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CHAPTER 1
INTRODUCT ION

Pion production cross sections are important for
several reasons. Ths 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 ths flux
of a specific energy range of pions. Estimates of these
figures have been made on the basis of higher enesrgy data
for use in designing TRIUMF msson channsls and data at
TRIUMF energies 1s of immsdiate interest to evaluate the
operation of these channsls and the dssign of new channels.
Pion production measurements provide a test of nuclear pion
production modsls. Beder and Bendix (1971) have requested
large angle data for this purnose. 8

Measurements have been made by James (1975) at proton
energy 580 MeV and by Cochran et al (1972) at 730 MeV for a
wide variety in targets and a wide raange in the angles at
which the pion is emitted. Hirt et al (1969) have measured
nion produztion by 500 MeV protons at angles 0.8° and
21.5O with respect to the proton bYeam. Earlier measurements
were made by Lillethua (1962) at 450 MeV, by Meshkovskii et
al (1953) at 660 MeV, and by Haddock et al (19%4) at 725
MeV. The latter two experiments were primarily concerned
with high energy pions.

The purpose of this experiment was to measure low
energy positive pion production differential cross sectioas

at large angles with respect to an incident proton bean.



The measuremants were intended to supplement those for
proton energies 530 and 730 MeV for carbon and copper
n1clel, with data between 400 and 500 MeV. Of particular
interest was a measurement of the cross sections at 450
MeV, where Lillethun's data has been qusstioned by Hirt et
al (1969), Beder and Bendix (1971), and James (1975).

The experimental bechnigue is described in Chapter 2.
Chapter 3 is a surmary of the calculatvions of differential
cross sections, dza-/dT-,rdQ . An important calibration
and check of the calculations was dons by measuring pions
produced in the two body reaction,p(p,‘tr)D . This meas-
urement and comparison with previous results 1is discussed
in Chapter 4. Ths cross sections for nuclear pion prod-
action from carbon and copper are summarized and compared
with similar cases and theoretical calculations in Chapter
5. Concluding remarks and a summary of this thesis are
s

ound in Chapter 5.
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CHAPTER 2

i " s .

EXPERIMENTAL TaCHNIQUS

2.1 Plon Detecyiona

To measure dza-/dT-'-dﬂfor pions the experimental
method must allow separation of different ensrgy pions
at each production angle. A range telescope, shown in
Fig.2.1, can be used to select particles of a given
energy by pnlacing the appropriate amount of absorber
material between the source and the stoovping couater
nimber Sh‘ The logic coincidzsnce signal for a particle
stopping in counter 3) is 12345 which is defined to
be a "STOP". The symbol 5 means no signal observed in
counter 85' For a particular thickness of absorber
several types of particles with different ensrgies may be
stopped. To distinguish betwesn the different types of
particles, analog signals representing the time of flight
betwean two counters and the snergy lost in a third
counter are digitized and recorded in two dimensional
histograms. An example of the di frersa% mean stopping
energizs, anerzy losses and =imes of flight in the rangs
telescope used is given in Table 2.1. From this example
it is clear that protons can be separated from pions and
nuons, however time of rlight and energy loss alone are
not sufficient to separate pions and muouns,and additional
timing restraiants based on the natural decays of the1r*'
and }L are invoked as described below.

The pion to muon decay,w’-’iz’up, has a mean lifetime
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Flg 2 1 Schematic diagram of the range telescope
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TABLE 2.1

TYPICAL MEAN STOPPING ENERGIES,
ENERGY LOSS IN S3,AND TIME OF FLIGHT BETWEEN S, and S,

STOPPING PARTICLE ENERGY LOSS TIME OF
PARTICLE ENERGY IN S3 FLIGHT
(MeV) (MeV) (ns)
muon 69.20 589 7. 81
pion 76.13 6.95 8.17

proton 159.8 14 61 2.0
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of Ty = 26.0ns. The decay muon has a kinetic energy

~H

of 4.1 MeV when the pion decays at rest, which is in
general too small for the muon to escape the stopping
counter and be detected in an adjacent couanter. A 4.1

MeV muon can travel approximately 1.6 ma ia the counter
material. The muon decay,[-l-*-)e"-i- Ve-l-;; : haRt

mean lifetime of fF = 2.20#5 . In order to separate
stopped pions from musns in the telescope a signal
corresponding to the pion decay in the stopping counter, 34,
is requived within a 100 ns period following a STOP signal.
This a stopped pion is indicated by the logic coiacidence
signal 3-45 during a 100 ns gate following the STOP signal
which is ‘defined to bé an "EVENT". . The anticoin-
cidence signals on counters 33 and 85 eliminate other parc-
icles traversing the telescope after the STOP signal. The
probability that a pion will be detected within this 100 ns
gate 1is ‘.", and will be discussed in section 3.2.

Fig.2.2 and Vig.2.3 are examples of histograms from a
STOPS and an EVENTS run respectively. Fig.2.4 and Fig.2.5
are projections of these histograms onko the time of flight
and energy loss axes for the same two runs.

Negative pions undergo atomic capture at a rate much
higher than their decay rate, hencs they could not be ident-
ified by the method described above and negative pion prod-

action cross seccions could not be calculated.
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Fig.2.2 Two dimensional histogram from a STOPS run.
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Fig.2.4 One dimensional histograms of enérgy loss in
counter S, and Time of Flight between counters

S, and 823for a STOPS run.
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2.2 Counter Telescopes and Electronics

The experiment was performed at the proton target
and scattering stand,PT1 , in the external proton line
IVb at TRIUMF, as shown in Fig.2.6.

The range telescope consisted of five NE1O21 plastic
scintillators coupled with lucite light pipes to pioto-

(3

-,
multiplier tubes™. Counter S, was positioned as close as

1
possible to the target. Tne remainder 2f the telescope

was positioned at the back of a mobile boom giving a
reasonable time of flight distance between S1 and 82.

The area of counter S1 was xept small in order that the
counter should not become saturated. Saturation of counters
occurs when particles are arriving at such a rates that

the signals overlap or that sufficien’ current to amplify the
signals in the photomultipiisr cannot be supplied. The

areas of counters 83, SH’ and 35 were chosen such that all
particles passing through the telescope could not miss
counter 85 giving a false STOP signal. The solid angle of
the telescope was set by counter 82. For some measurements
it was advantageous ( ses section 4.1) to replace counter S,
with a smaller area counter, which has besn labelled counter
"X ", to reduce the solid angle of the telescope. The dimen-

sion of this counter and the other telescove dimensions

1. Manufactured by Nuclear Enterprises

2. Manufactured by RCA, tube model 8575
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. Fig.2.6 Diagram of the external proton line IVb at TRIUMF
showing position of one of the U.of A.remote
controlled boom,proton beam monitor location, )
monitor telescope, and helium ionization chambar.
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are given in Table 2.2.

A remote control device was built to change the amount
of copper degrader in the telescops. The dimensions of
degraders available and the corresponding range in energy
of particles stopped in the telescope is given in Table 2.3.
Ths position of degraders DA’ DB and DC are shown in Fig.2.1.
These energies were calculated using range enexrgy tables
(Barkas and Berger 1954). Fig.2.7 is a schematic diagram »f
the degrader transport.

A schematic diagram of the electronics used with the
range telescope is showa in Fig.2.8.

The time of flight measuremen', was done with a Time
to Amplitude Converter’(TAC)1'utilizing S, as a start
signal and a delayed 31 as the stop signal. The TAC'output
was digitized2 and stored as one variable of a two dim-
sional histogram in a two dimensional pulse height
analyzer.3 The S3 signal was split into two parts. One
part was utilized in the digital logic to determine if
there was a stopped particle, and the other part fed through
a linear gate and stretcher and thence to an Analong Lo Digital
Converter (ADC)2 to be used as the second variable of the
two dimensional histogram 1a the pulse height analyzer. An
EVENT was recorded if a 345 wa3s observed duriag a 100 ns

gate which was generated 22 ns after the end of the

1. Ortec model 437A TAC
2. Nueclear Data model GEN II ADC
3. DNueclear Data model 2400



TABLE 2.2
RANGE TELESCOPE DIMENSIONS

COUNTER DIMENSIONS

counter S
S, 8.86

3.80cm*3.80cmx0.32cm
886 032

Sz 15.2 15.2 1.27

S, 1.4 114
Ss 1270327
"X" 254 254

0.63
0.63
0.32

COUNTER SPACING

target to S, 64.7cm
S, toS, 186.
S, toS3 13.0
83 to 34 443
S4 toSg 1.27
S; to "X" 167.2

..+(L—



TABLE 2.3

COPPER DEGRADER DIMENSIONS AND CORRESPONDIN G
ENERGY BITES

DEGRADER DEGRADER DEGRADER STOPPED w ENERGY STOPPED w ENERGY

Dp Cu Dg Cu D¢ Cu ENERGY BITE ENERGY BITE
(cm) (cm) (cm) -not including target-  -with 0189 g/cmi© C -
(MeV) " (Me V) (MeV) (MeV)
no degraders 21.75 3.65 2269 354
0.32 31.26 297 32.00 2.93
0.95 0.32 52 8I 224 53.35 2.22
222 0.32 75.68 1.88 76.13 1.8 8

2.22 1.59 0.32 101.24 1.72 101.65 .72

"SL"
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' Fig. 2}7 Schematic diagram of the covper 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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STOP pulse.

The monitor telescope consisted of three plastic
scintillation counters permanently positioned to detect
scattered particles from a thin aluminum Zoil at monitor
location 4BM6 shown in Fig.2.6. A diagram of the monitor
telescope is given in Fig.2.9. A 1.25 cm copoer absorver
between counfter M2 and counter M3 improvaed the definition
of a logic moanitor pulse, |23 , Dy setting a lower 1limit
for energy of scattered particles. The dimensions of the

monitor counters are presented in Table 2.%. A schematic

o

diagram >f the electronics for the monitor telescope is
~s

LU
given in Fig.2.10. The symbol 1 means a delaysd counter

M1 signal.

2.3 Data Acquisition System

Each expsrimental run consistad of a mezasarement for

a particular iacident proton energy, pion production angle,
pion energy, and target. A CAMAC1 data acquisition system
using a NOVA 1220 m'j.nicorrlp'l.l’t,er"2 was3 used to record the data
during each run. Single counter rates, numbers of STOPS and
EVENTS, monitor telsscope counhs and random counts, ion cham-
ber current integration couats, and livetime were rscorded

in the computer for each run. In addition bto this information

experiment parametsrs {or sach run, such as target thick-

1. Modular Instrumentation System,U.S.AEC Report TID-25875

2. Data General Corporation
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Fig. 2.9 Schematic diagram of the three element monitor
telescope showing scattering foil, counters and
copper degrader.

_6L_



TABLE 2.4
DIMENSIONS OF THE MONITOR COUNTERS

COUNTER M 2.54 cmx254 cmx0.32cm

I
COUNTER M2 S5.07cm x5.07cm*0.32cm

COUNTER | M3 12.5cm *12.5¢cm *0.64cm

-OZ—
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ness, and material, stopped pion ensrgy, incident proton
energy, monitor calibration, and pion production angle,
were read in%o the computer for a preliminary analysis at
the end of each run. A listing and guide to the data
acquisition computer program is given in Appendix A.

The analogue information in the two dimensional
hisfograms stored in the two dimensional pulse height
analyzer was transferred to magnetic tape at the complet-

ion of each run.

2.4 Beam Monitoringz

The three element monitor telescope has been described
in section 2.2. Calibration of the monitor telescope is
discussed in section 2.5.

In order to demonstrate that this monitoring scheme was
linear over a wide range of incident proton beam intensities,
a series of measurements of monitor count rate was made.
This count rate was compared <o the rate measured with a
helium ionization chamber (Stetz 1975) located in the proton
beam about 1 m downstream of the monitors. Measurements by
the University of Alberta group indicated that the ion
chamber was linear over the range of currents used during
this test. The statistical uncertainty due the numbders of
counts in each run was typically 1.5% and the standard
deviation in random corrected monitor counts was anly 0.674.
Ion chamber counts were recorded throughout thzs experiment

and provided a check on all monitor calibrations.
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During a 100 us period following a STOP pulse the
discriminators of the monitor couanters were sahut off so
that no monitor counts would be recorded wnile the range

telascope was inactive.

2.5 Calibration of the Monitor Telescove

The monitor telescope was calibrated absolutely by
an activation techniquzs. Carbon targets with areal density
0.34% g/cm2 or 0.858 g/cm2 were activated for a short time
with a beam intensity about the same range as that used
throughout the experiment. The activated folls werz placed
betwean two aluminum foils so that positrons from the decay
“C (B*)“B would promptly annihilate. The foils were
placed adjacent to a Nal scintillation counter wiich was
used to observe the 0.51 MeV annihilation gamma rays.
Repeated 200 second pulse height spectra were recorded on
tape for several hours after the activation. The number
of incident protons was calculated from the known|ZC(p'pn)“C
cross sections and the number of 11C nuclei produced which
was calculated from the number of annihilation gamma rays -
observed. Fig.2.11 is a graph of 11C production cross
sections ( Cumming 1963 ). Details of the calculation are
given Appendix B.

In order to check the mothod of recording pulse height

spectra and bdackground subtraction in the ASPEC compater
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code, the areas of the 0.51 eV gamna peaks for a series
of spectra have been plotted agaiinst time in Fig.2.12.
From the slope of this curves ths half life for 'C(B )"B
was calculated to be (20.3%0.])min. ,in exzcllent .
agreement with (20Q.39 20.06) min. (Ajzenberg-Selove
1968) . |

The efficiancy of the Nal crystal was found by
measuring the 0.51 42V gamma ray produced by the decay

22Na source1 in the reaction

positrons from a calibrated
.ngQ (B“)aaNe with the source in the same position
és the activated carbon foils. Table 2.5 is a summary
of the Nal crystal efficiency measuruments. N(t) is the
activity of the calidrateid 22Ha source corrected for the
date»qf each measuremen’ using a halfli’e for the decay
of T’/). =2.602 Yr. (daspach 1965). The product of

efficicency and solid aagle £or the Nal counter is given by:

(051 MeV ‘
8 eV y count rate)

EC+ﬁJNH)

where the activity at time t, N{t), h2s been multiplied by a
factor to correct for the decay hy electron capture. The
average ratio of electron capture decays to positron decays
is 0.1044 ( Williams 1964, Leutz 1964, Vereshchagin 1968).

1.New 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 gamme ray peak,with background
subtraction, as a funztion of the time of
each observation.



TABLE 2.5

SUMMARY of Nal CRYSTAL EFFICIENCY MEASUREMENTS

MEASUREMENT DATE 22Nq SOURCE 0.51MeV 0 .51 MeV e
I DENTITY ACTIVITY N(f) y RAY y RAY | g
(yrs) (10%cts/s) COUNTS COUNT RATE (10 sr)

calibration 1973.70 466
TRX2 1975.29  3.05 8514 425.7 0.771
TRXS 1975.30 3.05 41640 416 .4 0.757
TRX9 1975.52 287 394004 394.0 0.758
TRXI0a 1975.54 2.86 - 394531 394.5 0.765
TRXIOb 1975.54 2.86 393286 393.3 0.762
TRXI0¢ 1975.54 2.86 392304 392 3 0.760
TRXII 1975.56 2.84 77990 389.7 0.758
TRX14 1975.71 2.73 73814 369.1 0.747
TRXI6 1975.72 2.73 75371 376.9 0.763

"'Z:Z"
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The ratio of beta decays to total decays is:
-+
B™ . 1000 . 5905
EC+B%  0.1044+1.000

Table 2.6 is a summary of the activation measurements
nerformed during the experiment. Ths monitor counters
after April used improved photomultiplier tubes for higher
rates. Other variations in the monitor calibrations reflect
small changes 1n monitor geome:sry between runs.

For those runs when the ion chamber was available, an
ion chamber current gain was calculated for comparison
with p-p scattering measurements made by Kitching et al
(1975). Tne calculated gains were in good agreement and
provided an indspendenf check on the absolute beam monitoring

calibration.



TABLE 26
SUMMARY OF ACTIVATIONS FOR MONITOR CALIBRATIONS

ACTIVATION PROTON PROTON MONITOR PROTONS PER
IDENTIFICATION ENERGY CURRENT RATE MONITOR COUNT
(MeV) (1010p/5) (cts/s)

TRLY (22/3/75) 500 3.94 4.63 -101 8.51-10°
TRX6 (24/4/75) 500 298 3.31-104 9.00-10
TRX7 (4/7/75) S5S00 4.12 6.12-10° 6.73-10%
TRX 9 (1/7/75) 500 2.56 3.90-103 6.56-10©
TRXII (26/7/75) 500 2.76 3.98-103 6.94-10°
TRX2 (15/4/75) 450 145 1.55-104 9.55 |o-'>
TRX I8 ( 2/10/75) 450 249 3.26-10% 7.63-106
TRX 16 (18/9/75) 400 142 1.40-103 10.2 -106

"68"'
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CHAPTER 3
CALCULATION OF CROSS SECTIONS

3.1 Differential Cross Sections

The cross sections were palﬁalated usinb the equation:

d%r Nfor
= , (3.1)
- dTwdf) .(N,..,/cos a) Npf) AT $%4 €a fairm

where f’d1r is>tha number of events detected by the range
telescope. These are siaply the stopped particles with

a pion decay detected. firds the correction for‘proton
contamination as found from the two dimensional histo-
grams. This correction eliminates false EVENT signals
generated by a stopped proton and a pion which had
previously stopped but took longsr than 100 ns To decay.

'ut is the nunabar of target afoms per unit area. Tablzs 3.1
contains a 1list of P@f for the targets used in *“he experiment.
Q is the target angle as showa ia Fiz.3.1. Np is the
number of protons incident on the target as determined

by the product of the number of monitor counts for that

run and the monitor calibration for that series of runs.

&z is the geomatrical solid angle of the pion rangs
telascope. The solid angle was determined by the countar
in the 32 position. The normal telescope had a solid angle
of-(|~25 ’_'O Ol)msr. and the tsloscope with the "X"
countar had a solid angle of (.19 20.01)-10” msr.
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TABLE 3.
TARGET PARAMETERS

IDENTIFICATION AREAL DENSITY
OF TARGET Nt

(mnemonic) (g/cm?)  (atoms/ub)

U.ofA.Carbon (UACA) 020  1.0I-10°®
UVIC Carbon (UVCA) 0.378 1.91-107®
UVIC Cu"A" (VCUA) 0591 561107

UVIC Cu"THIN"(THCU) 0.49 1.43:107°
UotA.CH, (UACH)  0.189 814-107°
UVIC CH, (UVCH)  0.147 6.32:10°

all target areas = 5x5cm°



PROTON BEAM

Fig. 3.1 Orientation of target showing definition of
: target angle.
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as given by the Monbtes Carlo progran REVMOC (Kitching

1971) winich included the effect of pions originating
throughout the target. ZS]H? is the snergy acceptance

of the pion range tslsscope as discussed in section 2.2.

,eﬁf is the pion datection efficiency which is simply

ratio of pions detectad to the nunmder of plons stopped

in counte Sh' GO is the probability that a pion will 7ot
suffer nuclear ansoTPL tion or inelastic scattering in
traversing the telascope. ‘Gel is the propability that a
pion will not bs 15st becaﬁsa of nuclear elastic scattering.
6"1 is the probability that a pion will not be lost becauss
of multipls Coulond szatbariag. d is ths probability
that a pion will not decay ia the telzscope befors it stops
in counter S%. The estimation of the efficiency factors

€ﬂ- throug J.Gnn are discusssd in the following sections.
3.2 Pion Detection Efficisncy

The probability that a pion will decay duriag a
(IOO £]) nS period beginniag (22.0 £0.5)ns after
stoppiag in counter Sh is given by:

122 | ‘
r= ) exelt/Ta) dt . (o 4120.00)

220t5 7

-

The pion lifetime is 1'77 =2603!002 ns (Chaloupka
1974) . The probability taat muon will decay in the saae

€
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given by:
122}1
€ = expl-t/7,) dt _g g

22085 K

The muon lifetiue 1is 'L'l_é'-' 2199.4 ns (Particle Data
Groun 197%). If all the mions waich could decay within the
gate were cownted as an EVENT a corrsction would be re-
quired, nowever there is a mach larger amount of kinetic
enargy avallable to the 2lscirons from muon decay than
to the muons from pion decay, hence the majority of the
muon dscays ars vetoed by lae 3 ﬁ.b requiremant.

Th2 values of G.ﬂ-used was pased on actlal measurs-
ments at SREL and Berkeley (James 1974), which indicated
€4 :O.BQ?JOOI in agreemont with the abpve calculated

probability.

A correction for the number >f pions wnizh decay
in the telascopes dz2fore beiang dstectad as pion evants has
been incladed in the ecross sections. This corrsction was

calculatzd frou:

€0
Sexp (-t/v=)dt
Tor

exp(-T/vy)

Wher° T is given by:

T=Zti+ z's
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The %, are the flight times in the it a4y drict of the

telescope aad are given by:
=i (1-8%)
ﬁgﬁ3

whera 1i is the langtn of the 1 th drift and B is the mean

/2

1

velocity ia that dritt divided by the spsed of 1ight,cz.
The sacond term ia thes sxpression for T is tae stoppiag

time ia the talescope aand tS i35 given by:
2 BSZ dB
c 2
g PU-B%)dTw/dx

whers My is the pion rsst mass, Bs’c and BS?_C are the initial
and final mean velocities in f2lescope element sj p
s Fal

is the density of telescops elsmant s; and dT/dy is
the rate of energy loss per unit araal density for pions
in telescops elomeat s. The tS Tor 2ach %elascope
element was calculated by a Simpsoan’'s rale intagration
with the rangs in ﬁ separated into tweaby parcs.

The values of the pion dsecay correctionedare sumiarized

inPable®3.2:



3.4 Corrections for Nuclsar Effects ln the Telescope

The probability that pions were not detected due to
nuclear inelastic scattering or absorption, and nuclear elastic
scattering ars dZscussed in sections 3.4.1 and 3.4%.2.

The fractinon of stopping pions whiech initially had too

a

- )

high an easrgy Lo stop ia coanbter 95, bu' which interacted
inelastically in the material in fronb of countar 84
resalting i1 a false EVENT was considered 4o bz insiz-

aificant for thls geomstry of telescope (James 1975).

3.4%.1 Nuelear Absonniion and Inelastic Scatbering Corrschtions

———l - e

€q 1is the probability that a pinn was not debacted

due to the effects of nuelz2ar absorption or nucl2ar in-

elastic scattaring. This probability is givean by:

€g=exp( _Ne S % 4T )
o>

where No 1s Avogadro's Number, A is the atomic weight of

-

the material,Og 1is the total reaction cross ssction for
nuclear absornvion and inela

stic seattering, and AT/7dX

is the rate of 2nergy loss per unit arzal density for ploas.

The integration was perforasi nunerically usiag Simpson's
nethod with the integral brokea into btweaby parts. The values

of‘a_"d and dT/ dx wera sbtored in the integration prograu

as a2 funetion »f T and tae material. The total reaction
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cross sections were taken from a compilation of available
data in the pion energy range less than 300 MeV ( James
1975). The computed values of €g for each stopped pion

enargy are given in Table 3.2.

3.%.2 Nuclear Elastic Scatterins Corrections

¢e| is the probability that a pion was not detected
due to the effect of nuclear elastic scattering. This
probability is given by:

€g1=1— a(l—¢&g)

where @ 1s the fraction of elastically scattered parti-
cles which miss counter S,+ and GS is the probability
that a pion was not elastically scattered. ‘s was cal-
culated oy the same method as €g using the equation:

x T
O dT/dx

where 8 is the observed ratio of the total nuclear elastic
scattering cross section, 0'e| tod’a : 8 was taken %to be
0.6% 0.1 ( Kessler and Lederman 1954, Dzhelepov et al 1957,
Koltun 1959, and Binon et al 1970 ). For this telescope

geometry @ has been estimated to be 0.2% 0.1 (Jamas 1975).

The computed walues of ‘3 and ‘el are given in Table 3.2
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Soulomh Mulbinls Seabtbering
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As a charged particle travels tahrough the range

T

(J

aope 1t 1is rezpeatedly scattarzd by Lhie Coulomb

(D
Ll

te
fizld o7 each nmuzl=as 15 passes. In this azaner park-

f—l

icles which enter a siagls foll as a narrow, parallsl

hazam emarge withh an angalar distribation and larger disp-
lacements {eow the central trajectory. The compaser zode,
RETMOC (Kitching 1971) is a Monte Carlo prograa which will
track pacticles tarough a system of counters and absorbers
first coasidoring goometrical off2¢s3 aad separately adding
the effact of Couloab scatbering W%Lﬁb distrinhatinns in

- : \ -
angla and displacsmaats zalz2nlated by Molisre (1959).

The probabili nn thab a pinn 1s aobt lost due Lo
Coulomb "mltiple scatteriang is
‘m"Nf/Ni
whers Ni is the numhar of parbticles travelling througa ths

~

talascope within i%s gsomairical Limits
numpes of parbicles wiizh want Ehrough the end of the telas-
cope couater S%, wien milbiple scatbering was calculated.

The valaes »>7€py are givea in Taole 3.2.

In the cross section caleulation , the uncertalatiss
of some of the variables discussad in this chapier are

rzlative, varying from run to ran or between different pion



STOPPED T w DECAY NUCLEAR

ENERGY
(MeV)

22.69

32.00

53.34

76.13

101.65

TABLE 3.2
VALUES OF CORRECTION FACTORS

NUCLEAR ELASTIC COULOMB

CORRECTION ABSORPTION SCATTERING SCATTERING

€d €a €s

Y €m
0.533 0.993 0.996 0.999 0.70l
£0.005 =0 .00 £0.00! +0.00! +0.012
0.606 0980 0.98 8 0.998 0.833
£0.006 £0.002 #0.002 =0.00I +0.015
0.685 0.928 0.956 0.99I 0725
=0.007 =0.007 +0.007 =0.004 0.0I17
0.7 34 0.844 0.903 0.98| 0700
£0.007 =004 =0.015 20.010 +0.014
0772 0.735 0.831 0.966 0.747

=0.008 =0.02! =0.025 =*=0.017 =004

- 6 -
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energies. Othsr uncertainties are absolute and are
comnon 50 all the measurements.
The major relative uncertainties arise from counting

statistics in N.'.and f... which vary between 2 and 5%.
At some forward angle measuremants the values of f,. were
taken from highsr statistics runs with the same production
angle and pion eneegy. The uncertainty in target angle was
$£0.1° and was considered :lnsignificant. The absorber and
counter thicknesses and dimensions were well known hence

uacertainties _nA were considered about 1%, due mainly
the uncartaintics of the range energy 1loss tables and the
lower level bias on the discriminator for counter S’+' The
uncertainties in Gd were estimated to be about 1%, also
due the uncertaintiss In the raang=z enerzy loss calculations
wihich set the iategration limits. The mecertainties 1n Go
and Ge' vary between 1 and 2% for inéreasing pion energy
and are due ths estimated 10% uncertainty inQy . The
uncercainties quoted in€ mare statistical only arising
froi the number of rays in the Monte Carlo program which
were accepted into counter Sh'

The largest absolute uncertainty arises from the monitor

calibration. This 74 uncertainty is dominated by the
estimated 5% uncertainty in “She 1113 production total cross

sections. The measuring uncertainties in N, were approx-

t
imately 0.1% and hence were neglected. The 3% uncertainty
in€q is a result of the measurements of pion detection

efficiency. The uncertainty ia solid angle.ﬂ, is less than
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0.5%. The effect of the slightly distributed source was
checked by comparing the solid angles from The REVMOC
calculation with the geometrical calculation. No signif-

icant difrerences were observed.

3.7.8ample Calculation

The differential zross section for 32.0 MeV positive
pions produced at an angle of 1500, from carbon is calculated
in this section. The incidenf proton energy for this case
was 500 MeV. The histograa for an adjacent STOPS run, shown
in Fig.2.2, gave time of flight and energy loss limlts for
use in the EVENTS run, histogram shown in Fig.2.3, to find

fr = 0990.02 . From the monitor calibration for
that series of runs and the number of monitor counts for

that run, N_ was fouand to be:

p

Np=(9.020.6)10° protons (9.807-10°%)monitor
“ monitor counts counts
= (8.810'¢) protons

The other parameters for this run are listed bzlow.
Nw=538223 ey =0.3920.0l
Nt =(.01£0.01)-10"® atoms/ub
a =20.0t0.)° ¢q = 0.60620.006
 =(1.250.01)-10 3sr
ATx=(2.930.03) MeV
€q =(0.98 £0.01) € = 1.0020.0I
¢y =(0.83:002)



Jsing squatbbn 3.1, the di“fersatial cross saction for

this case is:

__do (7.99%0.76 ) ub/MeV-sr
dTwdQ

The ancertainty quoted iancludes all absolute and relative

uncertainties discussed ia ssction 3.6.
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CHAPTER U4 _

ANALYSIS OF TWO BODY MEASUREMENTS

The moaitor calibration, =nergy bites, and pion
detection efrficiency of the telescops were chacked by
a measurenent of dor/dfl for the reaction p(p,w)D, for
several pion energies for wnizh %the cross section has been
independently estimated using energy dependent fits to
the total cross section. At each of the iacident proton
energies 400,450 and 500 MeV, production angles were selected
winich produaced vions of enerzy lyiag within the enargy
bites of the telescope. The kinematiecs of this calculation
are conslderad 7a section %.1.1. Not all of the stopved pion
energles could be measured at each of the incident proton
energies because of the physical lim’tations »f the scattering
chamber. To ensure that bthe maximum pion yield was being
detected for a particular pion %telescope energy, an angalar
distribution was measursd about the calculated production
angle; This method was used rather than varying the
primary proton snergy ia small steps becaus2 changing the angla
was faster than iner:zmenting btie proton enzrgy. An angalar
distridbution for tne case of pions produced by 450 MeV
protons in the viciaity of 82° has been plotted in Fig.k4.1.
Thnis figure clearly shows a background contribubtion from the
carbon vwinich is present in the CH? targat as well as at

lower angles from the reaction vl ma.
DApP, D
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Fig.4.1 Observed ahg'alar distribution of pions produced
by bombarding a CH2 target with 450 MeV protons.



4.1 Calcul
4.1.1 Two Body Kinematizs and Related Factors .

The Monte Carlo progran REVMOC normally would be used to
model the range telescope. In REVMOC pionns ars assuned
to be created randomly within the target and exit the
target uniformly in all dirzctions with momentum chosen
from within a given raage. In order to specifically model
the telsscope for pions produced in “he reaction P (p,‘ﬂ') D
the REVMOC program was ao7lifisd and renamed REVKIN., The
incident proton bzsam was not assuned to be monoenergetic
and the incident energy for 2ach proton was calzulated on
the baslis of its energy loss up to the randomly chosen poiat
of interactinn in the target. The pion production angles
wara chosen randonly witain a specified rangs, and each
pion_eﬁergy was calculated for the particular proton
energy and pion production angis. A schematic diagram
of tne reaction is showa in Fig.k.2.

The rzlativistic four momantin is conserved:

P+P =P + P (4.1)
D T p! p2

where sz is the four momentum of the proton at rest

in the lab frame. From Eq. 4.1 it is obvious that:

Z =(P + . e
Py R +p -P) (4.2)

and hence a relation bestween the pion production
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Fig.4.2 Schematic diagram of the reaction p(p,7)D
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angle and pion energy, proton energy and the massss of the

particles can be found. In particular:
cos Or =L (M2c*- 2 Mpe? (Tp-Tr +Mpc? - Mrc®)
+2(TpTw +TpMwc®* TeMpc®

~i/2
+MpMwrc*){(Th+2Mpc Tp)
(T2 +2MrTr) > (4.3)

whers

2
p

Equation 4.3 was inverted in REVKIN to give the pion

28,2 | o
M? = M- M - 2M

kinstic enevgy,1ar , 1n terms of the pion piroductinn
angla, G-n- .

The pioa's eaergy loss in the target froa the point
of intsraction oah Lo entry into the telescope was cal-
culated. From this poiant on the program assuned normal
REVMIC modelling and caleculated mailtiple scattering
through to counkar Sh' The prograa also storzd a spectrum
of particlss accepted into counter S , N(p), as a
function of initial pion momentum out of the target. The
use of N(p) in the calculation of the efficiancy of detecting

the pions 1s discaussed din the following szction.

4.1.2 Telascope Efficisncy f£for Pions from p_(l!,"") .

To determine the number of pions which stop 1ia counter

SH’ the number of pions waich f2ll inside the enercgy bits
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including the energy straggle of the beam was calculated.
The energy straggle is simply the fiuctuation in energy
loss for a given path length. The range straggle is the
fluctuation in path length for a given ena7zy loss and for
these 1lnsses the straggle is assumed <o be a gaussian
distribution. If the average incident beam ensrgy, Tb, is
The average stopped pion ensrgy,Tee , as shown in Fig.4.3,

the efficiency off the telescope is given by:

(Tb*AT/2)/os
a = j D(y) dy (4.4)
(Tp~ AT/2)/os

where ¢(y) = (21r a")-'lz exp(‘yz/Z)

y=T-Tp
O's

‘ns is the root mean square energy straggle,
and AT is the telascope energy bite.
From the definition of the errvor function equation 4.4

may be wrltten:

€ =erf (AT/(2-2"2))

If the average beam energy is different from the mean

telascope stopved pion energy, the telesscope's energy bite is no
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Fig.4.3 Curves which approximately represent the distributions
of pions in energy when: (upver curve) the average
incident beam snergy T, equals the average stopped
pion energy, Tyj; and (Pover curve) when T # Ty
ATﬂis the Energy bite of the Telescope.
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longsr syaneiric aboul Lne bzam 2n2m3y, Ty AS show:l ia

Tig.4. 3. Ia tats zase the afficisacy of the bLHalascope

is glwen by
T/os Trlos

€(Tw-Tp)= j @(y)dy*‘f D(y) dy
(Tr -AT/2) /g Th/os

(Tr +AT/2 Vs

' f P(y)dy
Tw/os

whers y =(T- Tb) /os

Making tie changa in variablas x=y- Tb yZives:

G(Tw-Tb)= JOC?(x)dx + jq)(x)dx
(Tr=Tp-AT/2V/0g O

(Tr-Th+AT/2) /org
* f @ (x) dx
(Tw-Tp) o
which may be a2¥pressad in Szras of tne error function as:
| (Tr-Tb-AT/2) (T""Tb'AT/Z\

dTv-Tb)=-2_|Tw'Tb'AT/2| erf 2,,205 )

¢ LTrTOMAT/2) o To-TirAT/2)
e lTw'Tb*ATIZI 22 o
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The values »f Cﬁé Ior varionas azan teloscope stopped

pion energles have been calzulatad (Robertson 1976)

and are giran in
The nmmzr »f pions datz2c521 ab a pariicalar pvrod-

N(@) e jN(p)elp)dp (4.5)

In order to calculate a distribution, N (8 ) y 1t was

poss3inlie to perfora a REVKIN caleulation at eash prod-
ucsina aagls and evaluabe Eq.4.5, or equivalently Lo

shift bhe mean hLalascope moasabm Dy auounbs sorrasnoadiag
ts a fixed angle and evaluats Bq.4.3 usiag tie N(p)
ibation froa A siazlo RWYKIN calzalation., A

typical =alzalated distridition i3 showa in Fig.Wh.%. At
the anbl= 9=0 peak correspondiag Lo the maxiaun

in the distridbutiirn, She afficleney »7 detacting the

N(B, gqx) 7 N (P)

wier2 tae suam ovae N{(n) for e monsas dlsfri."'

=
)

-
S
—
O
=
Pl
"

particles which are accaviad “nko the aounts Sh in-

2ladiag the offects of Coulnmd mualtiple scatheriag. The

caicinlated valaes of G} corresponding to each rin ara

=
j—ie

1stad in Table “%.2. The wvalue of ‘r was a0t 2risieally

1apeadant 1pon o's . Tor a 1% -deriation 12 0'8 ther2 was

approxinasely a 0.5% changs in er . »23flecting %he fact that

\J
'-l-
N
C
¢t
&
@
Ul
B
&
(V

Dite of the teleszope and taz pion ensrgy beam soread.

order >f magaitnds as She energy



TABLE 4.|
RM.S. ENERGY AND MOMENTUM STRAGGLE

MEAN STOPPED ROOT MEAN SQUARE MEAN STOPPED ROOT MEAN SQUARE

PION ENERGY ENERGY STRAGGLE PION MOMENTUM
e MOMENTUM STRAGGLE
T (MeV) og  (MeV) P, (MeV/c) o, (Mev/e)

52.0 093 131.0 .35
75.0 1.32 163.0 172
102.0 1.78 197.0 217

(all values of o, calculated
for copper )

_ZS_
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Fig.4.4 Calculated angular distribution of pions produced
by 450 MeV protoas in the reaction p{p,y)D.



TABLE 4.2
PION DETECTION EFFICIENCIES FROM
THE REACTION p(p,w)D

MEASUREMENT STOPPED PION ENERGY EFFICIENCY

IDENTIFICATION (MeV) €
REVKINO4 52 0.605%0.012
02 52 0.674%0.034
05 75 '0.445%0.045
06 102 0.312+0.034
08 52 0.582%0.012
09 52 0.576 % 0.012

(uncertainties statistical in nature)

_4.(5._
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%.1.3 Calculation of d0/d8srom ths measured dza'/dTrd.Q,

The differential cross section du'/dﬂ was calculated
from the observed distributions by first using equation
3.1 giving the relative yield versus production angle into
the energy bite, ATw , of the telescope and second

evaluating the equation:

doy) = (y-
(d—g),ob- (Y-C)0S ATx

€

where Y is the peakx valus of the observed distribution,
C is the carbon background at the central angle,
[STiris the appropriate energy 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 da'/dﬂ. for each

measurement are given in Table %4.3.

4.2 Phenomenological Differential Cross Sections

The center of mass differential cross sections are

given in terms of the total cross section by

& o (A+cod®0
) cm 41r(A"'-'3-+%) &

do
(dﬂ

4
+
Bcos ecm )
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The angalar 4Lstribation parameSzrs A and B have bson

most r

W

cently found o be (Axen et al 1976):

A=0.3i:004
B=0.03=0.2

The tobtal 2ross 3ectbion has bazan 2xnraszsad as:

o =Al1)+A21’3 +AypS

wners -17 is the ¢

\J

E .
gane

v3

27 mz33 plon momentim in andbs of
m-.- C. The fitting parade’ars, basad on a recenft compilat-

ion of data (Spullar and Measday 1975) ara:

A, =(0.8620.010) mb
A, =(0.93%0.06) mb
A; =(-0.07t0.03)mb

The d4.rferanbial eross sectlon were transforamed to the lab
frame and are vressented in Tavle %.3. Tae qiobed uncort-
ainties in these calculated cross sections have been made
by adding the uncertainties of the fitting coefficients

in quadrature.



TABLE 4.3

DIFFERENTIAL CROSS SECTION do/d) FOR
THE REACTION p(p,7)D

MEASUREMENT STOPPED m PION ANGLE INCIDENT do/d{)
IDENTIFICATION ENERGY PROTON ENERGY (/.L b/sr)
(MeV) O (MeV) EXPERIMENT THEORY
REVKINO 4 52 97.0 500 1272t 43 116 %]2
02 52 96.0 500 120.0267 16212
05 75 78.5 500  127%18 |12l
06 102 640 500 119 |6 107 = 11
08 52 82.0 450 763438 T788%79

09 52 64.0 400 49.9225 46.1*|.|

- JL
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CHAPTZR 3
DIFFERENTIAL CROSS SECTIONS FOR CARBON AND COPPER

e T

L0

5.1 Experimental Results:

The differential cross sections for carbon are

presented in Tables 5.1, 5.2 and 5.3. Graphs of the
differential cross sections against pion energy for
carbon are given in Fig.5.1 with the pion production angle
as a parameter, and in Fig.5.2 with the proton enargy as

a paranmeter.

Bach differential cross section is an average of
all the runs at that proton energy and production angle
throughout the experiment. For exampie the differential
cross section for 53 MeV pions produced at an angle of
100° by 500 MeV protons on carbon, was observed to be:
(10.6% 0.3)F,b/MeV-sr, (10.4% 0.3) job/MeV- sr, (11.28
O.#)be/MeV-sr, and (10.6*()¢D’Lb/MeV-sr during three
difrerent shifts of the experiment. These four wvalues
were averaged to give (10.7% O.2),Lb/MeV-sr. The agree-
ment of these independent measurements is an indication
of the infternal consistancy of the experiunenhal procesdures
used.

The differential cross sechtions for copper are pre-
sented in Tables 5.4 and 5.5. Graphs of the differential
cross 3ections against pion energy for copper are given
in Fig.5.3 with the pioa produstion angle as a paramecter,

ani in Fig.5.4 with ths proton snsrgv as a parameter.



TABLE 5.1

DIFFERENTIAL CROSS SECTIONS FOR PIONS PRODUCED
BY 500 MeV PROTONS INCIDENT ON CARBON

PION ENERGY d%c/dTrdQ  (pub/MeV-sr)
(MeV) 8,7 60° 8,7100°  8.7150°
22.7 6.962022 7.86%0.17
32.0 712¢023  8.91+0I8 8.05%023
53.4 9082029 1071+ 0.18 8.30% 024
76.1 9.4120.26 7.73£0.9 3.834043

1017 8.44+*038 3.91=0.10 1.3820.07

- 65 -



TABLE 3.2

DIFFERENTIAL CROSS SECTIONS FOR PIONS PRODUCED
BY 450 MeV PROTONS INCIDENT ON CARBON

PION ENERGY d%/dTwdQ  (pub/MeV-sr)
(MeV) 8.,=60° 6,7100° 8,.=150°
227 4452016 4.14+0.19 6.62+ 02!
32.0 4.93+0.14 728+ 014  7.27+023
53.4 7.25+0.15 7.33%0.8 5.51£0.17
76.1 6.29£0.2| 4512014 249012

101.7 5.49 £0.17 228+0.10 0.7120.07

- 09 -



TABLE 33

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

PION ENERGY d% /dTr d  (wb/MeV-sr)

(MeV) 8,5+= 60° 8,7100° 8,.+=150°

20.7 4.79% 0.16 4.68+0.17

32.0 36520/l 4 4.7520.2 5.25%0.16
(T,=36.0 MeV)

53.4 5.49%0.18 5.31% 0.16 3.49% 0.2
(Ty=56.4 MeV)

76.1 5.1720.16 3.2820.15 1.46 £0.07

Tr =78.7MeV)
1017 3.600.14 1.29%0.05 0.43:0.04

(Ty=104.0 MeV)
s due extra material in range telescope during these runs

_l_9—



TABLE 5.4

DIFFERENTIAL CROSS SECTIONS FOR PIONS PRODUCED
BY 500 MeV PROTONS INCIDENT ON COPPER

PION ENERGY d®o/dTrdQ  (u b/MeV-sr)
(MeV) 8,. =60° 8,=100° 8,.=150° .
227 17.040.4 215+ 07 20.8206 '
320 215+0.7 26.1£0.6 26709
53. 4 26.0%0.8 29.4%0.7 251+ 08
76.1 21.9%0.7 19.6 0.7 11.0£0.7

101.7 18.10.6 9.9=04 46+0.5



TABLE 3.5

DIFFERENTIAL CROSS SECTIONS FOR PIONS PRODUCED
BY 450 MeV PROTONS INCIDENT ON COPPER

PION ENERGY o ATrdQ (b’ MeV-sr)
(MeV) 9,7 60° §.7100° 8,=150°
227 13.320.6 2.5=0.6 5107
32.0 15.6+0.6 17.6+0.8 20.1:0.9
53.4 16.2% 0.7 18.3£08  I7.7%12
76.] 12.720.6 92+ 0.6 8.1+ 0.9

101.7 10.7%0.6 46%0.5 25%0.4

_Eg_
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Fig.5.1 Differential Cross sections for pions produced

by 400,450 and 500 MeV protons bombarding
Carbon. Theothreeoplots are for pions produced
at angles 60°, 1007, and 150°. Lines on these
and following curves drawa to guide the eye. ol
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Several general trends in the plots of differential

cross sections against pion energy have been observed.

For any particular incident proton energy the differential
cross section peak is observed at lower pina energies for
larger production aangles. For both carbon and copper

these peaks were more pronounced at larger production
angles. For any particular pion production angle the curves
have increasing peak values for increasing incident

proton energies. This trend is better demonstrated 1a
Fig.5.5. In order to specifically iavestigate the pion
production from carbon as a function of incident proton
energy observations of 32 and 53 MeV pions were made at a
single productiosn angle for six proton energies between
400 and 500 MeV. These measurements were taken in a single
nigh* shift utilizing TRIUMF's variable proton energy
capability. The ion chamber, normalized to a 450 MeV
activation, was used as the relative beam monitor for

this series of runs. Also plotted ia Fig.5.5 are the cross

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

5.2 Discussion of Results

The differential cross sections for plons produced
at 60° from this experiment are shown in Fig.5.6 to be
consistant with those of James (1975), and Cochran et al
(1972). The shapes of these curves are similar, with the
magnitude of the cross section increasing with increasing

incident proton energy. These results disagres in magnitude
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with those of Lillethun (1962), which are a factor of
approximately 3.6 too large.

There is also general agresment between the differential
cross sections measured in this expe nt and theoretical
values calculated by Beder (1975). These " classical
absorptive gas model " (Beder and Bendix 1971) calculated
cross sections for carbon and copver are compared with

the present experimental results in Fig.5.7 to Fig.5.12.
Typically the calculated difrferential cross sections have
peak magnitudes within 204 of the measured values. In the
cases of pions produced at 60° from 500 MeV incident
protons and pions produced at 60° from 450 MeV incident
protons the measured cross sections had peak values at
lower pion energies than the calculated values. The only
free parameter of this model is the normalization of the
free NN-»NNar matrix element which was £it to available

pp -+ pan’ data.

Unfortunately it i

o

possible to calculate total

V)]
1

-
cross sections with only the results of this expsrimeant.
It has been shown, notably by Hirt et al (1969) at other
proton energiss, that a significant fraction of pions are
produced at forward angles hencs an integration ovar solid

angle must include data from that region.
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results.’
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Fig: 5.8 Present experimental difgerential cross sections

for pions produced at 150° by bombarding carbon
and copper with 450 MeV protons compared with
calculated results.
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Fig. 5.11 Present experimental dgfferential cross sections
for pions produced at 60~ by bombarding carbon
and copper with 500 MeV protons compared with

" calculated results.
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' CHAPTER 4
SUMUIARY AND CONCLUSTIONS

Positive pion production cross sections have been
measured for low energy pions {( 20 - 100 MeV ) from
proton bombardment of carbon and copper. Thesse measure-
ments have been made for incident proton snergies between
400 and 500 MeV at angles of 60°,100° and 150° between
the pion and incident proton directions. As proton
energy increases from 400 to 700 MeV the differential
cross sections increase monotonically. Previous results
(Lillethun 1962) at 450 MeV should be renormalized by a
factor of approximately 0.3. After this renormalization,
the forward angle data could be combined with the present

data and a total cross section calculated by iantegration
or d2a/dTrd ).

Comparison of the results with calculations from the
classical absorptive gas model is quite favorable, with
the exception of pions produced at 60° by 500 MeV protons

and at 60° by 450 MeV protons.
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APPENDTL A

DATA ACQUISITION PROGRAM

The data acqulstion program sarved to record all
the sxparimental vdaramataers at the start of 2ach »an and
o read and cl2ar the inforuation recorlal in CAMAS
scalars. A preliminary calculation of cross section
was performed for each run. The program was written in
TRIUMF BA3SIC (Gurd ©97%) waich i3 the normal BASIC lang-
uage plus a series of asseablar languagzs subroutiaes for
CAMAC operations which ars access2d by s uormal 3A5IC
CAL{, statemznt., A simplified flow chart for the prograa
is given in Fig.A.1. A copy of the program s reproduced
on the followiag bSarze pages.

From statements 7 to 960 i3 the conbtrol section of the

progeaa. In an inkeractive mode ths aser types in infor-

r

@matioa sasn a8 ran identification, %argest paradebars, nroton

[~

and pinn energies and pion production angle. Once directad
to do so in the control section, the program rsad all

the information in the CAMAC units by executing statements
1100 to 1210. The user would then decide to exscute state-
meats 2000 to 3099, calculating a preliminary cross section
and obtaining hard copy of all CAMAC information, or to
exezate sbtabtamants 5000 to 9012 which would clsar all CAMAC

units in preparatioan for the next rin.
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Fig.A.l FLOWCHART FOR DATA
ACQUISITION PROGRAM
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CALCULATTION OF INCIDOENT PROTON TJTINSITY

2 T 5
“C{p,pa) s activation t2 chniqie has bHaon

sumnarized by James (1975), who demonstrated that the
’
number o7 provons liacident on a T foil ia bombardiag Hins

v ®@

To is given by:
1= R A To T (B.1)
2ef)l po |-exp(Nlo) I-exp(-AT)

“'1

T b
wherzs R is the ' C decay rate measurad as Lims T,
GSZ is the efficiency and solid angle product
discussed in ssction 2.5,

X,is the iaverse of the mean lifetimz »f the

Mg decay,

> % "2 b
P is the number »f '“C nuelai ‘per anit area of the
targas,
¥ B 2 11~
and @ is the “(p,pA) C activatioa cross sectinn (ZSummiaz

1963)

The ASPAEI (Jlin 1975) prograa is a gensral ubtility
progran for utilizing data sitored on magnetic tape by the
pulsa height analyzer. This progean was used to raad tae
110 decay snectra and calenlabe the incident proton flux

1escribed below.

O]

nsing the subronatine INTAN which 1

"or a Typical aztivation up Lo ninaty 200 second

<

1 e,

spaztra wers recordasd. Wor esach spectrin She p

3
%
L]

ograil
wouldl racord the numbar of counts in the 0.51 MeV gammsa

peak per unit time (ARSAV), and the time at which the
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spectrum was recorded with raspect to the beginniig of
the boudardaeat (T). The prograa requirad values of
)Y ’TO’G-Q: p 2d g £or sach ealealation. From Tig.2.11,
the values »f @ are 30.8% 1.5 mb, 31.7%81,.5mb, ani
32.521.5 mb for nroton enerzies 500,450 2nd 400 Me7
respactively.

For bombardiing btimes lass than five minatas, 2quation

3.1 has been written:

BEAM=1= R _| exp (AMT-To)) (B.2)
T 2efl po  I—exp(=ATo)

In the subroutine INTIN, the progeram evaluated squabtion B.2

for =zach of a usaer specified sories of spectra and averaged
them for a final wvalus. The saries of spactra were chosan
which involved intensitiss of decays »f the san2 azgaltade
a3 %he intanslby »f 22Na decays waica wars us2d Lo determine
).

A simplified flowchart of INTEN is given in Fig.B.1 and

a copy of the program is presented on the fallowlag page.
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(T ,To,
e
(IRI, IR2
Yven ] loopil=inking oo
| g\eion T Ce.gz;(TT‘ AR=CT:
erween £ :
; |
|, AR
|
ASUfi=
L 5 ) -~
BEAM EAM= | ,ES mop-
lASUM/Cs[]1 et TeA)
Rl 7=

FIG.B.I FLOWCHART FOR ROUTINE
INTEN .
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INTEN
SUBROUTINE INTEN
CIOMMCN /SAVAR/ IRUNSITIME,FTIME(200),ARSAV(200),AERSAV(2G0)
ASUM=0
AVAR=0

REAC(5.2) TAU, TC.TS'SIGNA ATNC +EPST
7 FORMAT(' MEAN LIFE. "3E16e4,' ACTIVATION CRCSS SECTION ",El4e4/
1* TARGET DENSITY '0514040' DETECTOR EFFICIENCY®*,El14¢4/
2' LFNGTH 7TF BCMBARCMENT '"3FlCe2+*'START COF COUNTING *,F10e2)
2 FORMAT(€6S10e2)
WRITE{(6+7) TAUSIGNA,ATNOLWEPST,,TO,TS
WRITE (€.5)
S FORYMAT (" RUN ®, AREA L ERROR *)
1CC READ(S,1
1 FORMAT(2
IF (IR}
[F(foMP
t

CT=':'XD((T
AR=CT*ARSA
ARE=CT=%AERS
WRITE(645)
FORMAT{IS,2E
CS=1e/AERSAV(I)* *2

ASULVM=ASUM+CTACS*ARSAV(1I)

AVAR=AVAR+CS

AAV=ASUM/ AVAR

AER=5QT(1e 7/AVAR)

WRITFE (64+32) AAV,AER

FORMAT (' MEAN ARKA =',F1Se4,' +=',F1544)

CS= GIGMA*ATND*(l-=XP(—T0/TAU) )

CS=CS*2¥EPS I

BEAM=AAV/CS
sBMER=AER/CS

BEAVN=REAMX] ¢ 602E~-10

VWRITF(6+,4) REAMBNER,BEAMN
4 FORMAT (" BEAM INTENSITY =% Fl4e48, "+=",51404," PROTONS/SEC =%,

>

on
a0

o0

(]

1 F10e3,° NA')
GO TC 100
END
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