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ABSTRACT 

The transmission method was used to measure the ni 

p total cross sections from 420 to 900 MeV/c to a 

statistical accuracy of .5 per cent. The work was per

formed at the UCLRL Bevatron using an unseparated pion beam 

and a liquid hydrogen target. 

The rr+ p total cross section was found to be free 

of structure in the area investigated and agreed well with 

previous data. The TT~ p total cross section exhibited only 

the expected N(1512) resonance. A qualitative mechanism is 

presented to explain systematic differences between these 

data and those of Carter et al. 

viii 



CHAPTER 1 

INTRODUCTION 

The measurement of total cross sections has proved 

to be an extremely fruitful technique in high energy physics. 

Statistical and systematic errors can be reduced to a 

fraction of a per cent, allowing extremely small structure 

in the total cross section versus momentum curves to be 

resolved. Production of resonant particle states account 

for most of the structure and, in fact, many of the known 

resonances were first found this way. 

As early as 1952 studies by H. L. Anderson et al. 

(1) indicated the presence of the A (1236) at about 304 MeV 

laboratory momentum. A primitive version of the present 

transmission technique was used, employing two liquid 

scintillation detectors having radii of 3" and 4". This 

work was extended over the next five years by Lindenbaum and 

Yuan (2, 3, 4) who completely mapped this low momentum 

region and considerably refined the parameters of that 3/2, 

3/2 resonance. In the region above that, Cool, Piccioni, 

and Clark (5) in 1956 reported a maxiumum in the TT" -p 

total cross section data about about 1030 MeV/c. Further 

total cross section work at Berkeley (6) in 1960 and Saclay 

(7) in 1959 resolved this into two peaks, one at about 600 

1 



MeV and the other at about 1030 MeV/c. Devlin, Moyer, and 

Perez-Mendez (8) found a maximum in the n+ data at 1470 Mey/c 

and a shoulder at about 9 30 MeV/c. This experiment also 

fixed the two TT~ -p peaks at 720 + 15 MeV/c and 1030 + MeV/c. 

Essentially, Devlin used the same transmission techniques 

as the present experiment. 

In the past five years, other experiments performed 

by Bizard et al. (9) and Carter et al. (10) have refined the 

above but have added no new structure in this intermediate 

energy region. However, as time passes, techniques improve, 

and it is hoped that- additional information may come to 

light. For this reason the pion-nucleon total cross 

sections were measured by the Arizona High Energy Group (11) 

on the last day of a kaon-nucleon total cross section experi

ment. The momentum range was .36 GeV/c to .72 GeV/c, the 

same as that for the main experiment. Analysis showed 

evidence of structure in the vicinity of 1430 MeV center of 

mass energy in the TT" -p system. Unfortunately, by the time 

this was found it was too late to check the results. Thus, 

the purpose of this experiment was to re-examine the TT^ -p 

total cross section in this region to check the previous 

result. In addition, the published low momenta total cross 

sections were measured a number of years ago and it was 

possible using present techniques to improve these measure

ments. 



Data was taken at 25 points in the momentum interval 

from 415 MeV/c to 870 MeV/c over a period of approximately 

a month. The work was done in conjunction with The 

University of Arizona High Energy Group at the Bevatron 

of the Lawrence Radiation Laboratory in Berkeley, California. 

This project was run concurrently v;ith a 180°, TT* -p 

backward scattering experiment (12) done also by the Arizona 

Group. 



CHAPTER 2 

THE BEAM 

The experiment was conducted with a moderate 

intensity unseparated pion beam. Approximately 5 x 10"^ 

protons per pulse, having an energy of 6 GeV, collided with 

the production target. This was a 1/4" x 1/4" x 5" copper 

bar located at the final focus of the Bevatron's external 

proton beam channel two (EPB2). This, combined with the 

magnet system, produced a pion beam having a momentum bite 

of _+ 0.8 per cent and a solid angle acceptance of 2.4 

millisteradians with a production angle of zero degrees. 

4 
The final result is a pion beam varying from 1.4 x 10 pions 

5 per pulse at low momentum to 4.0 x 10 pions at .high 

momentum. This resulted in total cross section measurements 

with a statistical accuracy of _+ .5 per cent, obtained in 

the order of three weeks of running time on the Bevatron. 

Beam Channel and Target 

The beam and counter layout is shown in Figure 1. 

The secondary particles were focused on the 1" x 1" x 8" 

brass collimator in the field lens Q3 by quadrupole magnets 

Ql and Q2, with a horizontal magnification of 1.0 and a 

vertical magnification of 4.0. The two bending magnets 

X2M7 and Ml resulted in a momentum-dispersion of 2 per cent 



Figure 1. Expe Layout rimental 
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per inch. The beam was refocused on the final transmission 

counters by quadrupole magnets Q4A and Q4B. Bending magnets 

M2 and M3 swept out the debris from the collimator and 

provided momentum recombination. The beam was brought to a 

final focus ten feet downstream from the target at the 

efficiency counter. 

The momentum distribution of the beam entering the 

target is shown in Figure 2. This was generated by TRACTUS 

(13), a Monte Carlo program, originated by the Brown 

University Group. The figure shows a momentum spread of 

+ 0.8 per cent. 

The hydrogen target was supplied by the Lawrence 

Radiation Laboratory. It consisted of two identical mylar 

flasks, 12" long and 6" in diameter, having domed mylar 

windows, 10 mils thick. One of the flasks was fed 

constantly by a hydrogen reservoir over the flask. The 

other was kept empty and used as a dummy. Transmissions 

were measured by subruns alternating between empty and full 

targets. The liquid hydrogen density, after various 

2 
corrections, discussed later, was 0.0707 + .0002 g/cm . The 

atmospheric pressure and flask pressure were monitored 

throughout the experiment to determine variations in 

hydrogen density. The effective length of the target, 

determined by consideration of beam profile and physical 

dimensions, was found to be 30.25 + .08 cm. Detailed 

explanation of this will follow also. 
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Counters 

The beam incident on the target was determined by 

six counters, including four beam defining counters, SI, 

S2, S3, and a guard counter G and two Cerenkov counters, CO 

and CI, functioning essentially as electronic filters to 

isolate pions. The first counter CO, located immediately 

downstream from Q3, acted as a proton filter. This con

sisted of a lucite slab, 2" wide by 1" thick, mounted 

perpendicular to the beam. From the formula for the produc

tion of Cerenkov light, one sees that pions, and lighter 

particles, in the energy range of the experiment produce 

light in the angular range from 44° to 54°. This is greater 

than the angle of total internal reflection which is about 

42°. So light produced from light particles is trapped in 

the lucite and reaches the photomultiplier tube. The 

protons however, having a lower beta for the same momentum, 

produce "light from 0° to 33°, which can escape from the 

lucite. The counter operating in the coincidence mode was 

99 per cent effective in eliminating protons. 

Immediately downstream from CO were SI and S2, two 

1" x 1" x 1/4" scintillation counters of Pilot B, operating 

in coincidence and initially defining the beam. This was 

followed by cT, a threshhold gas Cerenkov counter, operated 

in the anticoincidence mode. This was 57.75 inches from 

dome to dome and was kept at 50 lbs. pressure of CO^ through

out the experiment. This was such.that electrons produced 
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Cerenkov radiation while rauons, pions, and protons did not. 

The pressure curve, illustrated in Figure 3, provided infor

mation from which the muon contamination of the beam could 

be calculated. 

A guard counter, G, having a 3" x 6" central 

opening, was located 228" downstream from SI. The final 

beam telescope counter, S3, was located 384" from SI, 

immediately before the target. So the beam as it left S3 

was at most a 2" x 3" spot. 

Counters T1 through T5 measured beam transmission. 

These were discs of 3/8" and 1/2" thick NE102, having a 

radius of ijri, n = 1,5. This made the relative solid angle 

subtended by each counter at the target vary approximately 

by integers. These counters were mounted on a stand which 

was moved such that the maximum 4-momentum transfer inter

cepted remained constant with changing momentum. For this 

- 2  2  2  
experiment, it was kept at -1.089 x 10 GeV /c for the 

largest transmission counter. Finally, an efficiency 

counter, E, was mounted at the end of this movable track, 

about 10 feet downstream from S3. Table 1 shows counter 

sizes, materials, and photomultiplier tube types. 

Electronics 

The beam telescope electronics produced a "pure" 

pion signal through what was essentially a CO-SI*S2»Cl«G-S3 

coincidence. The incoming SI, S2, and S3 signals were split 
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Table 1. List of Counters 

Counter Type Material Size P. M. Tube 

CO Cerenkov Lucite 2" x 12" x 1" RCA 8575 

SI Scintillator Pilot B 1" x 1" x 1/4" RCA 8575 

S2 Scintillator Pilot B 1" x 1" x 1/4" RCA 8575 

Cl Cerenkov CO2 gas 65" x 8" diam. 2-RCA 4522 

G Scintillator NE102 3" x 6" x 1/2" hole 
in 10" diam. circle 

2-RCA 7746 

S3 Scintillator NE102 2" x 3" x 1/8" RCA 8575 

T1 Scintillator NE102 7" radius x 3/8" RCA 8575 

T2 Scintillator NE102 7 J2" rad. x 3/8" Amperex XP1040 

T3 Scintillator NE102 7 */3" rad. x 1/2" Amperex XP1040 

T4 Scintillator NE102 . 7 JA" rad. x 1/2" Amperex XP1040 

T5 Scintillator NE102 7 J5" rad. x 1/2" Amperex XP1040 

E Scintillator NE102 3" x 4" x 1/8" RCA 8575 



several ways. The SI and S3 signals were divided into 

"fast" and "slow" signals. The "fast" signal was produced 

by a discriminator triggered at a low level and set to 

produce a very short pulse of about 3 ns. This signal was 

used for timing. The "slow" signal had a higher discrimina

tion level and longer output signal and was used for doubles 

elimination and noise filtering. Particles within 20 nano

seconds of another particle would cause counting errors due 

to dead time effects. These doubles were eliminated as 

follows. From the SI and S2 "slow" discriminator, 3 nano

second pulses were fed into a Chronetics 152 coincidence 

unit. Then the overlap output which was also about three 

nanoseconds and the regular output which had been extended 

to 20 nanoseconds through the use of clipping cables, were 

fed to a second coincidence unit. The short pulse was 

delayed such that it fell 1 ns. behind the 20 ns. pulse. 

Thus, if particles were separated by more than 20 ns., no 

signal will be seen. However, if the particles are closer 

than that time interval, the long signal would be updated. 

This would put it into coincidence with the overlap signal, 

ultimately eliminating both pion signals via an anti

coincidence mode. Figure 4 shows this pulse response. The 

S1-S2 doubles signal went to an OR gate along with the dE/dX 

doubles signal. 

The SI dE/dX and Se dE/dX discriminators were set 

such that they were on the forward edge of the discriminator 
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curve plateau for normal particles and then a 2X attenuator 

was inserted into the line. Thus, two pulses coming in 

virtually together would trigger the discriminators while a 

single pulse would not. The two dE/dX signals were fed to a 

Chronetics 157 coincidence unit. A 40 nanosecond signal 

from the 157 went to the OR gate where it was combined with 

the S1»S2 do-ubles signal. This was used to anti the Clean 

12 coincidence. The Clean 12 unit received a 3 nano.second 

timing pulse from SI fast, a 7 nanosecond S1-S2 signal and 

the doubles circuit signal, through the OR, in the anti

coincidence channel. A similar arrangement was used for the 

S3 signal. The only difference was that the S3 lacked the 

dE/dX filter. The signals from Clean 12 went to a 152 

Chronetics coincidence unit, designated S in the diagram. 

Finally, the pion signal was produced from the S-Sl fast-

C0»CI coincidence. Since these signals were set to arrive 

in time for a particular momentum, further rejection of 

protons and electrons was possible. Particles, travelling 

slower or faster than a pion of the same momentum, would 

arrive sufficiently out of time so that the circuit would 

not be triggered and the event not recorded. The total 

effect of the circuit is to produce a pion signal having a 

rejection ratio due to fast timing of 50 to 1 for electrons 

and 100 to 1 for protons. This pion telescope is illustrated 

in Figure 5. Figure 6 shows the transmission counter 

electronics. 
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The signals from the transmission counters were set 

such that all five signals arrived in time at 164 

discriminators having a 20 nanosecond output pulse. These 

were fed in pairs into 170A coincidence units. Since the 

counters increase in size, the T12 coincidence was essen

tially the T1 signal, since it is the smaller counter. The 

T23 signal was just the T2, and so on. This greatly 

reduced the chance of an accidental in time with a pion at 

the strobed coincidence unit, which in turn reduced ex

traneous counts. All of the 2-fold coincidences and the 

output of T5 went into two strobed coincidence units, one 

of which was strobed by the pion signal and the other of 

which was strobed by a TT-E signal. The outputs of these 

units are fed to scalers. Also an accidentals monitor was 

produced by delaying the T1 signal, one radio frequency 

period of the bevatron and then fed into the sigma total 

strobe. 



CHAPTER 3 

DATA COLLECTION 

The standard transmission counter technique was 

used in this experiment. Each momentum run was divided into 

8 
subruns of 8 x 10 pions, alternating between full and 

empty targets. In this way, any slow systematic deviations 

cancel in the full to empty target ratio. Full to dummy 

subruns were taken in approximately a ratio of 3 to 2 since 

more pions were recorded by the transmission counter 

scalers during empty runs than full. In this way, statis

tical error was the same in both cases, over the course of 

one complete momentum run. The data from the scalers at the 

end of each subrun were printed on paper tape and punched on 

computer cards. The cards were used directly with the 

program, XSECT, to manipulate all of the data. The data 

were processed and reviewed immediatly to insure against 

any inconsistencies. 

The spatial distribution of the beam was measured by 

a remotely controlled finger counter, having a 1/4" cube of 

Pilot B scintillator at the tip of a lucite light pipe. 

These distributions were recorded at a point immediately 

downstream of the target, the closest point physically 

allowable to S3, and at the efficiency counter, E, to check 

beam divergence. Figure 7 shows a 'typical beam distribution 

18 
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at the downstream side of the target (with the target 

empty). This information was used in a computer program, 

which along with the dimensions of the target, produced the 

effective target length. This was found to be 30.25+.08 cm. 

The program divided S3 into small rectangles and weighted 

the target length at the center of each of the areas by 

the fraction of total particles through that area and 

calculated the average. This was found to quite insensitive 

to shifts in the beam profile. In fact, assuming a homo

geneous beam falling on S3 changed the effective length by 

only 0.5 per cent from that given by using the distributions. 

The hydrogen pressure was regularly checked to 

account for density changes in the liquid hydrogen. During 

the course of the experiment the atmospheric pressure at 

Bevatron was quite stable, varying by little more than 0.1 

inch of mercury. By relating the curves available (14) for 

the boiling point of hydrogen versus pressure and the 

temperature of liquid hydrogen versus the density, the 

pressure-density graph shown in Figure 8 can be obtained. 

If the atmospheric pressure changed by 0.1 in., a change of 

approximately 0.3 per cent, this would cause a change of 

only 0.09 per cent in the density. 

The momentum of the beam was checked over the range 

of the experiment by recording time of flight information 

of pions, protons, and deuterons, travelling between SI and 

S3.i The S3 signal was used to start a Time to Amplitude 
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Converter (TAC). The SI signal, after a suitable delay, 

stopped the TAC. A proton, travelling more slowly than a 

pion at the same momentum would stop the TAC at the constant 

delay plus the difference in their flight times. The TAC 

output, displayed on a pulse height analyzer would show two 

peaks, the distance between which would be proportional to 

the difference in times of flight. Figure 9 shows the 

momentum given by this measurement versus the value cal

culated from the published field integral curves for the 

magnets. Also considered was a 5 MeV loss due to travel 

through the matter in the beam path. Because of the finite 

number of pulse height analyzer channels, an error of +.25 

nanoseconds was introduced for each measurement. This 

produced an uncertainty in momentum varying from .7 per cent . 

at .4 GeV/c to 6 per cent at .9 GeV/c. 

A TT -carbon total cross section was measured over a 

variety of energies as a check on the electronic circuitry. 

Because of the Fermi motion of the nucleons, this cross section 

should be smooth. Any deviation from this would indicate 

systematic errors introduced by the equipment. The ~ 

-carbon total cross section is shown in Figure 10 and 

demonstrates the expected behavior, since it should more or 

less follow the TT-p total cross section curve. 

By varying the CC>2 pressure in CI at each momentum 

point, it was possible to determine the muon contamination 

at that location in the beam. This was later used to 
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calculate the muon contamination correction for the pio 

beam at the target. 



CHAPTER 4 

DATA ANALYSIS 

The theory involved is that for the general trans

mission technique (15) and is as follows: 

Define the transmission rate, R^, as 

R. = T./S 
i i' 

where S is the number of particles incident at S3 and T^ is 

the number of particles transmitted through the target, 

striking the ith counter. For identical full and empty 

targets, the transmission rates, R^f and R^e respectively, 

may be written 

R. = B. (1) 
xe xe 

Rip = Bif exp '-"CTi PLN/M^ (2) 

where cr^ is the partial cross section measured by the ith 

counter, p is the liquid hydrogen density, L is the 

effective target length, N is Avogadro's number, and M is 

the atomic weight of hydrogen. and are the 

attenuation coefficients due to losses in the mylar target 

face, decay, or counter inefficiencies. These are assumed 

to be equal for full and empty target cases and divide out 

in solving for a. Then the partial cross section can be 

26 
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found by dividing (1) by (2), yielding, 

q. = (-~) In [R. /R.-] (3) 
"l pLN L ie' ifJ 

This gives the partial cross section for a pion scattered 

out of the solid angle subtended by the ith counter. This 

partial cross section is related to the total cross section 

by, 

_ _ dg( 6) ,n 
i - f dQ dn 

0 

j _ 

Here is the differential cross section for a charged 

secondary with the smallest scattering angle. It includes-

both elastic and inelastic scattering. From this, 

a. ~ ct— x-v n. 
x  dn  i  

can be obtained by making the assumption that the detectors 

are small enough so that changes little over the solid 

angle subtended and other non-nuclear effects are ignored. 

The assumption is justified in that at the low momentum of 

th<= experiment, only low angular momentum states enter, 

whose differential cross sections vary slowly with angle. 

This gives the equation of a straight line and the total 

cross section a, can be obtained by extrapolating the line 

to zero solid angle. This is illustrated by Figure 11 which 

shows a typical set of five partial cross sections and their 

extrapolation to zero solid angle. 
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Since for each measurement, a fixed number, k, of 

pions were used, the standard deviation of a transmission 

experiment is the binomial distribution, 

dT , [Tlilrl] 1/2 

Then the error on is, 

M f1 - Tei , 1 - Tfi1 

i = PLN Lk
e Tei kf Tfi J 

Unfortunately, these five errors are not independent. 

For a pulse to be registered in the T^ scaler, it must 

essentially be in pass through the other four transmission 

counters. Then, any pulse recorded by T^ must have been 

recorded by the four others. Similarly, a pulse in T^ must 

necessarily be recognized by T^, T^, and T,.. An error 

2 
matrix can be written, accounting for this. If 6cr^ = 

For independent errors, only the diagonal elements are 

present. This matrix is used in the Adjustment of Elements 

(16) fitting routine, discussed in detail later in the 

paper. This method, using M, "automatically11 takes • this 
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dependence into account and produces a figure for the 

overall statistical error. 

Coulomb Correction 

Three separate coulomb effects must be considered. 

Of these, multiple scattering from the electrons in matter 

can be ignored since the transmission counters were 

sufficiently large to intersect all multiply scattered 

particles. Direct coulomb scattering on the protons and 

coulomb-nuclear interactions must, however, be considered. 

These corrections, numerically the largest, are generally of 

the order of 100 microbarns. 

If the scattering amplitudes (17) are considered, 

then, 

P(0) , = F(0) . + F(0) . , 
measured nuclear coulomb 

|m>|2 

dcx d_a 
dQ , dn 

+ §§ = lF(0)l + 2 ReF*(0) F ( 0) 
coul int coul coul nuc 

= 2[Re F( 0 ) Re F ( 0) +ImF(0) ImF(0)] (4) 
int coul nuc coul nuc 

F(0) = X
2
a 8 exp £-ia(sin2|-)] (5) 

coul 2sin — ^ 

pie) s  tu+i) a +  i a ]  Pjjicos el 
nuc &=0 ' ' 
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1 -1 a 0. = E tan x (g) SL > 1 
n=l 

is the phase shift due to coulomb scattering and must be 

taken into account. Then, 

Redjfc = 1 ̂ J0 sin ~ sin 

Imd^ = — [ & cos (2{6^+0^3) - cos (20^)] 

Finally using phase shift and elasticity values given in the 

Rosenfeld tables (18) Ref and Imf , „ can be calculated. 
nuc nuc 

These, along with the value calculated for the 

coulomb scattering amplitude are used to calculate ^a/^^coui 

and from equations (4) and (5). To find the total 

corrections for the ith counter, the differential cross 

sections must be integrated between limits, in the lab frame, 

varying from 0^, the angle subtended by the ith counter, to 

180 degrees. Since the phase shift tables do not give 

momenta corresponding directly to those used experimentally, 

it was necessary to graph the corrections versus the 

momentum and interpolate to find the correction applicable. 

This is shown in Figure 12. 
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Decay Correction 

In the momentum range of this experiment, most of 

the pion dscay products will intersect the transmission 

counters. The attenuation coefficients. B. and B. _ in ' le if 

part account for the small fraction that misses. However, 

these cancol out in taking the full to empty target ratio 

(Equation 3), as long as the assumption that they are equal 

is warranted. In traversing the liquid hydrogen, in the 

full target case, the pions lose additional energy, causing 

the attenuation factors not to cancel perfectly. An 

additional decay correction is therefore necessary. For 

this experiment, it is quite small, inasmuch as most of the 

decay products hit the transmission counters. 

developed by D. Petersen (19 )f the data were treated as 

follows: instead of using formula 3 in the calculation of 

, the expression, 

is used. T
ei1 emPty target decay product trans

mission for the ith detector. is the equivalent for 

the full target. PQ is the incident momentum and p is the 

momentum at some point, x, in the target. The above was 

made part of the data analysis program XSECT and the 

integration indicated in the above formula done numerically 

Since a detailed procedure to calculate this was 
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and iterated a sufficient number of times to produce self 

consistent total cross sections to .001 |ib. In general this 

effect was of the order of 10 |_ib. increasing slightly as 

momentum decreased. 

Muon Contamination Correction 

The muons produced in the beam will have less 

possibility of scattering in the target than pions, which 

in turn will have a net lowering effect on the pion total 

cross sections. To reduce multiple scattering, the gas 

Cerenkov counter, CI, was set at 50 PSI pressure. This 

rejected only electrons. The muon contamination at the CI 

position was then measured directly from the pressure curves, 

such as that given in Figure 3, at various momenta. This 

contamination was almost constant throughout the momentum 

range of the experiment at 1.0±.2 per cent 

An additional fraction decays between CI and S3, a 

distance of 384 inches. To estimate the per cent decaying, 

it was first assumed that muons having 0.9 times the pion 

momentum or better will be passed by the magnets. At a 

particular momentum, this set the upper limit on the 

acceptance angle. Then for intervals at this acceptance 

angle and below,lengths were calculated using the formula 

2 
for solid angle and the fact that S3 had an area of 6 in. . 

The per cent decaying in this length and being counted by S3 

can be calculated by considering the decay length for a pion 
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to yield the per cent decaying in that distance interval. 

This, multiplied by the ratio of the solid angle subtended 

in the center of the mass system, divided by 4 will give 

the per cent of muon contamination for the interval. As 

can be seen in Figure 13, the total contamination varies 

slowly about two per cent. 

necessary to determine what effect this will have on the 

cross section. Starting from (5) and assuming that f is 

the fraction of particles, detected by S3, decaying into 

muons, 

where all of the symbols are as defined earlier. Then by 

dividing inside the log expression by 

where C is the "magic number" producing the cross section 

from the log of the ratio. Expanding, 

Once the per cent contamination is known, it is 

Since fs/T « 1, it is possible to approximate to, 
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Now dividing by T^e, 

°i = clnft K;)]+c^ 

and making the same approximation, 

The correction factor for the total cross section is, 

6oi = C£ - RTT 1 
L ie if J 

R is the transmission factor as defined earlier. For 

example, if a one per cent decay is assumed, this will 

produce a decrease of 0.8 per cent in the total cross 

section. 

Bubble Correction 

The above are all direct corrections to the data. 

Additionally, one small consideration can be included in the 

liquid hydrogen density. Since the hydrogen in the target 

is continually boiling, a pion will be traveling a small 

fraction of the time through gaseous hydrogen, having a 

lower density than the liquid. Thus, the nominal liquid 

hydrogen density must be lowered slightly. The heat load on 

the target was such that approximately two hours were 

necessary to produce one flask full of gas. The volume of 

the flask was approximately 15 liters. Assume also, that 
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it takes 1/2 second for a buble to rise to the top of the 

target and be lost. Then at any time 0.007 per cent of the 

volume is gaseous. Applying this (almost negligible) 

correction and considering the atmospheric pressure 

correction for the altitude of the laboratory, a value of 

0.0707 ±.00020 grams per liter is obtained for the hydrogen 

density. 

Extrapolation Procedure 

The straight line extrapolation was done by the 

method of adjustment of elements (16). This is a matrix 

method, lending itself well to computer analysis. Simul

taneously, the extrapolated cross section, the slope of the 

line, and their respective errors can be determined. By 

this method, the space of five partial cross sections is 

mapped onto the space containing the extrapolated cross 

s e c t i o n  a n d  t h e  s l o p e  o f  t h e  l i n e ,  b y  t h e  m a t r i x ,  A .  A  

contains the relative solid angles of the transmission 

counters in the first column and l's in the second. Let L 

be the five element column matrix containing the five points; 

V, their difference from an average value; and X, the two 

element column matrix, containing the desired information. 

I  =  L  +  V  =  A '  X  ( 6 )  

V  =  - L  +  A X  

This gives five equations in seven unknowns; the five 

elements of V and the two elements of X. Requiring that the 
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2 
derivative of X with respect to the two X's is zero gives 

two more equations and the problem is exactly determined. 

x2 = y*p v 

Here P is the weight matrix. For this example, P is the 

inverse of the correlation matrix, M, given earlier. To 

illustrate, consider a matrix of three independent errors. 

M  =  
( X )  

such that e^ > > eg. Then the inverse of this is, 

-i / 1/ei.. 0 \ 
= M -(o /evJ 

Thus, the value having the largest error will have the lowest 

weight and will thereby coxint less in the calculation. 

2 
Taking the derivative of x gives, 

<Ljd _ v.p iv dV_p V  

d  X  ~  V K  d  X  < 3  X  

But from equation (6), 

d  V  
A  d X  

and 

A* P V = V*PA 

since 

P  =  P *  
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one finally gets, 

A *  P V  = 0 (7) 

V can be eliminated by substituting equation (6) in 

into equation (7). 

A *  •  P  •  A  •  X  =  A *  •  P  •  L  

substitute, 

B  =  A *  •  P  •  A  

and 

B X  =  A *  P  •  L  

Then finally, (8) 

X  =  c •  L  

where, 

C  =  B t 1  A * -  P  

Note that from equation (8), B  is the projection of P  on the 

space of X. Then inverting again, the diagonal elements of 

B"1 give the squares of the propagated error for the total 

cross section and the slope of the line. 

. Efficiency Normalization 

As was indicated in the electronics section, the 

efficiencies of the five transmission counters wei-e 

continuously monitored. Ideally, each counter in coincidence 

with TTE should register the same number of particles as TTE, 

since the efficiency counter was smaller than any of the 

transmission counters. In reality, 0.9800 to 0.9998 of the 

events were recorded. Since for each subrun, for each 

counter, this number is known, alltdata were normalized to 
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perfect efficiency. This additionally helped to minimize 

systematic error due to variations in the logic circuitry. 



CHAPTER 5 

RESULTS AND CONCLUSIONS 

Table 2 shows the measured rr+-p and n~-p total cross 

sections and their "increased errors." Since the analysis 

sometimes showed a non-statistical discrepancy between sub-

runs on the same target, an effort was made to include this 

2 
effect. X computed for a set of n measurements, assuming 

constant transmission, should be equal to n-1 for purely 

2 
statistical error. The x actually obtained was divided by 

n-1 and the error increased by multiplying the square root 

of that factor by the statistical errors. A final increase 

factor was computed 

i  5  6  a .  F = i 2 
i=l i stat 

and the error of the five point extrapolation for the total 

cross section was increased by the factor F. 

rr+-p Data 

Figures 14 and 15 show the measured total cross 

sections along with those of Carter et al. (10) and Bizard 

et al. (9). The error bars show statistical errors only. 

The agreement in the region from 560 Mev/c to 860 Mev/c is 

excellent. However, below 560 Mev/c a small systematic 

42 
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Table 2. TT— P Total Cross Sections 

Momentum 
(Mev/c) 

TT+ P 
(mb) 

Error 
(mb) 

Increased 
error 
(mb) 

TT p 
(mb) 

Error 
(mb) 

Increased 
error 
(mb) 

415 64. .95 .21 .18 31. .13 .19 .20 
435 56. .41 .17 .20 28. .47 .18 .17 
455 47. .09 .17 .14 26. .99 .17 .15 
475 41. ,21 .16 .16 26. .(44 .15 .17 
495 36. .27 .14 .16 26. .76 .14 .14 
515 32. .21 .11 .13 26. .96 .14 .11 
535 29. , 31 .09 .09 27. .46 .14 .18 
555 26. .51 .09 .07 28. .15 .13 .13 
575 23. , 56 .09 .11 29. .09 .13 .11 
595 21. ,51 .09 .19 29. ,55 .17 .17 
614 20. ,04. .09 .10 30. .49 .13 .10 
632 18. ,29 .08 .07 32. .46 .13 .14 
650 17. ,09 .08 .08 34. , 36 .13 .15 
668 16. ,11 .08 .08 37. ,93 .13 .16 
687 15. ,09 .09 .10 42. ,00 .13 .13 
705 14. . 60 .08 .16 45. ,02 .13 .09 
723 14. ,26 .08 .09 45. ,91 .13 .14 
741 14. ,24 .08 .15 45. ,03 .13 .12 
760 14. .49 .08, .08 42. ,01 .13 .14 
778 14. 76 .07 .11 39. ,01 .10 .16 
791 15. ,00 .07 .11 36. ,99 .10 .09 
815 15. , 56 .06 .12 35. ,93 .10 .07 
833 16. 58 .06 .09 35. ,47 .09 .12 
851 17. 67 .07 .09 36. ,45 .10 .12 
870 18. 82 .06 .05 39. ,02 .09 .08 
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deviation between the sets of data is observed. It should 

be noted that the Carter experiment was designed to produce 

data to 2.65 Gev/c, whereas the present one was specifically 

intended for low momentum measurements. The relatively 

large systematic errors listed by Carter in this region 

could corroborate this. 

Tr~~-p Data 

Figures 16 and 17 show the TR~-p data, along with 

that of Carter et al. (10) and Bizard et al. (9). Here a 

definite systematic difference is observed between Carter's 

data and that of the other two experiments which agree well. 

In view of the agreement of the TT+-p curves, this is rather 

difficult to explain. 

One factor which can be considered is beam contam

ination. As was stated earlier in the paper, the gas 

Cerenkov counter provided a 50 to 1 rejection ratio for 

muons and electrons. Time of flight considerations provided 

a further rejection of 200 to 1 giving an overall ratio of 

10,000 to 1 against counting other particles as pions. 

This is of the same order as that claimed by Carter et al. 

The points for this experiment were taken in a continuous 

sweep from 900 Mev/c to 420 Mev/c over the relatively short 

time of three days. This would minimize the possibility of 

systematic error due to shifts in the electronic logic 

levels. This was found to be so sensitive that a 1/2 
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nanosecond change in timing produced a shift of .5 milli-

barns as is evidenced by the lowest three TT~-p points. This 

was probably caused by additional electron rejection in this 

low momentum region. 

It is also interesting that the Bizard et al. (9) 

experiment used a different technique entirely, yet 

excellent agreement was obtained. Their method consisted 

of measuring the cross section with a single counter and 

then making the necessary geometrical corrections. 

It was noticed that in the previous Arizona Kaon-

Nucleon (19) experiment, the K~-p and k~-d also exhibited 

systematic differences with those of a similar experiment 

done by Bugg et al. (20). Here again, the k+ data agreed well. 

This would indicated that a possible mechanism for the 

difference would be the influence of the production of 

neutrals and gammas by charge exchange scattering on the 

counter geometry. : 

The only important differences between the Arizona 

and Carter counter geometries was in the placement of the 

transmission counters. In the present experiment, the five 

transmission counters decreased in size in the downstream 

direction. For Carter's six transmission counters, the 

opposite was true. While this at first would seem arbitrary, 

combined with charge exchange effects, a qualitative 

explanation may be given for both the pion and kaon data. 
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To simplify the argument, assume two sets of four 

transmission counters of equal thickness, equally spaced, 

oriented oppositely to the beam as shown in Figure 18. 

There are two competing charge exchange mechanisms. 

One of these is the production of TT° particles in the 

target. These decay into gammas which are then free to 

interact in the target, forming electron-positron pairs. 

These would yield false counts, decreasing the partial cross 

sections. 

The second possibility would be for the formation 

of neutrals by pions interacting directly with the material 

in the counters. This would depress the number of counts, 

increasing the partial cross section. Neutrons, producing 

knock on protons, would have much the same effect, and 

for the sake of argument, can be considered as included in 

the photon argument. 

To get an idea of their relative importance, the 

decay length associated with each process can be calculated. 

As an example, at 500 Mev/c, the Berkeley Range-Energy 

Tables give the photon mass absorption coefficient as 0.0153 

2 
cm. /gram, in carbon. Then, taking the density of Pilot B 

scintillator as approximately one gram per cubic centimeter, 

a decay length of 65 centimeters is obtained. 

To calculate the decay length due to charge exchange, 

the formula given earlier, involving cross section may be 

used. 
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where 

*>% 
N = N C ° 

o 

SL = M/PNCT o 

At 500 Mev/c the charge exchange cross section for 

rr~p-> n°N is very close to 10 millibarns. Then using the 

most primitive approximation, that since there are six 

protons in a carbon nucleus, the carbon cross section will 

be six times that for a single proton, a decay length of 

330 centimeters is obtained. Since there is almost an 

order of magnitude difference in the decay length, the 

second mechanism may be ignored for the sake of this 

argument. 

Assume the situation described above, of four 

transmission counters. Assume also, that their relative 

solid angle increases by integers, as in the case of this 

experiment. Then if Q ̂  is the solid angle subtended by 

the smallest counter from the center of the target, 4Q^ 

will be the solid angle subtended by the largest. Let a 

be the probability of an interaction and F the fractional 

effective distance through the counter for the reaction to 

take place. Figure 18 shows the counters divided into four 

annular zones, each subtending a solid angle of Q^. 

Assuming equal numbers of incident pions for full 

and empty targets, the total cross section may be 

approximated, 
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( N .  _  +  C .  \  /  N  .  -  C . \  
1 " N.e ')~Q ( S1 S ') 

where Q is a proportionality constant and C is the correc- • 

tion to be calculated. N . is the number scattered from the 
si 

ith transmission counter and S, as defined earlier, is the 

number of incident pions. Then for the smallest to largest 

counter array: 

C1 = lFafi^ 

C2 = FaQ^ + (1 + Fjafi^ = (% + F)a(2fi^) 

Cg = Fafi^ + (1 + F)+ (2 + F) 

= (1 + F)a(3Q1.) 

C4 = (3/2 + F)a(4n i )  

Similarly for this experiment: 

= (3 + FjaCX^ 

c2 = (2 + F)a2n1 

C3 = (1 + F^C^ 

c4 = Fa4ni 

Dividing out the common factors, an idea of the 

effect of these corrections on the extrapolation can be 

obtained by assuming arbitrarily that F is 1/2 and making 

the plots shown in Figure 19. These show that the total 

final effect of Carter's geometry tends to raise the cross 

section, while that of this experiment depresses it. 
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More quantitative calculations of this effect are 

possible. However, Carter's preliminary data, which are not 

immediately available, would be necessary. 



CHAPTER 6 

SUMMARY 

In its momentum range, this experiment has 

established beyond previous limits, the shape and for the 

TT+ case, absolute values of the total cross section., That 

the three most recent experiments agree well for the rr+-p 

case is significant. For the rr~-p data, the case was 

simple enough that a mechanism could be found to qualita

tively explain the systematic differences and in fact 

established a possible cause for similar differences in the 

k~-p and k~-d experiments, done earlier. A kaon experiment, 

now in process at the Bevatron (21) will consider this 

charge exchange phenomena carefully both in the design and 

analysis of the experiment. 

No new rr~-p resonances were evident, but it is 

clear that improved data, such as those obtained in this 

experiment, are necessary for proper formulation of phase 

shift analyses. 
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