of incident protons was •~al cul a ted from the known C(p,pn) C 
cross sections and the number of 11 C nuclei produced which 

was calculated from th•.3 number of annihilation gamma rays 

observed. Fig.2.11 is a graph of 11 c production cross 

sections ( Cu,'lll1ling 1963). Details of tho calculation are 

given Appendix B. 

In order to cheek the rrwthod of recording pu.lse height 

spectra and backgrollnd subtraction in the ASPEC coinp..1.ter 
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Fig.2.11· Graph of He produ~tion cross sections b:1sed 
on a review by Cumnings (1963) 
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code, the areas of the O. 51 HeV eamr1a peaks for a series 

of spectra have been plotten. ag .'J.inst time in Fig.2.12. 

From the slope of this curvs th,2 half life for 
II C ( /3+) 118 

was calculated to be ( 20.3 S!Q.J) min. ,in eXe! ::::lJe,nt 

agreement with (20.39 ~ Q.QS) min. :(Ajzenberg-Selove 

1968) . 

The effic ·:_an.cy of the NaI crystal was found by 

measuring the O. 51 :18V gamma ray produced by the decay 

. t . f 1 ' b ' :i 2 2N 1 . th. t . posi rons rorn ;-1, c 3, 1 ra GG• • a source in e reac ion 

22Na(,8+)22Ne with the source :i.n the same position 

as the activated c9.rbon foils. Table 2.S is a su.m::nary 

of the NaI crystal efficiency mea.s 0 
.. u' :Jments. N( t) is the 

activity of the cal:ior·oi.c01. 22:-ra source corre,:!ted for the 

date of each mcasu:rem.e:-i ~ 11s ing :1. halfl:Lte for the decay 

of T,1, = 2. 602 yr. (.·L~spa~l1 1965). The product of 

efficiency and solid a.-igle f:")!.' the NaI coun.ter is given by: 

_ (0.51 M<?V y count rate) ----------------~+ 
2(EC+pJN(t) 

t 

where the ac ti vi ty at t im'.} t, N ( t) , :,F?.:3 been multi plied by a 

factor to correct for the dec~y by electron capture. The 

average ratio of electro11 capture decays to positron decays 

is 0.1044 ( Williams 1964, Leutz 1964, Vereshchagin 1968). 

1.N:ew England Nuclear,calibrated on September 17,1973 
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Fig.2.12 Semilog graph of the area of the 0.51 MeV 
annihilation gamma ray peak,with backgroand 
subtraction, as a fun~tion of the time of 
each observation. 

16C 



TABLE 2.5 

SUMMARY of Na I CRYSTAL EFFICIENCY MEASUREMENTS 

MEASUREMENT DATE 22No SOURCE 0.51 MeV 0.51 MeV ED, 
IDENTITY ACTIVITY N (t) y RAY y RAY 

(I0-2sr) (yrs) ( 104 cts/s) COUNTS COUNT RATE 

calibro tion 1973.70 4.66 
TRX2 197 5.29 3.05 8514 425.7 0.771 I\) 

---.J 

TRX5 1975.30 3.05 41640 416 .4 0.757 
TRX9 19 75. 52 2..87 394004 394.0 0.758 
TRXIOo 1975.54 2.86 394 531 394.5 0.765 
TRXIOb 1975~54 2.86 393286 ~93.3 0.762 
TRXIOc 1975.54 2.86 392304 392.."3 0.760 
TRXI I 197 5 .56 2.84 77940 389.7 0.758 
TRXl4 1975.71 2.73 73814 369.1 0.747 
TRXl6 1975.72 2..73 75371 376.9 0.763 
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The ratio of beta decays to to~al decays is: 

-- __ I._0_0_0 __ = 0.905 
0.1044+1.000 

Table 2. 6 is a summary of th,3 activation measuremGn ts 

performed during the experirnen.t. The rnoni tor counters 

a.fte:r Ap1•il usad improved. photornul tipliGr tubes for higher 

rates. Other variations in the monitor calibrations reflect 

small changes in monitor geome~ry between runs. 

For -chose runs when the ion •~hamber was available, an 

ion ehamber c;xrrent gain was calculated for comparison 

with p-p scattering measurerne;:its made by .Kitching et al 

(1975). The ealcalated gains were in good agreement and 

provided an ind9pendent check on the absolute beam monitoring 

calibration. 



TABLE 2.6 

SUMMARY OF ACTIVATIONS FOR MONITOR CALIBRATIONS 

ACTIVATION PROTON PROTON MONITOR PROTONS PER 
IDENTIFICATION ENERGY CURRENT RATE MONITOR COUNT 

(MeV) Uo10p/s) (cts/s) 

TRLY (22/3/75) 500 3.94 4. 63 -101 8. 51· 105 

1RX6 (24/4/75) 500 2.98 3.31·104 9.00 ·105 I\) 

'° TRX7 ( 4'7/75) 500 4.12 6.12-103 6. 73·1066 
TRX 9 ( 11/7/75) 500 2..56 3.90-103 6 .56·10 
TRX II (26/7175) 500 2.76 3.98· I0 3 6.94•1<>6 
TRX2. ( 15/4/75) 450 1.45 l.55·104 9.55•1o5 
TRX 18 ( 2/10/75) 450 2.49 3.26· 103 7.63· I 06 
TRX 16 ( 18/9/75) 40 0 1.42 1.40· 103 I 0.2 • 1<>6 
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D.f... L· l C ,.., ,_. 3.1 J_ 1eren-.,J_a~_ ross ,:)ee,.,10!1s 

The cross S•3ctions were calculated using the equation: 

d2u ----= 
dT rrdSl. 

Nwf-rr ___________ , _______ _ 
( N11 cos a) Npil ~ Tu eu<:d ~a €el (: m 

( 3.1) 

where .' Nw is the number of events detected by the range 

telescope. These ara siiply the stopped particles with 

a pion decay detected. f,r -is t~e correcti:::m for· proton 

contamj_nation as found from the two dimensional histo-

grams. This correctio!l eli:n-:L.1ates fal.ss EVENT s:Lgna_ls 

generated by a stopped prot:)".l and a pion w11ich had 

previously stopped b11.t took longer than 100 ns to decay. 

Nt is the nu.:nb,ar of target a toms per ·W1i t area. Tabla 3. 1 

contains 3. list of Nt fo .r the targets used i:i :he experimant. 

a is the t'lrget angl9 as shmv~l L1 Fi.:;.3-1. Np is the 

numbar of protons incident on the target as determined 

by the projuct of the n,unber of monitor counts -for that 

r1_1_n and the mo:1i to:r calibr::i.ti,Jn for t:1at s1.3ries of runs. 

n, is the geom2trical so1id angle of the pi,Jn :rang3 

telescope. The solid angle W:i.S deter:nil'.led by the counter 

in the s2 position. The no~mal telescope had a solid angle 

of '< I~ 25 i 0. O I) n, sr. and the tel.Jscope ',vi th t:'le "X" 

counter had a solid angle of (1.19 ±Q.Ql)·JQ-I msr. 
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TABLE 3.1 

TARGET PARAMETERS 

IDENTIFICATION 
OF TARGET 

(mnemonic) 

AREAL DENSITY 

Nt 
(g/cm2) tatomslfLb) 

U.of A. Carbon (UACA) 0.20 l.0I·I0-8 

UVIC Carbon (UVCA) 0.378 I. 9I· I0-8 

UVIC Cu"A" (VCUA) 0.591 5.61·10-9 

UVIC Cu "THIN" (THCU) 0.149 l.43·I0-9 

U.o f A. CH 2 (UACH) ·o.1a9 8.14 · I0-
9 

. UVIC CH 2 (UVCH) 0.147 6.32· I0-9 

all target Clreds = 5x5cm2 
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NORMAL to TARGET ,,, ,, ,, , ,, ,,,, 
,.,,"'a 

PROTON BEAM 

Fig. 3.1 Orientation of target showing definition of 
target angle. 
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as giYen by ·c:1e Mon~G Carlo pr0grar.1 "R.EVMOC (Kitching 

1971) ~1ich included the effect of pions orieinating 

throughout the t3.rget. fl T ;r is the e2v.Hgy a.cceptanc9 

of the pion !'ange telesr.:!ope as dlscussed in section 2.2. 

_ETf _is the p.L:m d::itection efficiency which is sirnpl;r t~1e 

r:1tio of pio!lS d•atect.-:id to t;he nun"Jet' of pions stopped 

in counter S4. (;O is the prJ bability that a pion will "'.lot 

suffer nu.cleai· ::1.b3orpU.011 or inel:1.stic s,:!attering i:i 

traverjing the telascopa. ·eel is the pro~ability that a 

pion will not be 16st becauss of m1claar elastic scattering. 

·.e m is the prob3.bili ty that a pion •,vill not be lost bee3.:1se 

E 
d is the probability 

that 3. pion will ~ot docay i~ tie telescope before it stops 

i:::i counter Si+· The estim<1tion of the efficiency f:1.ctors 

E7r thr,.Jug:1 Em are disc·:1s:3ad in t:ie followi:1g sections. 

The pr.:>ba"bil i.. ty that a pion will decay dur::..~'lg a 

(100 ti) OS period beginni1.g '(22.0 !0.5)nS after 

122*1 
'=1r = 5 exp (-t/nr) 

22.0!.5 T,r 

dt _ - ( 0.41t0.0I) 

The pion lifetim8 is T17: 26.Q3!0.Q2 nS (Chaloupka. 

1974). The probability t::w. t m.ucm will decay in t:~.3 s::vn.8 



gate is gi •r9:1 by: 

. 
The muon ltfatiue i c; Tp.: 219 9 .4 nS (particle Data 

Group 197lt-). . If all the m:.1or13 wr1ich could docay within the 

gate were coun'.:.ed a.s an EVBN'L a coreacU.on w:>uld be re-

qui red, :-im-rev,~r t}ier8 :i.s a m-J.eh la.1\68r :111oun t of kinetic 

energy n.vail.:tbla to t:w ~L~c tr::>tis .from. ;imo!1 decay t:1a.~ 

to the muoi1S from pion d,Jeay, he:1c,3 t:1e maJ:>ri ty of the 

muon decays ar~ veto ~d by t;~·1e 3·~··5 · req_'.li rel!l.en t. 

The val·J.es of <E17 ·:.1sed w:1 s ·oascd 0!1 a,:!t ·ial ·nea3'.l.rs­

ments at .SHEL and 3erkeloy (Jau03 197l+), whi~h L1.d1.~ated 

E,r=0.39tO.OI in agreem . .:,:1.t with the abpva calculated 

probability. 

A correction f Jr the nu.rob Gr J.f pi,J!l.3 which decay 

in the telas~ope before bai~g datactad as pion evG~ts has 

beea inclT:le:i. -Ln t;he cros :3 3ections. Th:Ls cor .:-ec tion w1s 

calculated f t' ·.:>l!l: 

W'ners Tis give:i by: 

T = I ti+ I ts 
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The t. arG the flight times l:1 the i th air dri.ft of the 
1 

telescope ri.1d. a.r~ giv.::m by; 
1/2 

ti = Ii C I - ,8.2 ) 

f)ic 
whera 1

1 
is the lsngth of the i th drift and /3, is t:'le mea._'1 

1 ·t · t~ t d•~ 0
~ di~.rided bv ~he speed of li~ht,3. ve oc:.· y i:1 _J.a , r L ., .; ~ 

The I1 is t::ie stopplng 

wher~ M0 is tne pion rg.st ~r:iass,/381C and{:)52c ara the initial. 

.,.nd final '.1183....'1 v ,.~1 -Jci ties L'l t ,:;l-38:>)pe element s; p 
is the density of telGS{!ope eJJ:irn~mr, s; a:1d dT /dx is 

t:ie r'.:l.te of energy los3 per unit araal ,:i(msi ty fJr pions 

i~ telescope el-3ma~t s. The t
8 

for aach ~elescope 

3'.ln 1a:-ized 
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3. 4 Corrsctio,!1:-1 for Huclfill.LEf t'eet.Jl_ ·1.;1 Ji]1e TelescQ .. lli~. 

The probability that pions were not detected due to 

nuclear inelastic scattering or absorption, and nuclear elastic 

. t . -'l. :l scat eri~g ara u~~cusseL :Ln se-~ti•.)ns 3.4.1 ai1d J.4-.2 • 

The fr&ction of stopping 

i11';rr1 a1 ° ·1.·, ... 7 y , . .._ ,~l·)o .: .1 c11r1'- ·~n ° b; 1 -'~, ',·•1·11·cf.1 i·ntAr."'.-cted • b·· c I v .:. ::...c b ,,..., .::., ,_, :_. • .1.. t • I,!.:.~. J)+ :..1. ., _ .:,, 

, .. ,...,.,11 t '.';,::,,-. .s, 
_ • ..., '•· J.. + 

3 '4 1 '1T11 7 ·"' r A·bs,· 7 • '·1· · r · ····1 I -1. -:-·,.. 5, .. t+-"'-...:' 1: ,,::, ·-.t1·· -r1,~ · •• 1~ c ... _:,._ H. · •• ) • .Jlk~ a.a. ne ... a.s,.,1.-~ · ,.,a ·&::c ... •1R .,or_~L,., ,) .. "' 

Ea is t21.e p.eobabili ty that a pi,)!l W'.lS .rn t de t,3C ted 

elastic scattariug. This probability is gi~en by: 

T,r 
Ea=expC-No 5 u0 dT) 

A o dT/dx 

where No is Avogadro's Num'x~r, A is ti:1e a~·Jinj_c weight of 

the material, era is t21.e total reac ticH1 cross :,;ection for 
,. 

nucl•.39.r :1.bsorp~iori and :~~1eL1.stj_c s:.!atter.L1g, 'l.~d dT /dx 
is the rate of 3nergy lass per 1utlt ~raal donsity for p~8as. 

or era and dT / dx wer.3 Stored tn t:ie integratJo.n p :..•eig:.."':J. i.u. 

as 1. fu.,_r1c ti.Yi -yf T ::1.nd t~·1e m;-,:cerial. The t"Jtal reaction 



- 37 -

cr0ss sections were taken fr0m a compilation of available 

data in the pion energy range less than 300 MeV ( James 

1975). The computed values of Ea for each stopped pion 

energy are given in Table 3.2. 

3.4.2 Nucle~r Elastic Scattering Corrections 

Eel is the probability that a pion was not detected 

jue to the effect of nuclear elastic scattering. This 

probability is given by: 

Eel = 1- a ( 1- Es) 

wl1ere a is the fraction of el:3.stically scattered parti­

cles ¥hich miss c0unter s4 and ES is the probability 

that a pion was not elastically scattered. ES was c:3.l­

cula ted ·6y the sam,3 method 3.S Ea using th-9 equation: 

E5 = exp ( -No f T.,,. 8cr9 dT ) 
A O dT/dx 

where 8 is the obserV"ed ratio of the total nuclear elastic 

scattering cross si3ction, O"el toO"a . 8 was -taken to be 

0.6± 0.1 ( Kessler 2nd Lederman 1954, Dzhelepov et al 1957, 

Koltun 1969, and Binon et al 1970 ). For this telescope 

geometry a has been e.s tima ted to be O. 2 :t O. 1 ( J amas 1 975) . 

The co,nputed 1ralues of Es and Eel are given in Table 3. 2 
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1.• 1~ 1 ... (~ .<:l .,,?·0··1·i :~11 ::>_•,1t.•~'.", ,!'I .... i 1r1]:, .p,,.._ .i ·1 •::is ~ .,,.., ,.,.,. ·r•J·r 
- -- V-.1.-• ~ -- C.4, ;:) __ .:_ ~ ,_-J J,. •J .i..- -., , , . .. ~ , · -·• ' •, 

R..ET:1oc (Kitchi11g 1971) is a Monte Carlo pr•,Jg::.•.'J.::::t whj_c'1 will 

cope c01.rat9r S1+, when mu.ltlple S::!atte ::-:.ng WSLS cal,Julatecl. 

The valJ.os Tf•m .=ir~ giv,9~1. i.n Table 3.'.2. 

of f t .. . . J l " i . o n.e variat) . '33 r J. ::;cus:3'J : J.:.1 

r ·:1la ti•re, va:r:,-r:~_ug from run to r ·.1.1.1 or between different pion 



TABLE 3.2 

VALUES OF CORRECTION FACTORS 

STOPPED Tr Tr DECAY NUCLEAR NU CLEAR ELASTIC COULOMB 
ENERGY CORRECTION ABSORPTION SCATTERING SCATTERING 
(MeV) Ed Ea Es .. ,, Em 

22.69 0.533 0.993 0.996 0.999 0.701 
*0.005 :t:Q.001 *0.001 =0.001 ¼Q.012 L.,,J 

'° i 

32.00 0.606 0.980 0.988 0.998 0. 833 
:f:0.006 ~0.002 ='0.002 *0.001 *0.015 

53.34 0.685 0.928 0.956 0.991 0.725 
*0.007 :f:0.007 2 0.007 •0.004 :i:0.017 

76.13 0.734 0.844 0.903 0.981 0.700 
•0.007 ii:0O14 ~0.015 •0.O10 •O.014 

101. 65 0.772 0.735 0.831 0.966 0-747 
•0.008 ~0.021 *0.025 s0.017 -.l0.014 



energies. Other un.eertainties a.re absolute and are 

comm.on ~o all the measurements. 

The m-:1.jor relative uncertainties arise from counting 

statistics in N.,,.and fT which vary between 2 and 5:'&. 

At some foxward ,mgle measu::.'.'ements the values of f T were 

taken from higher s ta tis tics runs with the samo produ~ti ::m 

angle and pion eneagy. Th1.3 uncerta::.nty in .t;arget angle was 

to.1 ° and was consid0red :insignificant.. The absorbe:- :i.nd 

counter thickn.esses a ... rid dtm.onsions were well known hence 

u.11certainties in~T1" were (!onsiiered. about 1}&, due mainly 

the un(~ ~rtai~1tiGs of the range energy loss tables and the 

lower level bis.son the discriminator for co-w1ter s4. The 

uncertainties in Ed were estbrn.ted to be about 1%, ~lso 

due the :.1ncer caintias l:1 the rm.1g 3 ener6y loss cA.l~u.1.3.tions, 

whi.::!h set the integration limits. The '1.ncertail1ties in E 

and Eel vary betwet1:i 1 3.nd 2% fo:- inc::::-easin.g pion energy 

and are dw~ the esti".Ila.ted 10% mwertainty inO"a. The 

uncartainties quoted :inE mare 3tatistj_cR.l only arising 

froill. the nnmber ,:,f rays in the Monte Carlo program which 

were accepted into counter C\. 

a 

The largest absolu:e uncertaL'lty arises fr01:1 the moni tot' 

calibration. This 7/4 ancertain~y is domi~ated by the 

. t d ,..,,;1 estirna e, J:,'o uncertai..'.lty 11 c production total cross 

sections. The measuring uncertainties in Nt were appro~­

imately 0.1% and hence were neglected. The 3% uncertainty 

in E-,, is a result of the measurements of pion detec~ion 

efficiency. The unc:!erta.inty Lri solid. angle{), is less than 
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0 54 • 70. The effect of the slightly distributed .3 ource was 

checked by comparing the sol id a. ... "1.gle f ror1 ·jhe REV110C 

calculation with the geometr!cal calcQl~tion. ~o signif­

icant d :i.fi'erences were obsar7ed . 

3. 7 Samnle Calc~.11::3.tion 

The differential ~r~ss section for 32.0 MGV positive 

pi,Jns produc~ed at an angle of ·150°, from carbon j_s calcu::'c.ated 

in this section. The inci:ien!-; proton 1:rnergy f -:rr this case 

W3.S 500 :"feV. The his tograill fo:- an adjacent STOPS rw1, shown 

in Fig.2.2, gave time of fllght and energy l~ss l~n~ts for 

use in the EVEN':'S rw1, histogram shown in Fig.2.3, to find 

fr = 0.99*0.02 . FroTI th~~ :noni tor calibration for 

that series of runs and the number of monitor counts for 

that rw1, N;p was fou:1.d to be: 

Np= ( 9.0 :!: 0.6) · 105 protons (9.807· I06 )monitor 
monitor counts counts 

= (8. 8 -~I 012 ) protons 

The other para:JJ.eters for this run are listed bs.lov. 

N1r = 538 t 23 O 39 • .,, = . :!:Q.01 
Nt =(I.Of tO.OIJ·I0-8 atoms/µ.b 
a =(20.<;)t0.1) 0 Ed = 0.606 :t:Q.006 
fl · =(l.25:tO.Ol)·I0-3 sr 
~T1r= (2.93!:0.03) MeV 
Ea : (0.98 t Q. Of) Eef = 1.00 !0.QI 
Em : ( 0.83!: 0.02) 



;-_]sing equa fun 3. 1 , the di "fer.ent.1a.l ~ro::u S8:::tton f .)r 

this case is: 

The ,1nc13rta:inty qu.oted L1cL:tdes 9.ll 9.bS,)lJ.te a!ld rel3.tive 

:.1.ncertainti•as c.iscussed :L-1 section 3. 6. 
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AN,\1YSI3 OF TWO BODY MEASUR.EME...1TS 

The :mo::1itor ::!al ibra tiot1, •3nargy bites :i 9.nd. pion 

detection efficiency of ~he telescopa were ch3ckad by 

a measurement of dc:r/dD. for the reaction p(p,r)D, for 

several pion enP-rgies for i1i1i •:!h -the c:::-oss section has been 

independently 1astim.a.ted using e:rnrgy dependi;mt fits to 

the total cro.:,s section.. At ea:::h of the i:..1.cident pro ton 

' • r::: 5 energies ·+OO, 1+JO g,nd 00 MeV, production angles were selected 

which prod:.iced pions of enf31's? lyi.1.g , . .,ithin t·~1e energy 

bites ~f the telescop8. rhe kinem~tic3 of this c9.lculation 

are considered~~ section 4.1.1. Not all of the stop9ed pion 

e::1.ergies c.::,~111 be meas:1red at eac:1. of the incideat proton 

energies because of the physical lim:·.tations of the sc9.tteri11g 

chamber. To ensure that the naxim":..1.m -:p5-J!l yield was bei:ig 

detecten f '.)r c1 pa.rti~ular pion ~elascope energy, 3.Il 921g11lar 

distri·bution w.J.s me:rnured a'!Jo·:.1t the c.:il•~ulateii.. pr•oduction 

angle. This method was :1s,ed ra th•3r than varying the 

primary pl' lJ con energy i.n m1ull steps bet~9.;1s3 ~~hanging the angl9 

protons in t~e vicinity 0f 82° has been plottsd in Fig.4.1. 

This figu~e clearly shows a background contri~ution from t~e 

carbJn w:i:llch is present in the CH2 targ:'3t as wall as ,,.t 

lower angles fro:'1 the reaetior1 p(p,p,r,n. 
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50 

20 

--------------------0 
carbon background · 0 0 

Q ____________________ _ 
78 80 82 84 86 

81r (degrees) 
Fig.4.1 Observed angular distribJ.tion of pions produced 

by bombarding a CH2 target with 450 MeV protons. 
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4-.1 CalQUl.il,.i.tJ11 o.f Differential Cro.ss Sections 

4.1 .1 TwQ._Bod_y Kinem,'tti·~3 and Rel:.a.,ted FactJ rs 

The Monte Carlo progra,.11 REVMOC normal Ly would be used to 

model the range telescDpa. In REVlvlOC pi,1ns are assu..r:1od 

to be c::.-eated randomly within the ts.rget and exit th9 

target md::'::,rmly J:1 al 1- dir3•..'!tions •..rith momentum chosen 

f-rom within. a giv8n range. In or-jer to specifically model 

the tel•3S•:!ope for pions prod:i.ced in. ~h13 reaction P { P, Tf} D 
the RE\TMOC progr-it1 w:1.s :n•xl.lfied a::1d -renamed HEVKIN. The 

i::icident pi·ot::m bsa:n was no c as.suned -c:> be T'lonor:mergetic 

and the incident energy for each proton was calculated on 

r-:1'-~ bas is of its energy loss :.ip co the randorn.ly chosen po:L1t 

of interact~1n in the target. The pion pr~duction angles 

pion e:1el'.'gy w:1.s c.3.lculs.ted f)r the partlcu:'..ar proton 

e-:.1.e-rgy aad. pion prod'J.e cj_on angla. A sc"r1e::natic d1ag..ram 

.0 t· L • • • • 'r,1 • 4 ? o L .'1e reac 1.,1'.)!1 is snown J.n J~ 1g. • ._. 

p 
p2 

( 4.1 )I 

where Pp2 is the four momentum of the proton at rest 

in 1~:•1e l:=:tb frar.J.e. ~row. "Sq. 4.1 it is obviou.s t:1at: 

P.02 =(P .._ p - p )2 
Pl p2 7r 

(4.2) 

and hence a rel.s. tion bs tween :;he pion pr0duc ~ion 
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D 

P-------• p 

.,,. 

Fig.4.2 Schematic diagram of the reaction p(p,11')D 
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angle a..'1.d p:hn energy, pt--.Jt,)11 enJ~rgy a~1d t:'le masses of the 

particles can be found. In particular: 

cos 8-.. =t (M2 c4 - 2Mpe2 (Tp-T.,,+Mpc2-Mvc2) 

+2(TpT ..- +TpMTc2 + TvMpc2 

-112 
+Mp M1rc4 )}.t(ri+ 2 Mpc2 Tp) 

( 
2 )-1/2 

1 Tv+2M11"cfT1r (4.3) 

where 

Equation l+,3 W3.S i:1v3rted in. RE'/KIN to gire the piDn 

ki:'13G1c an.e1'.'~Y, T,r 
angl 3, 8.,,. . 

i 'l 1-,:.,-.,u" ,) ·~ +-1.1i~ p' .-)rl p ') =i -,, .-.t1· •)tl ' .. , _ _ ,.. __ , -..~ . ...,J_ J. ~ - . J.. • U~v,.•. -

The pio!l 1 s e~1.et'gy loss in t::1e t9.rget from the poi::i.t 

of interaction o~~ to entry int0 the· telescope W3S cal­

culated., Fr-:n:i. this p:)lnt O(l the p1•0 6ra.r.n assJ.r1ed !10t'wal 

RE7J•1':)C modell i.ng and cal,~uJ.ated m. ~Ll tiple scattering 

throu.gh to co,1nl; -0r s4. lhe progr.a.r.a also sto:eed a spe~trJ.Hl 

of particles accepted into com1ter s4 , N(Q), ~s a 

function of initial pion fl-,)1.J.antum out of the target. The 

use of N'(Q) in the cal~ul.s.tlon of the efficLmcy .::,f detecting 

4.1. 2 Tel33cope Effici,3ncv frr Pions from pj~ T)_D __ 

To determine the munbc:r of pions which stop i:i. count9r 

s4, the rnr:n.be:r of pions '."1?li!'.!h f ,ell ins Ide t:ie energy bi t:;e 
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including the energy straggle of the beam was calc11lated. 

Thia energy straggle is 3im.ply the fluctuation in en13rgy 

loss for a give!l path length. The range straggle is the 

fluctuation 5.n path length fo_r• a given en:rgy l:Jss a..'ld for 

these l•,sses the straggle is assumed ·::;o be a gauss l an 

distribution. If the average incident beam energy, Tb, is 

the avel"'age stopped p.i,.Jn 13r1eI"gy,T,r, s.s shown L1 Fig.4.3, 

the efficiency of the tales~ope 13 given by: 

(Tb+ fl T /2)/o-s 

E = f <P(y) dy 

(Tb- ~T/2)/cr, 

where -112 
cZ>(y) = (21ro-,) exp(-y2/2) 

CT5 is the root m•ain square cni3rgy 

and /l T :ls the telescope energ~v bite. 

( 4.4) 

straggle, 

From the definition of the error function equation 4.4 

may be written: 

If the average beam energy is di~ferent from the mean 

telescope stopped pion energy, the telescope's energy bite is no 



Fig.4.3 
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Curves which approximately represent the distributions 
of pions in energy wh•:m: (upper curve) thA average 
incident baam energy Th eq~als the average stopped 
pion energy, TTT; and ( rower curve) when Tb -I: T'll. 

ll ~ is thi:3 Energy bite of the Telescope. _ 
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:Ls gl.;rn:1 
;)/; Tio-a T,rlcr, 

ECT1r-Tb) = J CZ>(y)dy + / <P(y) dy 

(Tv-~T/2)/o-8 Tb/a-, 

(T1r+8T/2 }/cr, 

+ f CZ,(y)dy 
Tvlo-s 

< r.,,. -rb + t:. T 12 > 1 a-s 
+ J CZ> (x) dx 
(T.,,--Tb)lo-s 

+ _L ( T1r-Tb+baT /2) erf ( T .,,.-rb+ ~T /2 ) 
21r,,.-Tb+~r121 2112 a-

5 
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The val!.183 '.)f °s f"Jr v:11.•i,J ,l:'.', ;!J:.:::1.:.1 teL:is,Jope st•)ppc.J 

p'Lo~1 energll'3S ha-.r•3 ber:;n. eal.:!ul.1!.;::;i (Ro:)G:'tSd!l 1')76) 

llC ci,Jn 

N(8) 111 J N(p) cdp) clp (4.5) 

t: ·•1c:, ar·1crl::, 8-8 peak ........ . ,.. •0 ~0 ··,r1,:il•.,.,ce j·J . ...-,lA m,:, ·,r.; arr·"' J ~ •- t,
1 

•_., . - . , ,_, • ... , _ L ...., ... ., _. _,_ lJ.. . ...10 , vl - , •.:i."":i.. L: . __ c.1. 

8al•::!n1aten v1.L1e:; '.)f E'r co e1'GTD·)nd L:.1g t•J e3.:::::.1 r :u1 arCJ 

l:i.::; tan '.i.2.1 n:'abJ.3 1+ . ~. The ~.ral w of Er i11i;3 rw t -~r Lie 1.11.-y 

tp.)rl O"' $ . :1:i'ol'.' 

0ite of the teles:.::ope and. t:1 ·3 pior1 e1.,:;!'gy beam .s>J:;:•sad. 



TABLE 4.1 

R.M.S. ENERGY AND MOMENTUM STRAGGLE 

MEAN STOPPED 
PION ENERGY 

- (MeV) T 1T 

52.0 
75.0 

102.0 

ROOT MEAN SQUARE MEAN STOPPED 
ENERGY STRAGGLE PION 

MOMENTUM 

CT I (MeV) p (MeV/c) 
1T 

0.93 131.0 
I. 32 163.0 

1.78 197.0 

( al I values of a-5 calcu I a ted 
for copper ) 

ROOT MEAN SQUARE 
MOMENTUM 
STRAGGLE 

CTI (MeV/c) 

1.35 
1.72 

2.17 

I 

Vl. 
I\.) 
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Fig.4.4 Calculated angular distribution of pions produced 
by 450 HeV proto~1.s in the rea~tton p(p,1r)D. _ 



TABLE 4.2 

PION DETECTION EFFICIENCIES FROM 

THE REACTION p(p,1r)D 

MEASUREMENT STOPPED PION ENERGY EFFICIENCY 

1.DENTIFI CATION ( MeV) Er 
vi. +· 

REVKIN04 52 0.605 z 0.012 

02 ·52 0.674~ 0.034 

05 75 0.4451:0.045 

06 102 0 .312 :t:Q.034 

08 52 0.5 82 ro.012 

09 52 0.57 6 :!: 0.012 
( uncertu int ies stati st ica I in nature) 
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4.1 . 3 Calculation of du/dSlrrom th,9_mea.sured d2cr/dT,rcl.O, 

The differential cross section dv/d.0, wa.s calculated 

from the observed distributions by first using equation 

3.1 giving the relative yield versus production angle into 

the energy bite, /1 T Tr , 0f the telescope a.rid second 

eYaluating the equation: 

where Y is the pe8.k valw:l of the obser ·-red distribution, 

C is the carbon backgro·.J..nd at the central angle, 

~T,r is the appropriate en,3rgy bite of the telescope, 

and •r has been discussed in section 4.1 .2. 

The factor of 0.5 is required because the CH2 molecule has 

two hydrogen atoms. The values of do-/d.0, for each 

measurement are given in Table 4.3. 

4.2 Phenomenological Differential Cross Segtions 

The center of mass differential cross sections are 

given in terms of the total cross secti~n oy 

( do- ) -
dil cm -

CTy (A+ 2/l 
I B cos vcm 

4,r(A+-+-) 
3 5 

+Bcos48 ) cm 



m,.. c. 
ior1 of. data 
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A= 0.31t0.04 
B = 0.03t 0.2 

or1 a recr~n.t; 

A1 =(0.186:t0.010) mb 

A2 =(0.93t0.06) mb 

A3 = (-0.07t 0.03) mb 

'.!ompila.t-

ainties in these calculated cross sections have been made 

by adding the uncertainties of the fitting coefficients 

in quadrat'J.1'e. 



TABLE 4.3 

DIFFERENTIAL CROSS SECTION da-/dil FOR 

THE REACTION p ( p ,.,,.) D 

MEASUREMENT STOPPED Tr PION ANGLE INCIDENT dcr/dn 
IDENTIFICATION ENERGY PROTON ENERGY 'JJ- b/,r) 

(MeV) 8.,,. (MeV) EXPERIMENT THEORY 

REVKIN04 52 97.0 500 127.2! 4.3 116 :t 12 \Jl. 
-....J 

I 

02 52 96.0 500 120 .Q:1:6.7 116 % 12 

05 75 78.5 500 127 ± 18 112~11 

06 102 64.0 500 U9:t. 16 107 * 11 

08 52 82.0 450 76.3•3.8 78B•7.9 

09 52 64.0 400 49.9• 2.5 46.1 *I.I 
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DIFFERENrIAL CROSS SECTIONS FOR :-:: .A:.WON ANJ COPPER 

5.1 Exper.1,rntal Results 

The differential cross sectioas for earoon are 

presented in fables 5.1, 5.2 a.~d 5.3. Graphs of the 

differential cross sections against pion energy for 

carbon are given in Fig,5.1 with the pion prodQ~tion angle 

as a parameter, and in Fig. 5. 2 with th,9 pro ton en,9rgy as 

a parameter. 

Each differential cross section is a~ average of 

all the runs at that proton energy an1 production angle 

throughout the experiment. For example thG differenti8.l 

cross section for 53 MeV pions p.rod:1ced at an angle of 

·, 00° ':Jy 500 !faV protons on 1~arboa, wa.s observed to be: 

( 1 0 . 6 * 0 . 31"-b/MG V • s r , ( 1 0 . 4 t O . 3) fl-b/Me V • s r, ( 11 . 2 ~ 

o.4)/J-b/MeV•sr, =1nd (10.6~0.3)µ.b/MeV-s:- during three 

different shifts of the exper!ment. These four values 

were averaged to giv·e (10.7* 0.2) J,Lb/McV.sr. The agree­

ment of these independent mea3urements is an indication 

of the internal consistancy of the e::cperinenf-;a.1 procet1dures 

used. 

The differenti~l cr~ss sections for copper are pre­

sented :ln Tables 5.4 and 5.5. Graphs of the differe!'ltial 

cross 3ections against pion energy for copper are given 

in Fig.5.3 with the pion prodQation angle as a parameter, 

and in Fig.5.4 with th3 proton 3n3rgy as a parameter. 



TABLE 5.1 

DIFFERENTIAL CROSS SECTIONS FOR PIONS PRODUCED 

BY 500 MeV PROTONS INCIDENT ON CARBON 

PION ENERGY 2 d a-/dT1r d.0. ( p.b/MeV·sr) 

(MeV) 8 .,,...= 6 0 ° Br=IOOo 8.,,.~ 150° 

22.7 6.96*022 7.86 i:0.17 

32.0 7.12*0.23 8.91 •0.18 8.05*0.23 

53.4 - 9.08•0.29 I 071 • 0.18 8.30* 0.24 

76.1 9.41 *0.26 7. 73•0.19 3. 83 :1: 0.13 

101.7 8.44*0.3 8 3.91•0.10 1.38•0.07 

vi. 

'° 
I 



TABLE 5.2 

DIFFERENTIAL CROSS SECTIONS FOR PIONS PRODUCED 

BY 450 MeV PROTONS INCIDENT ON CARBON 

PION ENERGY 2 d o-/dT.,,. dfi ( µ.b/MeV·sr) 

(MeV) Br=60° 8,r=I00° 8.,,-r 15 0 ° 
()'\ 
0 

22.7 4.45~0.16 4.14%0.19 6.62 -t: 0.21 

32.0 4.93:t:0.I4 7.28-J=0.I4 7.27~023 

53.4 7.25:t:0.15 7. 33 :t. 0.18 5.51 * 0.17 

76 .I 6.29:1:0.21 4.51*0.14 2.49* 0.12 

101.7 5.49 *0.17 228 ¼.Q.10 0.71='0.07 



TABLE 5.3 

DIFFERENTIAL CROSS SECTIONS FOR PIONS PRODUCED 
BY 400 MeV PROTONS INCIDENT ON CARBON 

PION ENERGY 

(MeV) 

22.7 

32.0 

53.4 

76.1 

101.7 

d2o-/dT .,,- d.Q ( ,-c. b/ MeV· sr) 

e.,,.+= 60° B,rr= 1 oa, e.,,.4-= 1so0 

4.79= 0.16 

3.65 ::1: 0-11 • 4. 7 5 :k 0.12 
(T,,=36.0 MeV) 

5.49*0.18 
(Tr 56.4 MeV) 

5.17s 0.16 
(T,r = 78. 7 MeV) 

3.60 2 0.14 
( T.,,. = 10 4.0 MeV) 

5.31 s. 0.16 

3.28*0.15 

1.29*0.05 

4.68¼0.17 

5.25 :1:.0.16 

3.49z 0.12 

1.46 2 0.07 

0.43~0.04 

* due extra material in range telescope during these runs 

°' -'-



TABLE 5.4 

DIFFERENTIAL CROS-S SECTIONS FOR PIONS PRODUCED 
BY 500 MeV PROTONS INCIDENT ON COPPER 

PION ENERGY d2a-/dT.,,-dSl ( fL b / Me V· s r) 
(MeV) 8,,-+ = 60° 8,,..= I 00° B.,,..= 150° 

22.7 17.0 '!!: 0.4 21.5*0.7 20.8 :t 0.G 

32.0 21.5 :l 0.7 2s.1 ~o.s 26.7 ~ 0.9 

53.4 26.0 :1: 0.8 29.4:t:0.7 25.1 * 08 

76.1 21.9*0.7 19. 6 -z 0.7 11.0¼.Q.7 

101.7 1a.1 ~o.s 9. 9 i::Q.4 4.6~0.5 

O'\ 
Iv 



• 

TABLE 5.5 

DIFFERENTIAL CROSS SECTIONS FOR PIONS PRODUCED 

BY 450 MeV PROTONS INCIDENT ON COPPER 

PION ENERGY la- /dT,r dSl (µ, b/ MeV·sr) 
(MeV) Br= 60° e,,.:= 100° s,,...: 150° 

22.7 13.3*0.6 12.Sz0.6 15.I* 0.7 

32.0 15.6*0.6 17.6=0.8 20.1~0.9 

53.4 16.2 2 0.7 18.3:t:Q.8 17 .7= 1.2 

76.1 12.7 :tQ.6 9.2 * 0.6 8.1 • 0.9 

I 01.7 10.7*0.6 4.6 :l 0.5 2.5 •0.4 

°' Lu 
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Several general trends in the plots of differential 

cross sections against pion energy have been observed. 

For any particalar incident proton ,sn,3rgy th,3 differential 

cross section peak is observed at lower pion energies for 

larger production angles. For both carbon and copper 

these peaks were more pronou.nced a.t larger production 

angles. For a.11.y particular pion produetion angle the carves 

have increasing peak valm::is for increasing inci:ient 

proton energies. This trend is better demonstrated in 

Fig.5.5. In order to spe,:!ifically i:..1.vestigate th3 pion 

prodi.lction froin carbon as .9. fun,:!tion of incident proton 

energy obse.rv:ltions of 32 and 53 MeV pions were made a.t a 

single productj_:)!1 angle for six proton energies between 

l+OO and 500 MeV. These measurem.,ants were taken in a single 

nigh: shift utilizing TRim'11.1' 's var:!.able proton energy 

capability. The ion chamber, normali,zed to a 1+50 MeV 

activation, was used as the relative beam monitor for 

this series of rw1s. Also plotted i~ Fig.5.5 are the cross 

sections measured by James (1975) and Cochran et al (1972). 

The differential cross sections for pions produced 

at 60° from this experiment are shown in Fig.5.6 to be 

consistant with those of Jamas ( 197'5), and Cochran et al 

(19T2). The shapes of these curves are similar, with the 

magnitude of the cross section increasing with increasing 

i:.1.cident proton energy. These results d:Lsagree in magnitude 
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with those of Lillethun (1962), which .are a factor of 

~pproximately 3.6 too large. 

There is also general agreement between the differential 

cross sections m.2~sured in this expari:nent and theoretlcal 

values calcul~ted by Beder (1975). These 11 classical 

absorptive gas model " (Beder an.:i Bendix 1971) calculated 

cross sections for carbon and copper are co:np3.red with 

the present experimental results in Fig.5.7 to Fig.5.12. 

Typically the calculated differential cross sections have 

peak magnitudes within 20;& of the measured val·.1.es. In the 

cases of pions p1·oduced a.t 60° froi!l 500 11eV incident 

protons and pions p.rod·t1.ced at 60° from t1-50 MeV incident 

protons the measured cross sections had peak values at 

lower pion energies than the calculated vaL.1es. The ,:inly 

free parameter of this model is the no1"mal i.zatio!1 of the 

fret1 NN➔ NN'ff' matrix element wi1ich was fit to available 

pp ➔ pn.n-• dg_ ta. 

Unfortw1ately it is not possible to calculate total 

cross sections with only the results of this experime~t. 

It has been s:1mvn, .:1.'.)tably by Hi t't et al ( 1969) at ot~1er 

prot,::>n energies, ~:1a t a s Lgn::.f ican l:; fraction of pions are 

produced. at forward a...11.gles hence a:.1 integration ov8r s0lid 

angle must i=iclude data from tliat ragi:m. 
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CHAPTER 6 

S1J1vfl1A:::tY AN:J CONCLUSIONS 

Positive pion production cross sections have been 

me.asured for 101-r energy pious ( 20 - 100 MeV ) from 

proton bombardment of carbon and copper. These measure­

ments have been made for incident proton energies between 

l+00 and 500 MeV at angles of 60°, 100° and ·1 50° between 

the pion and incident proton directions. As proton 

energy increases fron 4-oo to 700 MeV the differential 

cross sections increase monotonically. Previous results 

(Lille-thun 1962) at 4-50 MeV shoul:i be renormalized by a 

factor of approxi~ately 0.3. After this renormaliza~ion, 

the forward angle data could. be combined with the present 

data and a total cross section calculated by i~tegration 

or d2o-/dT,,.d.0,. 
Comparison of the results with calcala tio~1.s from t _he 

classical absorptive gas mode1 is qu:.te favor:J.ble, with 
0 the exc8ption of pions produced at 60 by 500 MeV protons 

and at 60° by 4-50 rfaV pro tons. 
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APPENDI:C A 

DATA. ACQ.UISITION PRO(If{Al:1 

The data .9.cquistj_on program served to record all 

scal3.rs. A prelimi.nary cal,~ulation of cross section 

was performed for ea::::h run. The p:ro6ram was written in 

CAL~ statem8nt. A simplified flo~ ch~r~ for the progra~ 

is given in Fig .A.1. A copy of the program :'.s repr:>du.ced. 

Fro~ statements 7 to 960 13 the control aection of t~e 

and pl:).!l e;1ergles and pi,:,11 pl'•'.)JU.c tion angle. Once di. rec-!;.ad 

to do so in the control se::::tion, the progran1 raa:1 all 

the infor;naticm in the Ck"vlAC units by executing statements 

1100 to 1210. The use-r would then decide to exacute stat9-

me.n ts 2000 °b•.) 3099, -:!alculating a prelirninary crosa .section 

and obt1ining hard copy of all CAM.AC inf(Hmation, or.- ~o 

exe~ata sLatsmants 5000 to OQ·1 r.> ···•hJ' --·1 ,., .... ,,, ·i 7 . 1 , :._ nJ. .l, [ -.., \.A,,J_l _ clear 1.11 CAMA:; 

uni ts .!.n pt"ep3.:ratioa for t:i.1e :1ex1~ r .l!.t, 
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Fig. A.I FLO\\ICHART FOR DATA 
ACQUISITION PROGRAM 
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CALCULATION OF nrcpE[r P.RLY£j)N r:.rr~NSI'r:"(_ 

The 

numbe:r .Jf:' pro to.r.L'3 

I = R A To T 
1-exp(ATo) 1-exp(-AT) 

where R is the 

Efi is the eff'iciency ::l.UJ. solid angle pro;Jduct 

di3c·:is.sed in se~"!ti,Jn 2. 5, 

A is the i:'lv8r.se of t:1e mean. l:i f Gti1ns .')f the 

11 :; decay, 

( B. I) 

J '.) p is the mu111Jer '.)f 1 ·-c nucl,3i ·per :.1n.~.t 1.rea of t~ie 

1963) 

prJg~am for utilizing dab1 stnrad on nagnetic tape by the 

peak pe.r ,;ml~ U.tn0 (AHSAV), 13.nd the tiine at whleh the 
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spectrilm w:-.i.s recor-:iod with rasp0.:: t to ~:1.e beginni 1g of 

A ;ro,E.n >P .q,:.1dcr f)f.' each e9.l ,~·.1l.atlor1, Pt','j"Jl Fte.2.11, 

t::1.e T,:-:-.lues •Jf er :1.ra 30.B* 1.5 :·nb, 31. 7* 1.6rnl.i: :x.11 

J.~.6:t.1 • .S rnb .fot' :9roton energies 500,450 1,.71:i 400 r-Ie'1 

-~~-.:>r bo'u.b.J.rd. L2.1~ times lass th3.n fi7e mi.nJ.tes, .3q_ua':;ion 

E . 1 has baen written: 

BEAM= I= R 
To 2ill 

exp (A( T-To}} (8.2} 
po-

for each of a us3.r spe,~·:!.f ied s0ries r)f sper.!"vr:l. and averaged 

Efi. 
A simp~ified flowcha~t of INTEN is gtvan in Fig.B.1 and 
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INTEN 

IR I, IR2 

STOP 
N 
_ tQ_op~l:_LRI_J_Rg_ _____ _ 

f"imeonT CT= AR=CT· I 
I bet\~een exp{~-To' AHSAV I I 
1 , a 1-, -=r ::====:: 1 
I I • AR I 
I 
I ASUfil = I 
I ASU,vt t I 
L A.R _j 
------- -

---t BEAi\1 

FIG. 8.1 FLO\A/CHART FOR ROUTINE 
INTEN . 



- 39 -

tNTEN 

SU8Rt1UTINE INTEN 
C~MMCN /SAVAQ/ IRUN,ITIME,FTIME(200),ARSAV(200),AERSAV(200) 
ASU~=O 
AVAR=O 
REAC(5,2) TAU,TO,TS,SIGtlA,ATNC ,EPSI 

.7 FC'f'.':t,1ATC' ~EAN LIFE. ',El4a4,' .ACTIVATION CQCSS SECTION ',E14e4/ 
1 1 TARGET DENSITY ',E!4e4,' DETECTOR EFFICIENCY',E14e4/ 
2' LFNGTl--i !lF 1101'.181\RCt-'ENT 1 ,Fl0e2,'START OF COUNTING 1 ,F10e2) 

2 FOR\1AT(6':'.10e2) 
WRITE{6,7) TAU,SIG~A,ATNO,EPSI,TO,TS 
WR ITf" ( 6, 5) 

5 FOR'~AT( 1 RUN•,• AREA •,• ERROR ') 
1cc P.EAD(5.1) IR1,IR2 

l . F •J RM AT ( 2 I 5 )_ 
IF (IRlaLToO) ~ETURN 

IF ( f T I ~1f: ( 1 ~ 1-1 ) •LT• C • l ) ET I ME ( IR 1 -1 ) =TS 
DO 200 l=IR1,Jq2 
T=(ETil.le::( I)+::Tlf.lE( 1-1) )/2e 
CT=~XP((T-TO)/TAU) 
I\R=CT>l<ARSAV( I) 
ARE=CT•At:RSAV( I) 
~ R IT F. ( 6 , 6 ) . I , A f"{ ,_~8.E.. 

6 FQRMA~(I5,2El5e4) 
CS=la/A!':RSAV( I)**2 
AS~~=ASU~+CT*CS*ARSAV(l) 

20C AVAP=.\VAR+CS 
!CCC AAV=ASU~/AVAR 

AEA=SQ~T(la/AVAR) 
WRIT ►- {6,3) .\AV,AER 

3 FORM .AT ( •. Mf: AN AR':; A .... =~ , F.1 _5 • ~, _• __ _±.::..!_,__1,:J_§_~_ 
CS=SIGMA*ATNO*{l-~XP(-TO/TAU) ) 

CS=CS>'<2*EPSI 
BEM~=.\AV/CS 

-: R\lf.R=AER/CS 
BEAt-'N=AEAM*1a60?E-1C 
WRITF(6,4) nEAM,B~E~,BEAMN 

4 FORMAT(' nEAM INTENSITY=• E14a4•'+- 1 ,El4a4, 1 PROTONS/SEC =•• 

1 F10e3,' NA 1 ) 

GO TC 101) 
END 
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