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ABSTRACT 

Differential cross sections for n-p ~ n°n at the world's lowest energies are 

to be presented. Measurement of differential cross sections near center-of

mass scattering angles of 0, 90, and 180 degrees are complete. The LAMPF n° 

Spectrometer was used to detect the gamma ray from the n° ~ 2y decay. This 

technique produced a very clean signal for this reaction, but required extensive 

modeling to obtain absolute determinations of the solid angle acceptance and 

total n° detection efficiency. Comparison between measured and calculated 

Monte-Carlo responses lead us to conclude that we understand the 

normalizations needed for absolute cross section to the 5°/o level. The essential 

role of the charge exchange reaction in understanding the strong, or nuclear 

force will also be discussed. 
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CHAPTER I 

INTRODUCTION 

The pion-nucleon system is important to understanding the hadronic 
interaction. The study of elastic scattering( .1t~P--+ .1t~P) and single charge 

exchange( Jl- p--+ .1t0n) is essential to this understanding. This thesis describes 

the analysis and results of an experiment measuring the differential cross 

sections of single charge exchange at the lowest energies to date. The primary 

focus of the analysis is at a scattering angle near goo with the inclusion of 

results at angles near oo and 180° (1] to obtain a complete angular distribution 

for the measured differential cross sections. 

Chapter I gives an introduction to pion physics with concepts of isospin 

and isospin conservation related to this work. The motivation for the experiment 

is also discussed. Chapter II contains the details of the experimental setup with 

a complete description of the .1t0 spectrometer. In Chapter Ill, the presentation 

of the data analysis is given. The calculation of the differential cross sections 

and a comparison to theoretical models with conclusions is given in Chapter IV. 

Pion Physics 

The fundamental nuclear force is mediated by gluons on the quark level of 

nuclear structure while the residual nuclear force is mediated by mesons. The 

pion is a pseudoscalar isovector meson which mediates the long range residual 

nuclear force in a similar way the photon mediates the electromagnetic force. 

This heavy boson was predicted by Yukawa in 1934 and confirmed to exist in 

1947. The mass of then~ are 139.56 MeV/c2. These charged pions decay 
weakly via n~ --+ 11 ~viJ with the lifetime of 2.60x1 o-a seconds. The n° has a 

mass of 134.96 MeV/c2 and decays primarily with a 98.55°/o branching ratio 
through n°--+ 2y reaction with a lifetime of 0.83x1 o-16 seconds. 

The pion-nucleon interaction plays a special role because of the unique 

nature of the pion as a probe of nuclear structure. The pion lives long enough 

so that intense pion beams can be prepared and pion-nucleon interactions can 

be studied. The pion is the lightest meson; in fact, it is more than three times 

lighter than the next heavier one. In an energy range up to 500 MeV, the pion

nucleon interaction can be studied without interference from other mesons. 
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Since the range of the strong force is inversely proportional to the mass of the 

pion, this meson alone is responsible for the long range part of the nuclear 

force. In principle, the properties of the nuclear force beyond a range of 1. 5 fm 

can be compared without severe complications from other mesons. The state 

functions of the pion are pseudoscalars. In other words, the :a meson has zero 

total angular momentum J and odd intrinsic parity. This means that the pion 

wavefunction is invariant under rotation but changes sign under an inversion of 

the coordinate system. Since pions are governed by Bose-Einstein statistics, 

they may be absorbed and emitted singly without being constrained by the 

Pauli exclusion principle. Single and double charge exchange reactions can 

occur and be studied since pions come in three charge states [2] . These 

reactions along with elastic and inelastic scattering provide insight about the 

pion-nucleon force. 

lsospin in Pion-Nucleon Systems 

The :a meson forms an isovector of 1=1 . This assignment implies the 

existence of three pions. Each of these states, which, in units of electron 

charge, are + 1,0,-1, can be expressed by an operator which has the above 

eigenvalues. These eigenvalues are the same as the z component of the 

angular momentum for total angular momentum 1. The description of different 

charge states is interpreted in operator formalism in the same way as the 

angular momentum operator. The eigenvalues of this charge operator are 
called isospin. For example, the isospin operator l3 has an eigenvalue 13 which 

is directly analogous to the angular momentum operator L3. Likewise, isospin 

also has three components; but only one is a physically realizable observable 

which is connected to the charge of the particle. This is analogous to the 

Zeeman effect, but the electromagnetic interaction can not be "turned off" as in 

the case of the magnetic field in relation to the spin angular momentum. 

Now, assuming the general existence of an isospin space, with its third 

component connected to the charge of the particle by a linear relationship of 

the following form: 
Q = e(l3 + 1/2Y), (1.1) 

where Y is the hypercharge defined by Y = B + S, the sum of the baryon number 

and strangeness. For the pion, Y = 0 since both B and S are zero. For the 

nucleon, Y =1 since B equals one and S equals zero. A total isospin can be 
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defined which is the vector sum of the pion and nucleon, /31r =-1,Q 1(H- ,H
0
,H+) 

and /3N =- ;,i(n,p). Now, applying the rules of addition of angular momentum 

to /31r and /3 N gives 

I nN 3 ( - ) 1 ( - o ) 1 ( o + 3 ( + ) 

3 = -
2 

n n , -
2 

n p or n n , 
2 

n p or n n ), 
2 

n p . (1.2) 

Therefore, the only two possible total isospins for the pion-nucleon system are 

the following: I = 1/2, and I = 3/2. For the given values of I and 13 , it is possible 

to write down the following pion-nucleon combinations using the Clebsch

Gordon coefficients for the addition of angular momentum. A given combination 

is the pion-nucleon state function in terms of the isotopic spin state 
functions, 11,13 ). 

In +p) = I ~ ' ~ ) I 
In +n) = Ji I ~ , i) + ~I ! , i), 
jnop} = Jtl~, ~)-Jili, !), 

ln°n)= fill. -1)+ fi.11 _1) 'V3 2 ' 2 'V3 2 ' 2 , 

jn-P)= Jil~ ,-i)-~li,-i), 
jn-n) = 1~,- ~) . 

(1.3) 

The concept of isospin exists because of the overwhelming evidence for 

the charge independence of the strong interaction which includes nuclear 

forces and the pion-nucleon interaction (3]. Charge independence means the 

pion-nucleon interaction is independent of the third component of isospin. As 

long as only the hadronic interaction is present, the isospin vector I can point in 

any direction. In other words, there exists rotational invariance in isospin space. 

Isotropy of isospin space with respect to strong interactions results in the 

conservation of the total isospin and charge independence. 

Cross Sections of Pion-Nucleon Interactions 

Two body pion-nucleon phenoma are possible either as elastic scattering 

or single charge exchange reactions. In fact, there are ten possible interactions 

which are listed below: 
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- 0 Jtp---+Jtn (iii) 
+ + Jtn---+Jtn (iv) 
+ 0 Jtn---+Jtp (v) 

Jt -n---+ Jt-n (vi) 
0 0 

3t p ---+ :n; p (vii) (1 .4) 
0 0 n n ---+ :n: n (viii) 
0 -nn---+Jtp (ix) 
0 + Jtp---+Jtn (x). 

Reactions (iii) and (v) are related to (ix) and (x), respectively, by the 
principle of time reversal invariance. Due to the very short lifetime of the 1t0 

meson, reactions (vii) and (viii) are not experimentally feasible . The 
impossibility of neutron targets make reactions (iv), (v), and (vi) not particularly 
useful. The first three reactions, (i), (ii), and (iii) are the only ones suitable to be 
studied experimentally. 

All of the preceding reactions have differential cross sections equal to the 
square of some matrix element, 

do = I(JtN IS I JtN)I
2

, 
dQ 

where S is the scattering operator. 

(1 .5) 

I is conserved, and the matrix element is independent of 13 by the 
hypothesis of charge independence. Therefore, all of the above reactions 
depend only on two scattering amplitudes or isospin phase shifts, 

(~ S 2) = F and ( 
3 

S 
3

) = F ( 1 . 6) 2 2 1 2 2 3' 

where 13 has been suppressed. 
The differential cross sections for reactions (i), (ii), and (iii) are expressed 

from (1 .3), (1 .5), and (1 .6) as the following: 

da + + ) IF 12 -(Jtp-+Jtp = 3 I 

dQ 

da 1 2 r -(Jt-P-+ Jt-P)= -F3 +- F1 I 

dQ 3 3 
(1 . 7) 

da 0 2l l2 -(Jt-P-+ Jt n) = - F3- F1 . 
dQ 9 
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For the explicit calculation of the scattering amplitudes F1 and F3 , a central 
potential needs to be specified. The incident and scattered wave for such a 
potential is expressed as superpositions of eigenfunctions of the orbital angular 
momentum, and each of these eigenfunctions is scattered independently of the 
others. These eigenfunctions are known as partial waves. Each partial wave is 

characterized by the value of its angular momentum quantum number. During 

the scattering, each partial wave acquires a unique phase shift, and these 

phase shifts determine the scattering amplitude and differential cross section. 
The construction of the partial waves [4] starts with the net scattering wave 

function as shown below, 
eikr 

1p(r) = e1kz+f(8)-, 
r 

(1 .8) 

where f(e) is the scattering amplitude. The plane wave eikz can be written as a 

superposition of angular momentum eigenfunctions: 
00 

ej•z = it, J41t( 21 + 1) i 1 j 1(1f" ) Y10 ( 8) . (1 .9) 

Assuming only the asymptotic region for the plane wave above, this equation 
becomes the following for larger, 

eikz ""~ ~ .J21 + 1 i1Y 
10 2

1r ( ei(w-~) - e -i(w -~)) (1.1 0) 

The solution of this scattering problem is the sum of the incoming and outgoing 
spherical waves. The incoming wave is unchanged, but the outgoing wave 

acquires an extra phase factor. The wavefunction solution is 
~ oo i(w-Lzi+2~) -i(w-l.z[) 

1JI(r)= "~H ~.J21+1i 1Y1021r(e 2 -e 2 
). (1.11) 

The scattered wave is the difference between the net wavefunction in ( 1.11) and 
the incident wave in (1 .1 0). From this difference, the scattering amplitude f(S) 

can be found and then the square of this gives the differential cross section 

written in this form, 
2 

- = - 21 + 1 e sn o1 Y KJ 8 . da 4n ~oo ,/ i6, . ( ) 

dQ k2 
-

( 1.12) 

Equation (1.12) is the general equation for the differential cross section for all 

angular momenta. For the low energies involved in this experiment, s-wave 

and p-wave are the only angular momenta considered, which means the sum in 

(1 .12) is truncated to only values of I= 0 and I= 1. 
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Focus of Experiment 882 

The experiment labeled E882 was performed in 1985 in the Low-Energy 

Pion Channei(LEP) at the Clinton P. Anderson Meson Physics Facility(LAMPF). 

The primary collaborators were Abilene Christian University, George 

Washington University, and Los Alamos National Laboratory. The experimental 
subject was the charge exchange reaction Jt-P ~ Jt

0n with scattering observed 

near 0, 90, and 180 degrees for energies near 1 O, 20 , and 40 MeV. The focus 

of this experiment was to measure the differential cross sections for a full 

angular distribution at the world's lowest energies, which are crucial to 

obtaining the isospin phase shift F1. In this low energy region, sand p waves 

dominate and the cross sections change drastically. If the interaction depends 

on s and p waves only, the differential cross section can be written 
do 1 ( ) dQ = i(2 A(k )+ B(k )cos 8 +C(k )cos2

8 (1.13) 

where A(k), B(k), and C(k) as functions of momentum are given in terms of 
phase shifts[5] given by (1 .12). The A(k) term is pure s-wave, the B(k)cos 8 is 

the s-p wave interference term, and C(k)cos2 8 is the pure p-wave term. 

At the lowest energies of 10 and 20 MeV, the s-wave term dominates with 
the other terms decreasing in magnitude and the angular distribution becoming 

more isotropic which results in a flat shape. However, the p-wave contribution 

is still recognizable and is not negligible even at 10 MeV. Near 40 MeV, the 

pure s-wave and the interference term are nearly equal in magnitude with 

opposite sign, and both are larger than the pure p-wave term at 0 degrees. This 

results in a forward dip with near cancellation in the forward direction. At 90 

degrees, the cross section steadily increases and reaches a maximum at 180 
degrees. This is due to the fact that the s wave and interference term add 

instead of cancel in the backward direction. 

In Figure 1.1, the differential cross sections for the respective energies of 
the Jt- is plotted against the scattering ?ngle based upon standard partial wave 

analyses. The maximum differential cross section is obtained from the lowest 

energies when the scattering is near oo. This is a direct result of the s-p wave 

cancellation at the higher energies. Near 90°, all three cross sections are 

approximately equal. The cross sections increase with increasing energy near 

180°. 
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Motivation of Experiment 882 

Many questions still remain about modern hadronic physics and much 

interest remains in this research area. There are still some puzzling 

phenomena of the strong interaction that need an explanation. Low-energy 

pion-nucleon scattering lie at the basis of the determination of the "sigma-term," 

the measure of chiral symmetry breaking in the strong interaction due to the u 

and d quark mass terms. This quantity represents the alteration of the nucleon 

mass by chiral asymmetry. The numerical value of the sigma-term is obtained 

from the extrapolation of a combination of the s-wave pion-nucleon scattering 

amplitudes to a negative energy point using chiral perturbation theory and the 

analytical and unitary properties of the pion-nucleon amplitude [6]. This method 

yields a value of about 60 MeV. Quark model theories yield a lower value of 

around 30 MeV. This discrepancy could be resolved if a sea of quark-antiquark 

pairs with about one quarter strange quarks is assumed [7]. Measurements of 
the rc-hydrogen atomic level shift suggest a significant change in the rc-nucleon 

parameters to move the sigma term down to 30 MeV [8]. Some pion-nucleon 

phase shift analyses also give smaller numbers for the sigma term. Many 

questions regarding the value of the sigma term continue to be a source of 

debate. 
Consider the structure of the nucleon comprised of a quark core 

surrounded by a meson cloud. Interaction can occur in either the core or the 

pion cloud. The conservation of isospin in the pion-nucleon system makes an 

important selection in the strong interaction. As shown previously, there are two 
low energy s-wave phase shifts, the isospin ~ and ~ waves. The behavior of 

these two phase shifts is different because the meson cloud dominates the I = ~ 
and the quark core dominates the I = ~ phase shift [6]. The purity of this 

separation is uncertain, especially above very low energies, because the pion

pion scattering amplitude is not well known and the uncertainty in the pion 

number in the meson cloud. However, the separation in the pion-nucleon s

wave scattering has provided a way to separate quark and meson degrees of 

freedom. A Feynman diagram showing the pion-nucleon charge exchange 

reaction is given in Figure 1.2. 
From the preceding points, the low energy pion-nucleon phase shifts 

constitute a vital set of data. Data for the :n;+p elastic scattering down to 30 MeV 

have been taken and are sufficient to determine the isospin-3/2 phase shift, 
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although disparity exists between elastic data [9]. The problem with the isospin-

1/2 amplitude is that no single experiment directly measures it. This amplitude 
must be extracted from n·p elastic scattering and charge exchange data. The 

n·p elastic scattering is difficult to do at low energy because of the dominant 

Coloumb effect and the nature of the n· decay makes precise measurement of 

the cross section difficult. However, the charge exchange reaction has 

Coulomb effects only in the incoming channel, and detection of the n° is 

possible using the n° spectrometer. Differential cross sections for the pion

nucleon charge exchange reaction at the world's lowest energies are presented 

and compared to several standard partial wave analyses in the conclusion of 

this thesis. 
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Figure 1.2. Feynman Diagram for the charge exchange reaction 1t -p ~ 1t
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CHAPTER II 

EXPERIMENTAL METHOD 

The experimental procedure for n° detection is presented. This detection 

is important since the calculation of the differential cross section is dependent 

on the observed direction and energy of the outgoing n° s. With the 

development of the n° spectrometer, the kinematic parameters of the neutral 

meson become easier to measure. Poor energy resolution and low efficiency 
are no longer a problem. A description of the n° spectrometer is included in 

this chapter. Discussion of the Low Energy Pion Channel and beam tuning are 

also presented. The data acquisition hardware and software description will 
conclude this chapter. 

Low Energy Pion Channel 
The Jt- beam used in Experiment 882 was produced by the Low Energy 

Pion(LEP) Channel [1 0] at the Clinton P. Anderson Meson Physics 

Facility(LAMPF) in Los Alamos, New Mexico. The pion beam was produced by 

an 800 MeV proton beam hitting a 3 em carbon target. A layout of this channel 

with several characteristic beam parameters is shown in Figure 2.1 [11 ]. In 

Figure 2.2 [11], a general view of the channel and its relation to the n° 
spectrometer is given. The mean Jt- incident beam energies were the following 

at oo scattering: 12.8 MeV, 22.3 MeV, and 41.6 MeV; at goo and 180° scattering, 

they were 12.38 MeV, 21.92 MeV, and 41 .6 MeV. Each energy was chosen to 

give the same energies at the center of the target for the different scattering 

geometries. These low energy measurements were made possible by a 

crossed field DC separator which reduced the electron contamination by a 

factor of 1000 and the muon contamination by a factor of 5. At 10, 20, and 40 
MeV, the typical e/Jt(f.t/Jt) ratios were 2.79(1.50), 0.15(0.56), and 0.089(0.25). 

The sampling grid scintillate(SGS)(see Figure 2.3) was used for rate and 

contamination beam calibration. This device consisted of two planes of plastic 

with 1.4 mm holes with a 12.3 mm spacing filled with scintillator material. The 

ratio of scintillator area to total area(1 :1 00) allowed the SGS to operate at beam 

rates of about 100 times that of standard beam counters. The calibration 

measurement consisted of comparing the pulse height spectra of the SGS to 

standard beam counters at low beam rate. 
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Beam tuning was accomplished using the results of TRANSPORT [12] and 

TURTLE [13] programs. The resulting magnetic fields were input into the 

SHUNT [14] program which produced the beam line magnets' shunt voltages. 

Fine tuning was done with the aid of a beam profile monitor at the target 

position. An irradiated Polaroid film located at the target position gave the final 

confirmation of each tune. The accuracy of the tune was checked by the size of 
spot on the film and the location of its center. 

LAMPF 3t
0 Spectrometer 

The neutral pions created in 1t-P-+ 1t0n collisions were detected in the 

LAMPF 1t 0 spectrometer [15]. This detector was designed, constructed, and 

tested by a collaboration of LAMPF, Tev Aviv University, and Case Western 

Reserve University. The spectrometer has an energy resolution of 2-5 MeV and 

an effective solid angle of 1 mrad for the :n: 0 s with kinetic energies less than 300 
MeV. This instrument detects only the dominant :n: 0 decay mode, 1t0 

-+ yy, 

which has a branching ratio of (98.798 + 0.032)0/o. The 1t 0 spectrometer detects 

and measures the 1t 0 energy and direction by the measuring the energies and 

directions of the two gamma rays resulting from the :n: 0 decay. For all practical 

purposes, the :n: 0 decay is instantaneous with its creation; the mean lifetime of 

the neutral pion at rest is 0.84x1 o-16 s. If the laboratory opening angle between 
the two decay gammas is denoted by 11 with E1 and E2 representing the 

respective gamma energies, and the laboratory angles with respect to the beam 
direction by 8 1 and e2, then the total 1t 0 energy E:rt0 is obtained as follows. 

Using the invariant mass of the :n:
0 (MeVfc2), 

2 ( )2 ( )2 m Jro = E1 + E2 - p 1 + p2 I 

= E;2 + 2E1E2 + E~ - p~ - 2p1 . p2 - p~ I 
= 2E1E2 (1- cos,), 

since for photons E1 = p1 and E2 = P2· After further rearrangement of the 

preceding equation, 

m!, - ~[(E, + E2 )2- (E, - E2 f ]( 1-cos 'I'J) , 

=; lf1- (E1 - E2)2jl(E, + E.)"(1- COS'I'J) , 
E1 + E2 

= ~ ( 1- X2 )E!o ( 1- cos 11) . (2.1) 
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where 

(2.2) 

is the energy sharing parameter. Solving for T no in (2.1) gives the total Jt
0 

energy 
2 2m2o 

E o = n 

n ( 1- COS f1 )( 1- X2
) 

The Jt o laboratory angle e 1to is derived as follows: 

Momentum conservation of Jt
0 

--+ yy requires 

where 

p 1to cos e 1to = p1 cos e 1 + p2 cos e2 

= E1 cose, + E2 cose2 

Pno = P1 + P2 
P n o = ,}1-P-no-. P-n-o = Jr-p..,...; _+_2_p_1 .-P-2 -+-P-~ 

(2.3) 

(2.4) 

(2.5) 

= JE~ + 2E,E2 cos 11 + E~. (2.6) 

Substitution of (2.6) into (2.4) gives the Jt
0 laboratory angle 

e E,cose, +E2cos82 
COS no = .J 2 2 . (2.7) 

E1 + E2 + 2E1E2 cos 11 

The energy sharing parameter X has a large uncertainty since the energy 
resolution is not very good( AE~wtvn ~ 25°/o for E = 100 MeV). However, if the two 

photon energies are nearly equal, X is small and a good measurement of 11 can 

yield a good measurement of En°. In th is way, the En° energy resolution 

depends only weakly on the detector photon energy resolution. In fact, this is 

the essence of the idea on which this detector is based. 

The spectrometer consists of two arms, arbitrarily labeled J and K, which 

are each an independent position sensitive photon detector. Figure 2.4 shows 

a schematic diagram of the Jt
0 spectrometer, while Figure 2.5 gives a detailed 

schematic of an individual arm . Each photon resulting from the 3t o decay is 

detected by one of the spectrometer arms. The front face of each detector is 

covered with a 2.5 em slab of polyethylene(not shown) to absorb low-energy 

particles followed by a 3 mm thick plastic scintillator that vetoes incoming 

charged particles not stopped by the polyethylene. This is followed by three 

independent conversion systems which convert the gammas to showers of 

charged particles. Each system consists of a 2.46 cm(0.58 radiation length) 
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thick lead glass converter that initiates the shower and three multiwire 

proportional chambers(MWPC) planes for determination of the conversion point 

coordinates. Two planes measure the X-coordinate perpendicular to the 

scattering plane and the third plane measures the Y -coordinate in the scattering 

plane. After the conversion systems, there is a total absorption calorimeter 
which contains the full shower and measures its energy. 

A photon is tracked by a spectrometer arm in the following way. As the 

gamma ray enters a lead glass converter, there is a probability that the gamma 

ray will convert by pair production to an electron-positron pair. Compton 

scattering and the photoelectric effect are also present but are negligible 

compared to pair production except at very low energies. If the gamma ray 

converts to an electron-positron pair, a detectable shower occurs via 

Bremsstrahlung and more pair production. Tracking of the electron-positron 

pair is done by the MWPCs which are arranged in groups of three behind each 

converter. Charged particles exiting the back of each converter are detected in 

one of the three MWPC planes whose information is used to determine the 
conversion point of the gamma ray. The X-coordinates from the two X-MWPC 

planes are traced back to a conversion plane in the converter to reconstruct the 

X-conversion point. The centroid of Y-coordinates in the Y-plane gives the Y

conversion point. Each conversion system has two X-planes and one Y -plane 

because the n° energy resolution depends more sensitively on the X

coordinate opening angle than on the Y-coordinate. The gamma-ray direction 

is defined by the line between the conversion point in each detector and the 

upstream face of the target. For each gamma-ray detector, there is an 
independent measure of three kinematic variables (Ey, ey. <l>y) of one gamma 

ray, and the combined information from the two detectors over determines the 

n° kinematics. The information obtained is converted to the relevant 

kinematical parameters( X, ll) and inserted into equations 2.3 and 2. 7 to 
determine Erc0 and 9 'l:o. 

At the back of each converter, there is a 3 mm plastic scintillator sheet that 

tags the conversion event. At the rear of each arm is a lead glass calorimeter 

that detects and measures the energy of the shower initiated by a converted 

gamma ray. The Cerenkov light output from lead glass blocks and converters is 

directly proportional to the incident gamma ray energy. As previously stated, 

this method does not give good energy resolution. But by knowing the position 
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in each arm where the two gamma rays hit from the MWPCs, the opening angle 

can be found and the x 0 energy calculated with good resolution. Important cuts 

on the data are provided from the energies of the photons measured in each 

spectrometer arm even though they do not lead to a precise determination of 

the :rt
0 energy. These cuts are included in the acceptance calculation of the 

laboratory solid angle which is needed in order to calculate the differential cross 
section. 

Energy and Angular Resolution 

The x 
0 energy measurement uncertainty, or resolution depends upon two 

independent quantities: the photon energy resolution, ~Ey, and the opening 

angle resolution, ~ll[15] 
l r( 2 212 

AEx, = l aai: AE,) +(a~~· L\1]) j . (2.8) 

The contribution to the uncertainty in the Jt
0 energy due to the gamma-ray 

energy resolution with the case E1 ~ E2 yields [14] 
aE]fo r;; ~E/ 

E ~Er = "3 E . (2.9) 
a y ]fo 

Pb-glass Cerenkov counters have a root mean square(rms) gamma energy 

resolution of [15] 
~Ey = 1.1.JE, (Me \1). (2.1 0) 

Equations (2. 9) and (2.1 0) yield 

aE]fo ~E ~ .J3 ( 1.1)2 (MeV). 
aE r 2 

y 

(2.11) 

This photon detection energy resolution contribution is independent of the n° 

energy resolution and is approximately 1.1 MeV(rms). 
The contribution to the :rt

0 energy resolution from the ll uncertainty is 

written (15] as: 
aE]fo A mo 2[3A 

ulJ =- y ulJ. a11 2 
(2.12) 

In the above equation, m0 is the rest mass of the Jt
0 

and P is the n° velocity in 

units of c. The eta uncertainty ~ll for a nominal target-to-detector distance R 

and a conversion point resolution ~x(-4 mm) has the form 
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A .J2Ax 
l1 = R . (2.13) 

The energy resolution of the spectrometer, due to the uncertainties in gamma 

ray energies and their opening angle, is an increasing function of :n: 0 kinetic 

energy. Looking at equations (2.11) and (2.12), it is apparent that :n: o 's can be 

detected with an energy resolution as good as 1.1 MeV(fwhm) if the X 

parameter is small giving nearly equal energy sharing. 

The x
0 

direction is the vector sum of the directions of the two decay 

gamma rays. It is given by equation (2. 7). The uncertainty in the direction, 
A8n°, also includes the uncertainty in Ey and 11 which is 

r( 
2 2ll 

ae ) ( ae \ 
A9 •' = l iJE~ AE, + m;' AYJ) j . (2.14) 

The dominant contribution to the A8n° for small values comes from the crude 

knowledge of the momentum vector lengths on the gamma rays. This length for 

E1 = E2 is written as 

ae lto AE = tan ( ¥) AEY 
aEY y .J2 Ey 

(2.15) 

The angular resolution is directly proportional to the fractional energy resolution 

of the Pb-glass counter as given by equation 2.1 0. Since the Pb-glass energy 

resolution( ~rr) improves with gamma energy, the angular resolution improves 

as well . Using equation 2.1 0, it is seen that the spectrometer angular resolution 

due to AEy is about 5 degrees(fwhm) at a kinetic energy of 50 MeV, and 

decreases with increasing pion energy as 1 t.JE:: . 
The contribution to the angular resolution from the 11 uncertainty is small 

and is given by 

(2.16) 

This contribution is directly proportional to the 11 uncertainty and is negligible 

even at high energies where the ~Ey contribution is small. 

Additional factors influencing the energy resolution are finite-target size 

effects and beam associated effects. The finite size of the target affects the 

energy resolution in three ways. The first way is due to the ionization energy 

loss of the charged incident beam particle (i.e., :n:-). The second way is the 
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energy spread due to 11 uncertainty which results in an unknown n; o vertex in the 

target. The final way is energy straggling of the incident n;- which is smaller 

than the first effect but related to it. The first two effects can compensate each 

other in the forward scattering angles. A complete analysis of the compensation 

effect is given in a thesis by S. Gilad [16]. Pion beam characteristics also 

influence the measured energy resolution. One effect is due to the energy 

spread of the incoming beam which contributes to the measured resolution, 

adding to the intrinsic spectrometer resolution in quadrature. Another effect is 

finite size of the beam spot which can be neglected for beam spots less than 

about 3 em, except for scattering angles between 70 and 110 degrees. The 

effect of the beam divergence on the energy resolution is negligible. 

Spectrometer Specifications and Design 

An individual arm of the spectrometer has 15 Pb-glass blocks in the rear 

arranged in 3x5 array with each block having dimensions 15x15x60 ems. A 

schematic diagram of an arm is given in Figure 2.4. This array completely 

contains the shower initiated by the incident photons inside the fiducial area. 
Five inch photomultiplier tubes couple to the back face of the block(15x15 cm2). 

Each arm has three converters with face dimensions of 64x40 cm2 which 

corresponds to the face area of the 3x5 array of glass blocks. The converter 
thickness is 0.58 radiation lengths(0.58x = 2.4 em). The converter thickness is 

important because of its influence on the gamma ray conversion efficiency, the 

position resolution with which the gamma ray can be detected, and the 

converter light collection efficiency. The optimization of the converter thickness 

is a compromise since the above parameters are conflicting. 

At the heart of the n;
0 spectrometer is the multi-wire proportional 

chamber(MPWC) developed by Charpak in 1968 and quickly adopted in high 

energy experiments. The basic MWPC design is a plane of equally spaced 

anode wires centered between two cathode planes. The spectrometer wire 

chambers have wire spacings of 2 mm for the X and 4 mm for the Y with anode

cathode gap width of 5.7 mm. The chamber frames are made of G-10 

Fiberglass epoxy-laminate with an active area of 64x38 cm2. The anode wires 
are 20 flm diameter gold-plated tungsten. The cathode planes are composed of 

2.54 flm of mylar with an evaporated aluminum film on one side and operate at 

voltage of -3.15 kV. Each spectrometer conversion system has three MWPCs, a 
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total of 18 chambers for the six conversion systems. Each MWPC plane is built 

as a separate module with the X-planes having 192 wires and the Y -planes 

having 160 wires. The best position resolution is obtained from the most forward 

prongs of each shower. A position resolution in the X-direction of about 6 
mm(FWHM) is possible . The magnitude of the Y direction resolution is about 12 
mm(FWHM) and is not significant to the l1 resolution. 

The spectrometer support structure allows independent detector 

placement to an accuracy of +1- 0.5 mm in all three dimension over a complete 

scattering angular distribution . The effective operation of the MWPCs is 

governed by factors such as low working voltage, high gain, good 

proportionality, and high rate capability. 

Data Acquisition Electronics and Software 

The raw hardware trigger for a neutral pion consisted of the coincident 

gamma events from the two spectrometer arms. A gamma event in one arm 

was defined by the logic condition 
r 9 = ( S1 + s 2 + S3 ) x v x ~ ( ci + sj) , (2.17) 

q 

which corresponded to a signal in at least one scintillator plane S1, the absence 
of the veto signal V, and the summed signals in converters Ci and the blocks Bi , 

exceeding the threshold level. In addition, a good n° event included hardware 

requirements that the secondary beam is present, the computer was not busy, 

and the manual run switch was on. The link between the data acquisition 

system and the hardware trigger was provided by a event trigger module inside 

a CAMAC crate. 
The standard LAMPF a data acquisition program loaded into a 

microprogrammable branch driver(MBD) connected to a PDP-11 computer was 

used. The Q system was general-purpose software that provided facilities to 

acquire, process, and write data to tape including histogramming and test 

packages. All Q tasks shared a common region dynamically created at run time 

and used a general parameter array system(PRM) that maintains a defined and 

modifiable set of integer and real parameters. The a Acquisition 

Language(QAL) compiler was used to define the layout of electronics modules 

in the CAMAC system and specify the operations to be executed for each 

triggered event. Wire chamber information was processed in the following way 

17 



using the LeCroy PCOS system for digital wire read out. Each wire in the 
planes was read individually Individual wire readout was important since 
multiparticle events often resulted in adjacent wire signals. The readout system 
for all 3264 wires included chamber mounted electronics and four data 
encoding CAMAC modules. A block diagram of the readout electronics is given 
in Figure 2.6. Additional event information included digitized times of the 
relative spectrometer arm timing, singles and coincidence scalers in different 
counters, trigger rates, and beam burst counts for live time monitoring. These 
raw data buffers were passed to user processing subroutines(PROCs) to be 
padded with calculated user data words and then taped on 1600-bpi magnetic 
tape. 

The Q program defined several types of events; some were used 
specifically during data acquisition, while others were used in replay. The 
replay events will be discussed later. During data acquisition , the following 
events were enabled[17] : 

Event 4 Scaler event triggered every 4 seconds that reads 84 n° and 84 
charged particle scalers. Raw data is written to tape and a running sum of the 
scalars is kept in the region. 

Event 5 During beam-off and no-beam intervals, data from a Bismuth 
source were recorded and used for gain stabilization. 

Event 7 Data were stored for analysis in a region scratch array. The 
PROC7 subroutine took the data for each of the 60 ADC's between beam burst 
and checked if they fell within an pedestal window. ADC values that fell within 
the window were added to a running sum of values. After sufficient events had 
been accumulated, new pedestals were calculated so that any shift could be 

observed. 
Event 9 The primary analyzer event was written to tape. The hardware n° 

event, consisted of up to 256 words of summarized ADC and TDC information 
for all 60 active spectrometer detectors plus MWPC information and scaler data, 
had various levels of processing available. These various levels are discussed 

later in the data analysis section. 
Event 22 No data were generated; the event was triggered to start a 

pedestal accumulation cycle. 
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Event 23 - Hardware event was not written to tape and no processing 

subroutine existed. It cleared all CAMAC modules and enabled the required 

modules. 

The Q program also allowed the histogramming of calculated as well as 

raw parameters to monitor run conditions. In other words, the raw parameters 

(MWPC hits, ADC and TDC spectra) plus the calculated parameters (energy in 

Pb-glass, kinematic quantities, and gamma conversion coordinates) were 

histogrammed and monitored during the run to check stability. In addition, this 

program allowed for the display of single events chosen at random. 
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Figure 2.1. Schematic of the LEP Channel at LAMPF with Beam Features. 
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CHAPTER Ill 

DATA ANALYSIS 

Replay and analysis of data from experiment E882 were performed using 

the data acquisition program a which was developed at LAMPF. Data analysis 

using the a analyzer included kinematics and histogramming of events. A brief 

description of the process an event undergoes during analysis by the Q 

analyzer will be presented. This chapter will also discuss the primary 

parameters needed in calculating differential cross sections. These primary 

parameters include the following: scattering yield, solid angle acceptance, and 

the total n:
0 detector efficiency. 

Q Analyzer Event Processing 

Multiple events are collected on a data tape to be replayed by the a 
analyzer which wrote the events to tape. This collection of events on tape is 

called a run . Replay is accomplished either directly from a tape drive or 

spooling the run to hard disk on a VAX computer system. The Q program 

enables certain events in replay just as in data acquisition mode as described 

in Chapter II. The following events were enabled for data replay [17]: 

Event 4 Same as described in Chapter II for data acquisition. 

Event 9 Data through Proc9X, a Q subroutine where gamma-gamma 

events are processed. During replay, an event is fully processed through 

various levels. 
Event 16- This event reads the linearized pedestal values written to tape. 

A Q subroutine reads the data into the region. 

Event 18 This event reads the gains written to tape. A Q subroutine 

retrieves the gains and puts them in the region for use by event 9. 

Event 19 The replay subroutine Proc19 retrieves the parameter(PRM) 

arrays written to the output tape. These arrays are written at the beginning of 

each run. Since the parameter arrays are too large to fit into a single tape buffer 

or event, a series of events are written to tape. 
Event 20 Event used to retrieve saved test counters written to tape. This 

particular event is not very useful since the original test file used in the on-line 

analysis has been modified to implement better cuts and improve efficiency 

calculations. 
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The primary event to focus on during replay was Event 9. Various levels of 

processing had to be passed in order for a replayed event to qualify as a 

gamma-gamma event. The Q analyzer subroutine Proc9x was used to process 

the event at various points in the analysis. The kinematics of the event was also 

included in the analysis. The first level of processing involved performing tests 

to determine which conversion planes registered a hit in a wire chamber. Next, 

the remaining events were tested to check if a hit was registered in more than 

one wire chamber. A logical AND of several of these tests was only true if the 

event registered a three wire chamber hit in both J and K spectrometer arms. 

Only events passing this test proceeded to the next level of processing. At this 

point, approximately 90°/o of the possible events had been cut out. Possible 

reasons were that either these events were not really the result of n° decay but 

possibly background radiation, or one of the gamma rays produced by the n° 

was simply not detected due to wire chamber or converter inefficiencies in one 

or both arms. 

The second level of processing consisted of determining conversion 

planes, linearizing ADC's, generating converter and block energy sums, 

calculating total gamma energies, and calculating the energy sharing 

parameter X. The coordinates of the conversion in the spectrometer arms were 

calculated by the subroutine TRACER. This subroutine was crucial in 

determining whether or not an event was a result of a 1r
0 decay. Limits were set 

on wires in the wire chambers from block centroid information. This information 

was obtained from the centroid of the signal distribution from the Pb-glass 

blocks. A window was set on the wire chambers based on centroid position 

resolution by knowing where the gamma energy was deposited in the blocks. 

Information from outside this window is discarded. There are a maximum 

number of hits taken(MXHITS = 5) in the wire chamber that if exceeded are 

discarded. These discarded events are likely to have come from multiple 

scattering which are deflected from the primary track. The distance from the 

center of the target to 5/6 of the converter thickness was defined as the Z

conversion coordinate. The Y-conversion coordinate was found simply by 

averaging the Y -coordinates of all charged prongs, or registered hits in a wire 

chamber. 
An illustration of the procedure used to determine the X-conversion 

coordinate is given in Figure 3.1. This coordinate is much more sensitive than 
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the Y. TRACER determines the best slope of the gamma ray from the X

coordinate wire chamber information. This slope is a line drawn through the 

two X-coordinates of the first wire chamber. This X coordinate found by the first 

X-plane wire chamber is taken to be the X-conversion coordinate. If the 

difference between these two slopes is greater than 35 degrees, the event is 

rejected. A check is made to see if the conversion point for the gamma event in 

the J arm is acceptable as defined by the TRACER subroutine. 

Acceptable events at this stage were those with conversions in one of the 

converters in the J arm. Only these events were allowed to the third level of 

processing. At this level, tests were made for the conversion coordinates of the 

events in the K arm. The same checks were applied to these events for the K 

arm. Only these events were allowed to undergo further processing by the 

analyzer. In the fourth level of processing, the kinematic calculations were 
done on events with acceptable conversion points found by TRACER for both 

arms. The results of these calculations were substituted back into equations 2.3 

and 2.7 to find the total 1l
0 energy and scattering angle. 

After the fourth level of processing, final cuts were applied to the data. 

Energy cuts involved events that had to pass threshold cuts for the J and K 

gamma energies. Two different cuts on X, the energy sharing parameter as 

given in equation 2.2, were used at this stage. A wide X-cut of 1.0(no 

constraint) and a tight X-cut of 0.2 were used in replaying the data. Also, tests 

for two types of fiducials were applied to conversion planes registering events 

having passed all previous tests. A fiducial was described in this context as a 

geometrical window defined by events that had a specific minimum radiation 

length in the Pb-glass blocks. Suppose only six radiation length(6Xo) 

absorption or less was considered . A ray was traced from the target center to 

the Pb-glass block edge where outer-most absorption would occur. At this 

point, upper and lower limits were set on the wire numbers in the wire chambers 

for each conversion plane. Events registered by wire numbers lying outside the 

fiducial area were discarded. An illustration of this fiducial concept is given in 

Figure 3.2. Events replayed had to pass either a 6Xo or 8Xo fiducial test and the 

results were compared for consistency. 
Final data processing included dividing the calculated 1l

0 
energies into 

three separate angle bins. The angle referred to here is the 1l
0 scattering 
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angle, e"', and an angle bin was defined as minimum and maximum of 

scattering angle acceptance. The binning scheme is given by Table 3.1. 

Various calculated parameters of the data were made into histograms. 

Events were binned in these histograms according to their angle bin, fiducial 

cut, and X cut. Therefore, there were twelve different :n° energy histograms for 

each energy and scattering angle. In Figures 3.3 and 3.4, typical histograms of 

the :n° kinetic energy and scattering angle are given. The kinetic energy 

histogram is labeled TP6W1 in this example where "TP" refers to kinetic 

energy(T) of the :n° (P), "6" refers to a fiducial cut of 6 radiation lengths, "W" 

refers to a wide X-cut, and "1" refers to scattering into angle bin number 1. By 

comparison, another typical example is a histogram labeled TP8T3 where "8" 

refers to a fiducial cut of 8 radiation lengths, "T" refers to a tight X -cut, and "3" 

refers to scattering into angle bin 3. The events in this histogram passed all the 
tests mentioned previously. 

Scattering Yield Calculations 

The first step in calculating the :n° scattering yield was the determination of 

the proper target normalizations. These normalizations were based on the type 
of target and the beam rate. The number of :n- incident on the target was the 

beam rate. The beam rate was measured by the sampling grid scintillator(SGS) 

per unit beam monitor. Target selection in this experiment was based upon the 

desire to observe single charge exchange pion-proton scattering. The ideal 

proton target to use was liquid hydrogen. The reason this target was the 

obvious choice was due to its essentially pure proton nature. In fact, almost all 

of the scattered :n° 's were a direct result of pion-proton scattering. Due to 

problems with the thin walls used to contain the liquid hydrogen at a specific 

pressure, several ruptures forced a different target selection. The new target 

selection required more effort and data to yield good pion-proton scattering. 

The new targets were polyethylene(CH2) and carbon(C). These targets were 

used together throughout the remainder of the experiment. The different targets 

and thicknesses used in the experiment are shown in Table 3.2. 

For each of the above targets, histograms were made of the :n° energy. 

The :n° energy histograms contained the sum of the number of :n° 's scattered 

into a particular direction with a particular energy subject to fiducial and X cuts. 

Yields were obtained for the scattered :n° 's produced in each type of target. 
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The yields obtained from the empty and carbon target data were normalized to 

and subtracted from the polyethylene yields to obtain a net yield that was a 

result of pure hydrogen, or proton, scattering. This pure pion-proton scattering 

yield was the yield used in calculating the differential cross section. 

Histograms of the n° kinetic energy for each type of target used in the goo 

analysis are Figures 3.5 through 3.7. The yields are obtained from this type of 

histogram. The polyethylene kinetic energy histogram in Figure 3.5 has a 

characteristic shape that reflects both hydrogen and carbon scattering. The 

events making up the peak are a result of n- -hydrogen scattering and 1r-

carbon scattering. In order to isolate pure 1r- -hydrogen scattering, the 1r-

carbon scattering events are normalized to and subtracted from the sum of the 
events in the polyethylene target histogram. Figure 3.6 is a histogram from the 

carbon target data. The result of the polyethylene and carbon target data 

subtraction with normalization is pure n - -proton scattering, Figure 3. 7. From 

examining Figures 3.5 and 3.6, it is evident that most of the events are hydrogen 

as opposed to carbon scattering, and those events on the extreme right side of 

the hydrogen peak are background from primarily pion scattering in the air 

downstream of the target. Yields obtained in this way are subject to statistical 

fluctuations of the normalizations. The hydrogen histogram in Figure 3. 7 may 

still contain some carbon or background scattered n° 's, or possibly too many 

events may have been subtracted out. To obtain the best Jr- -proton scattering 

yield, n° kinetic energy cuts are used so that events on the extreme left and 

right side of the hydrogen peak are excluded. By looking at the Monte-Carlo 

distributions and comparing to the data, cuts can be selected that include all of 

the :JC- -proton scattering. 
The data in Figures 3.5 through 3.7 are 40 MeV, goo. The above procedure 

also applies to the 10 and 20 MeV at goo. For the 10 and 20 MeV at 0°, a liquid 

hydrogen target and empty target was used. For the 40 MeV, oo and 180° data 

at all three energies, an empty target was used along with the polyethylene and 

carbon. The empty target was omitted from the goo running due to beam-time 

constraints. All of the above targets contain background events. For example, 

these events represent scattering in the air or random gamma-gamma 

coincidences. These background events are represented by the empty target for 

40 MeV, oo given in Figure 3.8. Before any carbon subtraction is done, the n° 

events collected from the empty target data are normalized to and subtracted 
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from polyethylene and the carbon target data separately to obtain net 

polyethylene and net carbon target data. However, this is unnecessary for the 

goo data and is actually only essential for the 40 MeV, oo data. The reason is 

described below. 

An interesting point about the normalization and subtraction of the empty, 

or background data is the contribution this subtraction makes to obtaining the 

final hydrogen yield from the polyethylene data. Since the carbon data are 

being normalized and subtracted from the polyethylene data and both contain 

background events, it may seem reasonable and logical to assume that these 

background events are automatically subtracted out when the carbon yield is 

subtracted from the polyethylene yield . This is only true under specific 

conditions that are not met by this experiment. 

This is evident from the following argument. The normalization constants 

N 1, N2, and N3 are the polyethylene to empty, carbon to empty, and polyethylene 

to carbon data, respectively, where the polyethylene to carbon normalization 

includes beam and target density normalizations. Let Y cH2, Y c. and Y Mr be the 

polyethylene, carbon, and empty target yields. The net hydrogen yield(Hyield) is 

obtained from the following relation: 

~ield = {Y CH2- N1Y Mr) -{Y c- N2 Y Mr )N3, (3.1) 

which can be rewritten as 
Hyield = Y CH2 -N1Y Mr -N3Y c-~~ YMr · (3.2) 

The condition that N1 = N2N3 must be satisfied in order for the empty data 

contribution to the net hydrogen yield to cancel in the above equation. Since N1 
is the polyethylene to empty beam normalization, and N2 is the carbon to empty 

beam normalization, then N1 I N2 is the polyethylene to carbon beam 

normalization. N3 can then be expressed as: 

NtT 
N3 = N CH2/C• 

2 

(3.3) 

where T cH 21 c is the polyethylene to carbon target density normalization. Using 

the above expression and the condition N1 = N2N3 reduces to the condition that 

TcH
21 

c must be equal to unity for the empty data contribution to net hydrogen 

yield to cancel. This condition is invalid for the target used in this experiment. 

The background events are considered in obtaining net hydrogen yields, except 

in the goo runs where this is not possible. This contribution is more significant at 

the 40 MeV, oo where the differential cross section is near a dip. In the other 
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cases, the differential cross section has a magnitude high enough to make an 
empty target subtraction unnecessary. 

Solid Angle Calculations Using PIANG 

The solid angle acceptance which must be known to calculate the 
differential cross section is the ratio of the number of :a0 hits to :a0 throws 
multiplied by 4n: steradians. This solid angle is completely determined by the 

geometry of the spectrometer within a given value of energy sharing , X. This 

geometrical solid angle is the probability for two n° decay photons to hit a given 

fiducial area of each of the two spectrometer arms. This is an absolute 

calculation of the geometrical solid angle; this is not a relative calculation . This 

probability is calculated using the Monte Carlo code "PIANG" (Pion ANGle) . 

This simulation throws a number of :a0 events and runs until a specified number 

of photons are detected. PIANG input is a function of three different groups of 

parameters. The first group is the geometrical settings of the detector crates 

including the scattering plane orientation, nominal target-to-converter distances, 

converter fiducial areas, the opening angle between detector arms, and the 

polar angle of the detector's bisector. The next group are the performance 

parameters of the instrument given by the photon energy resolution in the 

calorimeter and the conversion position resolution in the MWPCs. The last 
group are the beam and target related effects including the kinetic energy and 

momentum spread of the incident beam, horizontal and vertical beam profiles, 

target location and orientation, and energy loss and straggling in the target. 

The desired statistical error is achieved by running the program for as many 

events as needed. 
PIANG event processing involves dividing into the same three angular bins 

that were used in the actual data analysis. The calculated scattering angle and 

energy spectra provide a valuable check for reasonable modeling of the 
experiment by the code. It is crucial that the PIANG distributions for e "o, the 

:a0 laboratory scattering angle, and 11, the gamma-gamma opening angle, be the 

same as in the data analysis. If the code cannot model these distributions 

correctly, there is little chance of producing correct solid angles for individual 

angle bins. Many diagnostics have been uncovered by comparing distributions 

from PIANG and the data analysis. In Table 3.3, comparison between the data 
analysis and PIANG is given for the scattering angle(e "0

) and the opening 
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angle(ll) where the events are subject to a wide fiducial cut(6X0) and wide X cut. 

The mean angles given in the table are the centroids of the distribution, where 

FWHM refers to the full-width-half maximum of each distribution. The greatest 

differences between PIANG and replay occur for the 1 o and 20 MeV because of 

the lower statistics at these energies. In Figures 3.g and 3.10, the PIANG and 

replay histograms are compared for the 8n° and 11 distributions at 40 MeV, 90 

degrees. For each figure, the interior bar plot is the replay histogram while the 

outer vector plot is the PIANG histogram. 

For the goo analysis, calculation of the solid angles using PIANG became a 

more difficult process. Due to experimental error, an incorrect spacer setting on 

the K crate was used creating an asymmetrical fiducial area in the K crate 

compared to the J. New fiducials for the K crate had to be calculated using this 

shift. Angle transformations within the code also had to be modified. With time 

and effort, PIANG gives reasonable solid angles for the goo data. This 

confidence comes from the fact there were some data at 40 MeV that did not 

have this problem. The calculated differential cross sections from these two 

data sets are equal within statistical errors. Further discussion with results is 

given in Chapter IV. 

The Total Spectrometer H
0 

Detection Efficiency 

For accurate differential cross section measurements, the total detector 

efficiency must be known absolutely, not relative to another measurement. In 

previous experiments, the total ;r
0 efficiency was determined by taking the 

effective solid angle of the spectrometer(~Q) and dividing it by the geometrical 

solid angle(~Q9) . ~Q was determined from known cross sections 

corresponding to the ;r- beam energy while ~Q9 was calculated by a Monte

Carlo simulation PIANG. This technique was not available to experiment 882 

since no known experimental cross sections exist at these low energies. 

The total spectrometer ;r0 detection efficiency is composed of a product of 

individual efficiencies 
(3.4) 

where ei~ is the coincident gamma-gamma conversion probability in the J and 
1f 

K arms, e
1 

is the track reconstruction efficiency for a good neutral pion, e
5 

is the 

average scintillator efficiency, and ev is the average veto efficiency. The last 
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two efficiencies, which were determined from cosmics data in LAMPF 

experiment 1179, were 96.2 ± 0.5°/o and 97.0 ± 0.5°/o [18]. 

Experimental determination of the total efficiency was done in two stages. 
The first involved calculation of e~~ by first determining the single converter 

efficiency while the second involved finding e
1

• Both processes for each stage 

were similar. The single converter efficiency was calculated by removing two of 

the three converter planes in the K arm so the gamma rays had only the third 

converter to convert in. This efficiency had the requirement that the resulting 

electron-positron shower produced at least one detectable charged particle in 

the MWPCs. The efficiency of one Pb-glass converter was calculated as the 

ratio of the total converted events in that converter to the total events detected in 

the Pb-glass blocks in the spectrometer rear. The Pb-glass blocks were 

essentially infinite with respect to the gamma rays. All gamma rays converted 

either in the Pb-glass converter planes or in the blocks. 

A good efficiency measurement was obtained by making sure that good :JC
0 

events were used. This was accomplished by using the J arm as a "tag" so that 

all events detected in the Pb-glass blocks also passed restricting tests in the J 

arm. An acceptable gamma ray in the K arm must also have an acceptable 
gamma ray in the J arm. In the J arm , all the tests that were normally performed 

in replay to this arm were applied to the detected gamma ray. A gamma event 

was not required to have registered in the third converter of the K arm since this 

was what defined the efficiency measurement, but the events that were 

registered had to pass the same tests used in replay. Additional tests were 

added which required the K arm events to have been detected in the central 

area of the rear Pb-glass blocks. The hit had to be in the center one-third area 

of the blocks in the x direction and in the center three-fifths area in the y 

direction. The reason this was done was to ensure against the possibility that 

near the Pb-glass block edge some of the gamma rays may not convert due to a 

decrease in absorption thickness. In other words, there was always a "guard 

block" to absorb the shower. 
In summary, to simulate the :JC

0 converter efficiency during data replay, the 

events registered in the third K-arm converter had to pass the same tests as 

regular replay. As previously stated, all events registering in the third K-arm 

converter also passed all tests for the J "tag" arm, and they were detected in the 

central part of the rear Pb-glass blocks. This gave the numerator of the 
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efficiency calculation as a subset of the denominator. The 1r
0 converter 

efficiency measured for the third converter plane was determined by the above 
method to be 28.64 ± 0.18°/o at a gamma energy of 121 MeV. The efficiency 
studies were done for 1r- energies near 100 MeV. 

By considering the number of conversions in each conversion plane, the 
one-arm converter efficiency can be derived from the single converter efficiency. 
Consider N photons entering the spectrometer where NEconv will convert in the 
first plane. The single converter efficiency, Econv is assumed for all converter 

planes. N - NEconv photons will reach the second converter where (N - NEconv ) 

Econv = NEconv (1 - Econv ) photons will convert. The photons that reach the third 

converter are the photons that do not convert in the first two converters, N -
NEconv - NEconv (1 - Econv) = N - 2NEconv + NE2conv = N(1 - Econv )2. The one-arm 

converter efficiency is obtained by dividing the sum of the conversions for each 
converter by the number of photons, N, entering the spectrometer arm. This one 
arm conversion efficiency is given by: 

Eft 1arm = [ Neconv + Neconv( 1- EconJ + N Econv{ 1 - EconJ
2

] IN' 

= 1-( 1- £conJ
3

. (3.5) 

The two arm converter efficiency is the square of the one arm efficiency: 
jk ( ( )3 )2 

£ 1r0 = 1 - 1 - £ conv · (3.6) 

The uncertainty in this two arm converter efficiency is obtained by differentiating 

(3.6) with respect to the single converter efficiency: 

de~~ = s[( 1- econY - ( 1- econJ
5
]. (3. 7) 

d Econv 
In the above equation, dEconv is the uncertainty in the single converter efficiency. 

The uncertainty in the two arm converter efficiency is solved for to yield : 

de~~ = 6[(1- econJ- (1 - econvf]deconv· (3.8) 

The two arm converter efficiency for gamma energies of 121 MeV using the 

single converter efficiency is 40.5 ±0.4°/o, one percent contribution to the 

normalization uncertainty. 
Modeling of the single converter efficiency was done using the Stanford 

EGS program. This model simulates the electron-gamma interaction in the 

converter. The EGS program predicted a single converter efficiency of 28.3°/o 

for gamma energies of 121 MeV. In this calculation, normal incidence of the 
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converter gamma rays was only considered. Another difference between 

experimental and simulated efficiencies is the X cut. A tight X cut was set for the 

experimental efficiency determination, while EGS considered events with 

monochromatic gamma rays. The EGS program did not simulate exactly the 

conditions of the experimental efficiency determination. The efficiencies at the 

other energy were found by taking the ratio of the experimental efficiency to the 

EGS efficiency at 121 MeV. This normalization was multiplied by the EGS 

predicted efficiencies for the other gamma energies to yield the efficiencies. The 

results of the EGS simulation are given in Table 3.4. 

Another efficiency included in the total spectrometer efficiency was the 

efficiency associated with the Q analyzer in reconstruction of the path, or track, 

of the gamma rays. This track reconstruction efficiency, which was considered 

more of a software than a hardware cut , originates from difficulties in 

interpreting physical parameters and making the appropriate mathematical 

conversion. Incorrect interpretation of multiple hits in wire chambers can lead to 

an incorrect extrapolation to the conversion point. These reconstructed tracks 

resulted in some good gamma-gamma events being discarded by the analyzer. 

A determination of this efficiency was performed similar to the method used for 

the two arm converter efficiency. The third converter in the K arm was 

considered, and the J arm was used again as a "tag" to obtain a sample of good 

events. The object was to measure the efficiency associated with reconstructing 

the gamma ray track in the third converter of the K arm . Any K arm wire 

chamber information was not included as a test on the gamma-gamma events. 

The only acceptable test were those used on the third converter which were in 

no way associated with finding the track of the gamma rays, and wire chamber 

information clearly violates this requirement. As before, any gamma event in 

the K arm had to have an acceptable gamma event in the J, or "tag" arm. 

If an event passed these restrictive tests applied to the third converter in 

the K arm, the event was very likely to be a good gamma-gamma event from 

the n° decay. An efficiency was calculated by taking the ratio of the number of 

events that registered and passed all tests in the K arm third converter to the 

number of events detected in the rear Pb-glass blocks. From this single 

converter efficiency, the two arm converter efficiency, twnhout. was then 

calculated. Another efficiency was calculated by adding tests that used the wire 

chamber information. This second efficiency was found by using the same ratio 
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method given above. A two arm converter efficiency, Ewith, was calculated from 

this single converter efficiency. The ratio, Ewithltwithout, was simply the product of 

the tracking efficiency and the wire chamber efficiency because the slope test 
used in obtaining Ewith discarded only those events lost to the track 

reconstruction efficiency. A modified slope difference test was applied so that a 

slope difference as wide as 90 degrees was acceptable. The true tracking 

efficiency was obtained by the above ratio divided by the wire chamber 

efficiency. The ratio, EwithiEwithout, was determined to be 87.2 ± 1.5°/o [1 ], less than 

two percent contribution to the normalization uncertainty. The efficiency 
obtained by including the wire chamber information, Ewith , was also studied to 

see if varying the slope test from goo would affect the measurement. It was 

found that requiring events to pass a slope difference test as tight as 35 degrees 

had no effect on the number of events discarded. This indicates that the 

previous tests, especially the ADC scintillator tests, were sufficient to ensure that 

the events considered in the efficiency calculation requiring no wire chamber 
information(twithout) were gamma-gamma events resulting from a 1r

0 decay. 

The actual track reconstruction efficiency is found by a separate 

determination of the wire chamber efficiency. Most wire chambers had a very 

high efficiency around 98°/o to 99°/o. The purpose in calculating wire chamber 

efficiencies was to provide a consistency check for wire chamber performance 

from run-to-run. A sudden efficiency drop for a particular run indicated a 

problem with the wire chamber. The most likely problem was a "hot" wire. A 

wire that continuously triggers as having seen an event even though one may 

or may not have occurred is a hot wire. By executing the program HOT, these 

wires were taken out of the analysis. This told the analyzer not to consider 

information from these wires during data analysis. When a hot wire was 

removed, the chamber efficiency decreased because the chamber had a dead 

region . Calculating efficiencies provided useful checks on wire chamber 

performance. 
The experimental determination of the wire chamber efficiency with a 

particular converter plane was done in the following way. The ratio of the 

number of events in two of the chambers, excluding the wire chamber whose 

efficiency was sought, with the number of events detected by all three 

chambers. The necessary tests were performed by a special Q analyzer for this 

purpose. These tests were processed in a FORTRAN routine where the wire 
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chamber efficiencies were calculated. Statistical errors were also included in 
the calculations. Application of this method yielded a total spectrometer wire 
chamber efficiency ranging from 96 to 98 percent [1 ]. The ratio Ewithftwlthout 

divided by the total spectrometer wire chamber efficiency during data taking 
gave the track reconstruction efficiency for each energy and scattering angle. 
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Table 3.1. Scattering Angle Bin Scheme 

Bin 8,(> 8Jl 8Jl 

1 0-13 70-85 165-180 
2 13-21 85-95 155-165 
3 21 -35 95-115 140-155 

oo data 90° data 180° data 

Table 3.2. Targets Used In Experiment 882. 

Data Taken At Target Name Target Area Density 

0°, 10 MeV Llquid Hydrogen 0.177 gram/cm2 

0°,20 MeV Liquid Hydrogen 0.177 gram/cm2 

0°,40 MeV CH2-B 1.158 gram/cm2 

C-A+C-X 1. 524 gram/cm2 

90°, 10 MeV & 20 MeV CH2- (Ill) 0.293 gram/cm2 

e-x 0.495 gram/cm2 

90°,40 MeV CH2- (IV) 0.825 gram/cm2 

C-X 0.495 gramtcm2 

180°, 10 MeV CH2- (II) 0.418 gram/cm2 

C-X 0.495 gram/cm2 

180°, 20 MeV CH2- (I) 0.417 gram/cm2 

C-A 1. 029 gram/cm2 

180°, 40 MeV CH2-B 1.158 gram/cm2 

C-A+C-X 1.524 gram/cm2 
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Table 3.3. Scattering and Eta Angle Comparisons Between 

Replay and PIANG. 

Data Taken Replay PIANG Replay PIANG Mean 
at Mean Mean FWHM FWHM Theta 

Theta Theta Theta Theta Difference 

0°, 10 MeV 27.0° 28.0° 13.8° 13.2° 1.0° 

0°,20 MeV 23.0° 22.8° 10.6° 11.0° 0.2° 

0°, 40 MeV 1g.3o 1g.2o g.2° g,3° 0.1° 
goo, 10 MeV g1.1 ° gQ.1° 18.8° 1g.oo 1.0° 

goo, 20 MeV g1.8° go. 5° 14.go 15.0° 1.3° 

goo, 40 MeV 8g.2o gQ.2° 11.6° 11 .1° 1.0° 

180°, 10 MeV 146.8° 146.6° 14.8° 15.3° 0.2° 

180°, 20 MeV 152.3° 151 .3° 13.5° 13.6° 1.0° 

180°, 40 MeV 156.7° 155_go 11 .3° 11.6° 0.8° 

Data Taken Replay PIANG Replay PIANG Mean 

At Mean Mean FWHM FWHM Eta 

Eta Eta Eta Eta Difference 

0°, 10 MeV 135.5° 132.5° 6.6° 5.5° 3.0° 

0°, 20 MeV 121.6° 118.3° 5.6° 5.0° 3.3° 

0°,40 MeV 106.8° 103.3° 4.go 4.8° 3.5° 

goo, 10 MeV 141.2° 140.2° 5.3° 5.6° 1.0 

goo, 20 MeV 128.2° 127.4° 4_go 4.7° 0.8° 

goo, 40 MeV 111.1° 111 .3° 4.2° 4.5° 0.2° 

180°, 10 MeV 143.3° 145.0° 5.1° 4.8° 1.7° 

180°, 20 MeV 133.5° 134.0° 4.7° 4.7° 0.5° 

180°, 40 MeV 122.1° 122.0° 4.5° 4.5° 0.1° 

3g 

FWHM 

Theta 

Difference 

0.6° 

0.4° 

0.1° 

0.2° 

0.1° 

0.5° 

0.5° 

0.1° 

0.3° 

FWHM 

Eta 

Difference 

1.1° 

0.6° 

0.1° 

0.3° 

0.2° 

0.3° 

0.3° 

0.0° 

0.0° 



Table 3 .4. EGS Single Converter Efficiencies. 

Beam Energy Gamma EGS Normalized 
and Angle Energy Converter Converter 

(MeV) Efficiency Efficiency 

10 MeV, oo 74.3 26.5°/o 26.3°/o 

20 MeV, oo 7g.5 26.8°/o 26.6°/o 

40 MeV, oo 88.8 27.2°/o 27.1 °/o 

10 MeV, goo 73.0 26.5°/o 26.2°/o 

20 MeV, goo 77.0 26.7°/o 26.5°/o 

40 MeV, goo 83.g 27.0°/o 26.4°/o 

10 MeV, 180° 71 .7 26.4°/o 26.1°/o 

20 MeV, 180° 74.4 26.5°/o 26.3°/o 

40 MeV, 180° 78.g 26.8°/o 26.5°/o 

103 MeV, oo 121.0 28.5°/o 28.6°/o 
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CHAPTER IV 

RESULTS AND CONCLUSION 

Differential cross sections were calculated by the collection of all of the 1r0 

spectrometer data and subjecting it to parameters of yield, solid angle, and 

efficiency. This was a complicated task that involved years of work. Once all 

the relevant information had been assembled, the differential cross sections 

were calculated from a single equation. This chapter describes this equation 

and the calculation. The cross sections given are compared to several 

theoretical models. 

Differential Cross Section Calculations 

The experimental center of mass differential cross sections for the charge 

exchange reaction 1r-p--. 1r0n are calculated using the following expression 

[19], 
do ---------
d Q N Jr - NHQ Jro E Jro fabT YY 11_ ' 

YJ 
(4.1) 

where Y is the net number of 1r0 events, or yield in the hydrogen peak following 

carbon and background subtraction; J is the Jacobian transformation from the 

lab to the center of mass frame; Nx_ is the number of 1r- s incident on the target, 

or the beam rate; NH is the number of hydrogen atoms per cm2 in the target; e o Jr 

is the total spectrometer 1r0 detection efficiency which is given by equation 3.4; 
fabs is the fraction of photons not absorbed in the target, the polyethylene 

"hardener", and the veto(typically 0.856); F yy is the :JC
0 ~ yy decay branching 

ratio(0.98802); and ,;Lis the experimental livetime which varies among the data 

set in the range of 0.77 to 0.89. Except for the yield, solid angle, and total 

detection efficiency, all the above parameters are easily found by standard 

techniques. 
The actual calculation was performed using a spreadsheet to process all 

the above parameters. There were twelve differential cross sections for each 

1r- energy and spectrometer angle setting. The scattered 1r0 s produced kinetic 

energy histograms for each perspective differential cross section for: 1) two 

types of fiducial cuts of 6 and 8 radiation lengths, 2) both tight and wide X cuts, 

and 3) three angle bins. Several data runs for each energy and scattering 

angle were taken, and since each run was separately analyzed then each run 
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produced twelve yields. For each data run, there were scalers that gave 
information such as number of toroids and the experimentallivetime. The beam 
rate was measured by the sampling grid scintillator(SGS) in units called toroids, 
which were an inductive pick-oaf that monitored the intensity of the primary 
proton beam. Each energy and scattering angle at which data were taken has 
an unique number of pions per toroid because of the varying beam 
contamination's by the ionizing electrons and muons. Twelve solid angles from 
PIANG that match the parameters for each n- energy and scattering angle. 

The differential cross sections spreadsheets for the 90° data are given in 
Figures 4.1 through 4.g. As an example, the first page of the spreadsheet for 20 
MeV, goo is given in Figure 4.4. This page contains the yields, the number of 
toroids, and the experimentallivetime for each data run. As stated before, there 
are 12 yields for each run corresponding to the different fiducial requirements, X 
cut, and angle bins. Also shown, the n° kinetic energy random yields are those 
events that are a result of ADC random firing. On the next spreadsheet page, 
these random yields are subtracted from the actual yields. Below each run 
number, the type of target used is given. The product of the livetime and the 
number of toroids(labeled TOR 1 *L T) gives the number of toroids incident on the 
target during data taking. Energy cuts for the goo data are wide open with few 
events rejected since the background was small. In the rest of the data, energy 
cuts are specified for the yields since the background was more significant [1]. 
These cuts are needed to keep the sample as pure as possible to include only 

pion-proton scattering. 
The second page of the spreadsheet for 20 MeV, goo is given in Figure 4.5. 

This page includes consistency checks for the data and the weighted average 
of the wire chamber efficiencies for each run. The basis of the consistency 
check is that if a run yield is divided by the number of toroids incident on the 
target, or the product of the toroid number and the livetime, then this normalized 
yield , should be constant for all the data runs taken for a target. For example, 
the yield consistency check of the data passing requirements of 6 radiation 
lengths and a tight X cut is the sum of the yields for these angle bins divided by 
the toroid number. This corresponds to the row labeled TP6T CHK in the 
spreadsheet. Statistical uncertainties for each consistency number along with 
the weighted average of the normalized yield. A run that is more than one 
standard deviation away from the average possibly indicates a problem at the 
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time of data taking. For example, Run 346 is noticeable larger in value than the 

other runs. In this case, a cable was in the beam so it was automatically 

suspect, but this gives a double check on the data runs. 

The third page of the spreadsheet for the 20 MeV, goo data is given in 

Figure 4.6. This page includes the sums of the various data at each target. For 

example, the total toroid number incident on the polyethylene(CH2) is the sum 

of the individual toroids for all CH2 data runs. In the spreadsheet, this number is 

labeled TOR 1 for TOTAL CH2. Other information such as target density, 

1r-/toroid, single converter efficiency, and the track reconstruction efficiency. 

Beam and target normalizations are calculated using toroid, livetime, and target 
density information. 

The rest of the spreadsheet given in Figure 4.6 is aligned in rows 

corresponding to the different fiducial, X cut, and angle bins applied to the 20 

MeV, goo data. Under the column labeled SOLID ANGLE, the laboratory solid 

angles are entered from the PIANG calculation and the corresponding data 

cuts. The Jacobian is calculated for each scattering angle corresponding to the 

centroid of the scattered 1r
0 s in each angle bin . This scattering angle is 

calculated by PIANG. The columns labeled RAW CH2 and RAW CARBON are 

the summed yields for the data runs taken with the various targets. The random 

events are normalized and subtracted from these raw yields to give net yields of 

polyethylene and carbon . The net carbon is normalized and subtracted from 

the polyethylene to give a net hydrogen yield. The differential cross sections 

are calculated using equation 4.1 in the column labeled dSIG/dOM using the 

net hydrogen yields, the solid angles, Jacobian, various efficiencies, and other 

parameters found in the spreadsheet. Using kinematics, the lab scattering 

angles calculated from PIANG are converted to the center of mass scattering 

angles. The center of mass scattering angles in the column labeled C-M 

THETA correspond to the calculated differential cross sections. 

The calculation of twelve differential cross sections provides a consistency 

check among the different fiducial and X cuts used. For example, all four of the 

cross section for angle bin 3 should be same within a statistical uncertainty. 

Any appreciable deviation from the average indicates a problem with the most 

likely suspect being PIANG which must correctly calculate solid angle for each 

case. Uncertainties are calculated for the differential cross sections by adding 
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the statistical uncertainty and other contributing uncertainties, such as efficiency 

uncertainties, in quadrature. 

The above description of the 20 MeV, goo data spreadsheet is only one of 

nine data sets. Spreadsheets for the 40 and 10 MeV, goo are given in Figures 

4.1 through 4.3 and in Figures 4. 7 through 4.g, respectively. Spreadsheets for 

the other data sets are in a thesis by M. Brooks [1]. Differential cross sections 

for all nine data sets with statistical uncertainties are given in Table 4.1 . Each of 

these cross sections is a weighted average of the cross sections of differing 

fiducial and X cuts. 

Com pari son to Theoretical Differential Cross Sections 

Figures 4.5 through 4. 7 show the experimental cross sections for 0, go, 

and 180 degrees with theoretical predications from the partial wave analysis 

from Virginia Polytechnic lnstitute(VPI) [20], Karlshruhe (21 ], and a potential 

model of Siegel and Gibbs [22] . These are the lowest energies ever measured 

for any pion-nucleon process and especially important to determine the non

linearity of the isospin-1/2 phase shifts in an effective range expansion. The 

potential model of Siegel and Gibbs is obtained by considering combinations of 

strengths and ranges of the pion-nucleon interaction from data and/or phase

shift analysis results for the appropriate energy range of interest. This solved 

general coupled-channel potential is used to derive phase shifts from which 

differential cross section can be calculated from equation 1.12. 

These figures show the rapid transition from a flat angular distribution at 1 0 

MeV, where s-wave scattering dominates but p-wave scattering is still visible, to 

the 40 MeV with a pronounced dip at forward angles, caused by the destructive 

interference of the s and p waves. The dip in cross section at 0 degrees is at 45 

MeV(121 MeV/c) according to LAMPF experiment 808. The inclusion of the go 

degree data for all three allow the structure of the differential cross sections to 

become apparent. The 10 MeV data do not indicate which of the theoretical 

analyses is more correct due to the large error bars. The 20 MeV data in the 

forward and center angles have a more downward trend than the theoretical 

curves suggest. The backward angles for the 20 MeV are slighter higher to the 

theoretical curves. The 40 MeV data in the forward angles fall below the 

theoretical analyses. In fact, these data points do not match the shape of the 

theoretical curves. This indicates a possible adjustments that needs to be made 
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in the theory for the differential cross section in the forward angles at 40 MeV. 
The center angles are slightly lower while the backward angles are slightly 
higher to theoretical curves. In all cases, there is consistency since if the total 
cross section is a constant then cross sections too low for smaller scattering 
angles are also too high at larger scattering angles. 

In Figure 4.13, the 40 MeV, 90° data included here is without a K crate 
shift. For most of the 90 degree data, there is a shift in the K crate position due 
to an incorrect spacer setting. Normally, the J and K crates are symmetric to 
each other. By calculating solid angles for these data, the differential cross 
sections are compared to test the validity of PIANG. 

There is overlap between the experiment 882 data and the experimental 
data of Fitzgerald [19] taken near 40 MeV in the forward angles. The Fitzgerald 
data is in better agreement with the partial wave analyses. However, this is a 
bias in the Siegel and Gibbs model because they used this data to fit their 
potential. The experiment 882 data will help verify isospin invariance and obtain 
the isospin-1/2 phase shift. The incorporation of these new cross sections 
obtained in experiment 882 into updated partial wave analyses will give 
additional information on the pion-nucleon system and the hadronic, or strong 

interaction. 
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Table 4.1. Differential Cross Sections of Experiment 882. 

40MeV 20MeV 

dSIG/dOM Uncertainty C-M Angle dSIG/dOM Uncertainty C-M Angle 
(mb/sr) (mb/srj_ 

0.01293 0.00112 11 .83° 0.11130 0.00938 12.95° 
0.01624 0.00121 20.34° 0.12656 0.00894 21 .00° 
0.02607 0.00133 28.30° 0.14742 0.00850 30.91° 
0.37380 0.01369 85.58° 0.35931 0.01758 85.32° 

0.50363 0.01717 96.94° 0.42661 0.02106 97.05° 

0.64507 0.02129 108.89° 0.50143 0.02462 109.87° 

1.17617 0.03156 156.16° 0.82595 0.02957 154.29° 

1.26746 0.03473 163.56° 0.80880 0.03325 162.73° 

1.28450 0.03583 169.96° 0.84995 0.03732 168.65° 

10 MeV 

dSIG/dOM Uncertainty C-M Angle 

(mb/sr) 

0.25550 0.03511 15.41° 

0.26024 0.03104 22.13° 

0.24061 0.02147 32.38° 

0.35150 0.03641 88.06° 

0.40578 0.04600 100.11° 

0.47300 0.04951 113.26° 

0.58575 0.03713 153.73° 

0.74030 0.04809 161 .49° 

0.62527 0.05132 166.01° 
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JAR (Scattering at 90°, 39.64 Mev 

========= ========= ========= ========= --------- ========= ---------
RUN# 351 352 353 354 355 
TARGET CH2(1V) C(A) CH2(1V) CH2(1V) CH2(1V) 

--------- --------- --------- --------- --------- ---------
TOROID1 4.22E+07 1.99E+08 8.75E+07 3.64E+07 4.35E+06 
TOROID2 3.95E+07 1.86E+08 8.88E+07 3.40E+07 4.07E+06 
TOR1/TOR2 1.07 1.07 0.99 1.07 1.07 
LIVETIME1 7.76E-01 8.86E-01 7.93E-01 8.25E-01 5.95E-01 
TOR1*LT 3.27E+07 1.76E+08 1.1 0E+08 3.00E+07 2.59E+06 

--------- --------- --------- --------- --------- ---------
YIELDS FROM HISTOGRAMS (PIO KINETIC ENERGY): 

TP6T(1) 415 548 805 344 35 
TP6T(2) 539 696 1058 417 51 
TP6T(3) 673 786 1291 548 53 
TP6W(1) 702 876 1439 610 63 
TP6W(2) 874 1035 1724 657 66 
TP6W(3) 1 1 18 1296 2166 889 85 
TP8T(1) 337 429 659 276 32 
TP8T(2) 452 572 918 358 42 
TP8T(3) 553 603 1047 431 43 
TP8W(1) 552 677 1 199 491 57 
TP8W(2) 740 845 1461 559 56 
TP8W(3) 907 979 1729 703 64 

--------- --------- --------- --------- --------- ---------
YIELDS FROM HISTOGRAMS (PIO KINETIC ~NERGY RAND OMS): 

TR6T(1) 20 15 25 8 1 
TR6T(2) 14 18 21 8 2 
TR6T(3) 6 25 30 12 1 
TR6W(1) 25 21 36 14 1 

TR6W(2) 22 31 28 15 3 
TR6W(3) 12 37 48 24 2 

TR8T(1) 19 9 21 8 1 

TR8T(2) 14 16 18 5 2 

TR8T(3) 6 23 22 10 1 

TR8W(1) 23 15 30 13 1 

TR8W(2) 20 26 23 12 3 

TR8W(3) 9 34 35 19 1 

------==== -------------------- ========== ========== ========== --------------------

Figure 4.1. First Page of Spreadsheet at 40 MeV, 90°. 

52 



01 
U) 

I. 

--=---~=-
--= =a:-===z• •c•••••==~ -=-=a:--=--- --=---a.=-- --=------

RUN# 351 352 353 354 355 

TARGET CH2 c CH2 CH2 CH2 

CONSISTENCY CHECK FOR RUNS 

TP6T CHK 0.50 0.12 0.57 0.44 0.54 

TP6WCHK 0.82 0.18 0 .97 0 .72 0.83 

TP8T CHK 0.41 0.09 0.48 0.35 0.45 

TP8WCHK 0 .67 0 .14 0 .80 0 .58 0 .68 

-- --
CALCULATED ERROR FOR NORMAUZED YIELDS 

TP6T ERR 0.01 0 .03 0 .10 0.01 0.05 

TP6W ERR 0.02 0 .03 0 .13 0 .02 0.06 

TP8T ERR 0.01 0.02 0 .09 0.01 0.04 

TP8W ERR 0 .01 0.03 0 .12 0.01 0 .05 

--=--=--- cz::::~a:•==-=r• ---=---=- -=------= -=------- ••c •••c a• 

EFFIOENCY FOR RUNS (WIRE CHAM BER) 

ARM J 99.08 98.97 99.43 99.45 99.33 

ARMK 99.04 98.70 98.62 98.45 97.96 

TOTAL EFF 98.12 97.68 98.06 97.91 97.31 

ERROR 0.37 0.49 0 .35 0 .69 0 .80 

WEIGHTED AVERAGE OF MWPCEFFIFI CIENCIES - 98.14 

AVERAGE MW PCEFFIOEN CY ERROR - 0.11 

--- --- - -

Figure 4.2. Second Page of Spreadsheet at 40 MeV, 90°. 



()1 
~ 

TP6T 
1 I 
2 I 
3 I 

TP6W 
1 I 
2 I 
3 I 

TPIIT 
1 I 
2 I 
3 I 

TPIW 
1 I 

• 2 I 
3 I 

. 
I 

TOR1 I 
TOR21 

LIVETIME I 
TOR1~T I 

TGT,GICM21 
TGTUNCERI 

I 
PVTOR1 I 

CONV EFF I 
TRACK EFF I 

FABSI 
N(PI-) I 

NH(plub) I 
E(PIO) .. I 

. 

RAW 
CH2 

--
1599 
2065 
2565 

--
2114 
3321 
4251 

--
1304 
1770 
2074 

--
2299 
2116 
3403 

--

Total CH2 
1.7£+08 
1.7£+08 

1.031 
1.1£+08 
0.1247 

0 .01 

217.5 
26.80 
11.53 

O.H 
3.7E+10 
7.1E-()8 

34.47 

RAW 
CARBON 

---
548 
696 
716 

--
876 

1035 
1296 

--
429 
572 
603 

--
677 
145 
979 

--·-

-- --· ·-·- _ ... __ --- ---- -- -
Total c I 

2.0E+08 I 
1.9£+08 I 

o.IH I 
1.1E+08 I 

1.029 I 
0.02 I 

. -- -·I 
+I· I CHZ/CARBON 
+I· 0 .18 I NORMAL IZATION • 0.61 +I· 7.3E.OS 
+I· 1.54 I 

I 
+I· 2.8E+06 I 
+I· 9.9£·10 I 
+I· 0.35 I 

-- -- --· -- -- -- -
D IF FER RENT lA I AL CROS S SECTION C ALCULA T 10 N S 

SOLID 
CH2 CARBON NET NET SOLID ANGLE NET HYDG YIELD dSIG/dOM THROWN 

RANOOMS RANOOMS CH2 CARBON ANGLE UNCERT JACOBIAN YIELD UNCERT dSIG/dOM UNCERT THETA 
-- --- -- -- --· -- -- -- -- -- -- --
54 15 1586 535 4.22E.03 4.64E.OS 1.066 1220 45 316.40 17.61 15.491 
45 11 2054 692 4.41E.03 4.71E.OS 0.991 1510 51 503.21 21.09 96.939 
49 25 2553 710 4.71E.03 4.94E.OS 0.926 2019 56 649.53 25.04 109.13 
-- --- -- -- -- -- -- -- -- -- -- --

76 21 2795 171 a.o2E-o3 6.49E.OS 1.066 2199 59 366.72 13.69 85.533 
61 31 3304 1027 7.SOE.03 6.18E.OS 0.997 2601 64 495.80 17.73 96.96 
16 37 4237 1217 8.1 SE.03 6.44E.OS 0 .927 3356 73 632.96 21.29 109.02 -- --· -- ·- - --- ·-- -- - - -- --· -- --
49 9 1292 427 3.S7E.03 3.14E.OS 1.065 1000 41 374.31 11.23 85.617 
39 16 1760 561 3.14E-o3 3.96E.OS 0 .991 1371 47 509.91 22.14 96.922 
39 23 2064 597 3.19E.03 4.00E.OS 0.921 1655 so 654.09 26.46 108.76 
-- -- -- -·- -- --· -- -- -- -- -- --

67 15 2212 673 6.S3E.03 S.19E.OS 1.065 1121 53 372.95 14.55 115.614 
sa 26 2102 119 6.30E.03 S. lOE.OS 0.997 2241 59 508.19 18.73 96.969 
64 34 3387 971 6.44E.03 S.16E.OS 0.929 2723 65 648.55 22.72 101.71 

·-- ···-
___ _... ------- --- -- -- -- -- --

. . ---· 

. 
I WEIGHTED 373.80 13.69 as.sa 
I AVERAGE OF 503.63 17.73 96.94 
I ABOVE VALU ES 645.07 21.29 1011.89 

. . - --·- .. . . --

Figure 4.3. Third Page of Spreadsheet at 40 MeV, 90°. 



-
JAR (Scattering at 90°, 20.7 Mev 

========= ========= ========= ========= ========= ========= ========= ========= 
RUN# 343 344 345 346 X 347 348 349 
TARGET CH2(111) CH2(111) CH2(111) CH2(111) C-exp CH2(111) CH2(111) 

---
TOROID1 4.1 2E+07 2.09E+08 2.22E+08 5.04E+07 1.1 0E+08 3.1 6E+08 3.22E+08 
TOROID2 3.88E+07 1 .96E+08 2.09E+08 4.74E+07 1.03E+08 2.98E+08 3.03E+08 
TOR1/TOR2 1.06 1.06 1.06 1.06 1.06 1.06 1.06 
LIVETIME1 7.90E-01 9.70E-01 9.6SE-01 9.81E-01 9.73E-01 9.63E-01 9.67E-01 
TOR1*LT 3.25E+07 2.03E+08 2.1 4E+08 4.94E+07 1 .07E+08 3.04E+08 3.11E+08 

--- --- --- -- ---
YIELDS FROM HISTOGRAMS (PIO KINETIC ENERGY): 

TP6T(1) 18 109 122 29 2 185 169 
TP6T(2) 20 120 112 35 3 157 197 
TP6T(3) 24 174 175 45 6 246 255 
TP6W(1) 31 191 183 so 3 298 298 
TP6W(2) 33 182 192 55 5 251 300 
TP6W(3) 42 298 275 68 13 436 445 

TP8T(1) 16 89 104 23 2 154 142 
TP8T(2) 18 109 100 30 2 131 173 

TP8T{3) 17 137 150 34 5 197 200 
TP8W(1) 29 1 51 157 41 3 237 252 

TP8W(2) 25 163 163 49 3 209 253 

TP8W{3) 30 233 227 53 , 337 340 

---
YIELDS FROM HISTOGRAMS (PIO KINETIC ENERGY RAND OMS): 

TR6T(1) 0 5 4 0 5 2 

TR6T(2) 0 2 2 0 2 2 

TR6T(3) 0 3 0 0 2 4 

TR6W(1) 0 6 4 0 7 3 

TR6W(2) 0 2 2 0 2 5 

TR6W(3) 0 5 1 0 5 8 

TR8T(1) 0 5 3 0 4 1 

TR8T(2) 0 2 2 0 2 2 

TR8T(3) 0 1 0 0 2 3 

TR8W(1) 0 6 3 0 6 2 

TR8W(2) 0 2 2 0 2 3 

TR8W(3) 0 1 0 0 5 6 

Figure 4.4. First Page of Spreadsheet at 20 MeV, 90°. 
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01 
(J') 

- -

,TARGET CH2 CH2 CH2 CH2 X c CH2 
I 343 344 345 346 347 348 
I --- --- --- ---
CONSISTENCY CHECK FOR RUNS 

TP6T CHK 1.90 1.99 1.91 2.20 0.10 1.93 
TP6WCHK 3.26 3.31 3.03 3.50 0.20 3.24 
TP8T CHK 1.57 1.65 1.65 1.76 0.08 1.58 
TP8WCHK 2.58 2.70 2.55 2.89 0.16 2.57 

--- -- --- ---
CALCULATED ERROR FOR NORMAUZED YIELDS 

TP6T ERR 0.24 0.10 0.09 0.21 0.03 0 .08 
TP6W ERR 0.32 0 .13 0.12 0 .27 0.04 0 .1 0 
TP8T ERR 0.22 0 .09 0.09 0.19 0 .03 0.07 
TP8W ERR 0.28 0.12 0.11 0.24 0 .04 0.09 

--- --- ---

a::======== ========= ========= ========= ========= ========a:: ========= 
EFFIOENCY FOR RUNS {WIRE CHAM BER) 

ARM J 99.08 98.97 99.43 99.45 99.33 
ARMK 99.04 98.70 98.62 98.45 97.96 
TOTAL EFF 98.12 97.68 98.06 97.91 97.31 

ERROR 0.37 0.49 0.35 0.69 0.80 

WEIGHTED AVERAGE OF MWPC EFFI FICIENCIES = 97.82 
AVERAGE MW PC EFFICIEN CY ERROR = 0.54 

--- ------ ---·--- ----·-- --- -·----- -----
----- -~ 

Figure 4.5. Second Page of Spreadsheet at 20 MeV, 90°. 
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349 

1.99 

3.35 

1.65 
2.71 

0 .08 
0.10 
0 .07 
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98.14 
98.4 1 
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01 
-.....! 

TP6T 

TP6W 

TP8T 

TP8W 

---

1 I 
2 I 
3 I 

1 I 
2 I 
3 I 

1 I 
2 I 
3 I 

1 I 
2 I 
3 I 

I 
TOR1 I 
TOR21 

LIVETIME I 
TOR1~T I 

TGT,GICN21 
TGTUNCERI 

I 
PVTOR1 I 

CONV EFF I 
TRACKEFF I 

FABSI 
N(PI-) I 

NH(plub) I 
E(PI0)961 

. 

RAW 
Oi2 

. 
603 
606 
874 

--
1001 
958 
1496 

--
505 
531 
701 

-----·-
826 
813 
1167 

------

Total CH2 
1.1 £+09 
1.0£+09 

0 .959 
1.1E+09 

0 .417 
0.01 

26.35 
26.50 
88.16 
0.856 

2.9£+10 
3.6E-08 

33.92 

RAW 
CARBON 

. -
2 
3 
6 

--·--
3 
5 
13 

--· 
2 
2 
5 

--··--·--
3 
3 
11 

- ·--····-

Total C I 
1.1£+08 I 
1.0E+08 I 

0.973 I 
1.1E+08 I 

0.495 I 
0.02 I 

- -I 
+I· 0.30 I CH2/CARBON 
+I· 0.18 I NORMAL IZATION • 7.19 +I· 7.3E-<>4 
+I· 1.51 I 

I 
+I· 3.3E+08 I 
+I· 9.9E·1 0 I 
+I· 0.35 I 
··-- --·--- -- - ·- --· . -· ·- .. 

DIFFER ENTIAL CROSS SECTION CALCULA T IONS 

SOLID 
Oi2 CARBON NET NET SOLID ANGLE NET HYOG YIELD dSIG/dOiool C·lool 

RANDOMS RANDOMS Oi2 CARBON ANGLE UNCERT JACOBIAN YIELD UNCERT dSIG/dOiool UNCERT THETA 

--- --- --- --·- -- ---- -- - - -- --
16 0 599 2 5.88E-Q3 6.73E-Q5 1.057 585 25 370.31 21.23 85.32 
6 0 605 3 5.44E-Q3 6.47E-Q5 0.995 583 25 423.n 24.37 97.06 
5 0 873 6 7.05E-Q3 7.37E·05 0.928 830 30 498.71 26.16 109.93 

--· -- - - ------ --- -- -- ---- --- ·-- -- --
17 0 997 3 1.03E-Q2 8.89E-Q5 1.057 975 32 353.70 17.58 85.21 
6 0 957 5 8.77E-Q3 8.2oE-o5 0.994 921 32 415.56 21.06 97.12 
11 0 1493 13 1.13E.02 9.32E·05 0.928 1400 40 526.46 24.62 109.96 

------ ------ ---- ----- ---· --· ----- ---· ·-- -- -- --
12 0 502 2 4.95E-Q3 5.55E·05 1.057 488 23 366.88 22.20 85.33 
6 0 530 2 4.60E·03 5.36E·05 0 .995 515 23 442.30 26.22 97.00 
3 0 700 5 5.92E-Q3 6.08E-o5 0 .929 664 27 474.88 26.37 109.82 

----- ------- -------- --------- ----- ------ - ··-- ---·---- ··-- ·-- ---- ·-- --
15 0 822 3 8.46E·03 7.26E-o5 1.057 801 29 352.03 18.36 85.!5 
6 0 812 3 7.27E.O::I 6.73E.05 0.994 790 29 430.09 22.49 97.11 
6 0 1166 11 9.17E-Q::I 7.56E·05 0.928 1086 35 501.96 24.75 109.82 

--·----- ----·-- .............. _ .. --------- ------· ........... _ .... ------ ----- ----- ------ -- --
. --- -- -- -- --
I WEIGHTED 359.::11 17.58 85.!2 
I AVERAGE OF 426.61 21.06 97.05 
I MOVE VALU ES 501.43 24.62 109.87 
. ···-·--· --- ---·· -- ·--

Figure 4.6. Third Page of Spreadsheet at 20 MeV, 90°. 



CJ1 
(X) 

JAR 
......... 

RUNIJ 
TARGET 

!_OROI01 
TOROI02 
TOR1/TOR2 
LIV£TIU1 
ITOR1~T 

YIELDS FROM 
TPIT 1 
ITPIT 2 
ITPIT{S 
TPIW 1) 
TPIW 2 
!!_IW S 
TPIT(1) 
TPIT(2) 
TPIT(S) 
TPaW(l) 
TP8W(2) 
TP8W(3) 

YIELDS FROM 
TR6T 1) 

TR6T 2) 
TR6T 3) 
TRIW(1) 
TR6W(2) 
TR6W(3) 
TR8T(1 ) 
TR8T(2) 

TR8T(3) 
TR8W(1) 
TRIW(2) 
TR8W(3) 
.......... 

. ........ 
321 

CH2(1U) 

--
8.77E+07 
8.23E+07 

1.07 
9.70E-o1 

1.51E+07 

HISTOGRAMS 
9 
6 
5 

13 
10 
13 

9 
3 
5 

13 
4 

10 

--
HISTOGRAMS 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

.......... 

(Scattering . ........ ......... 
323 325 

CH2(111) CH2(111) 

-- --
2.70E+08 6.55E+07 
2.5<4E+08 6.16E+07 

1.06 1.06 
9.6<4E-o1 9.66E..01 

2.80£+08 6.33E+07 

--
ENERGY): 

21 12 
18 7 

" 5 
30 16 
30 9 
50 8 
16 11 
15 7 
28 5 
23 15 
26 9 
43 8 

--
(PIO KINETIC NERGY RAND 

0 0 
0 0 
0 0 
0 0 
0 0 

0 0 
0 0 
0 0 
0 0 
0 0 

0 0 
0 0 

~--······· ~--······· 

It 90", 10.Holev (This sheet updated on 7/8/1993) . ........ . ........ . ........ . ........ . ........ 
326 327 329 330 331 332 333 33<4 337 
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Figure 4.8. Second Page of Spreadsheet at 10 MeV, 90°. 
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Figure 4.9. Third Page of Spreadsheet at 10 MeV, 90°. 
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Figure 4.11. 20 MeV Differential Cross Sections. 
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Figure 4.12. 40 MeV Differential Cross Sections. 
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Figure 4.13. 40 MeV Differential Cross Sections without K crate shift at 90°. 
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