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Abstract

A kinematically complete measurement of the 2H(7C+,pp)c reaction at To = 240
MeV has been performed at the Paul Scherrer Institute. The cross sections were measured
with the Large Acceptance Detector System (LADS). A total SCX cross section is
presented assuming a double scattering of the pion within the deuteron. A value of cx =
3.43 ± 0.09 ± 0.43 mb was determined. Differential quantities as measured by LADS are
presented and compared to Monte Carlo simulations based upon rudimentary models of
the process. The Monte Carlo simulations support the hypothesis that the LADS detector
enhances multiple scattering mechanisms for the reaction studied. The breakup into single
pion scattering and double pion scattering events is made using a comparison with Intra
Nuclear Cascade generated events and through fits to the rudimentary models.
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Every science begins as philosophy and ends as art.

-Will Durant
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I Introduction and Motivation

1 Introduction and Motivation

Scientists have used many probes to examine the nature of nuclear matter. These

include photons, electrons, heavy ions, nucleons and mesons such as the pion. Electron

probes, at low momentum transfer, investigate the nuclear structure and the resulting data

tend to be described by quasi-free processes. Because the pion is a strongly interacting

particle one would expect that the nuclear matter would affect the probe. Understanding

the nature of the interaction of pions with nucleons and nuclear matter is essential to

explain the nature of the strong force at low energies, because QCD, which describes the

strong interaction, does not allow perturbative solutions at the lower energies.

Investigating the interaction of the pion with the deuteron allows one to work in a regime

where nuclear effects should be important but also manageable.

1.1 Features and Properties of the Pion

The pion has been of considerable interest to nuclear physicists ever since H.

Yukawa [Yukawa35] postulated the existence of a massive boson which would be

13



14 Chapter 1: Introduction and Motivation

responsible for the strong force in analogy with the photon for the electromagnetic

interaction. The pion was finally discovered in 1947 [Lattes47] after some initial

confusion with the muon. The pion is now known to be a spin 0 isovector particle and

therefore has three charge states +, 7c, and nr°. The pion is also known to have negative

intrinsic parity. The properties of the pion are summarized in Table 1.1.

Table 1.1 Properties of the pion.

1.2 Pion-Nucleon Interactions

As a first approximation, pions can be thought of as interacting with individual

nucleons. That is, one makes a quasi-free approximation. To make predictions about the

pion-nucleus interaction, the interaction of the pion with free nucleons must be

understood. When investigating the rNd total cross sections for pions up to about 1 GeV it

is noticed that, for pions with incident kinetic energy below about 330 MeV, the cross

section is dominated by a prominent resonance, the A(1232). See Figure 1.1. Partial

wave analysis reveals that the A must be a spin 3/2 particle and therefore be the result of

a p wave resonance in the 7t-N system. t The A also must have an isospin of 3/2 because

tThe s wave is excluded by conservation of angular momentum and the d wave is
(continued...)

Pion Properties

Pion J T Mass (MeV) Mean Life Decay Mode
(sec)

ft O 1 139.567 2.6 x 108 iv, 99.9%

or I 0 I 1 134.974 8.4 x 10-'7 2y 98.8 %

14 Chapter : Introduction and Motivation



1.2 Pion Nucleon Interaction 15

o I . I

0 0.2 0.4 0.6 0.8 kb[GeV/c ]

I I I I I I I I

1.1 1.2 1.3 1.4 1.5 1.6 1.7
TOTAL ENERGY W[GeV]

Figure 1.1 Pion-proton total cross sections. [Ericson88]

of its appearance in 7+p scattering. Therefore, the A must have four charge states A++, A+ ,

A°, and A. The A has a width of =120 MeV and is centered on an incident pion kinetic

energy of about 180 MeV. The free A decays 99.4% of the time into a CN [PDG92],

whether it was excited electromagnetically or through the strong interaction. In the

composite quark model of the nucleon, the A is thought to be the first excited state,

corresponding to the spin-flip of one of the constituent quarks.

'(...continued)
excluded by conservation of parity.

1.2 Pion Nucleon Interaction 15



16 Chapter 1: Introduction and Motivation

Because the pion is the mediator of the strong force and strong interactions are

isospin invariant, the pion-nucleon state can be specified in terms of isospin. The pion's

isospin of unity means that it is an isovector particle (i.e. it has three charge states) and,

when coupled with an isospin 1/2 particle (the nucleon), a number of isospin states are

accessible. If the pion's kinetic energy is such that the pion interacts with the nucleon

primarily through the A resonance then the ratio of the interaction cross sections can be

specified as

o+p ca-p: scx= 9 :1:2,

through a simple examination of the isospin states available to the rcN system. This ratio

is evident when looking at total cross sections vs. incident pion energy for the channels

f+fp - 7~+p, 7crp --> Ip. See Figure 1.1.

Because the A resonance dominates the 7rN scattering processes for pion kinetic

energies less than 300 MeV, it is possible to predict the shape of the 7rN differential cross

section near the energy of the A resonance. If one assumes that the scattering follows the

process 7c+N -> A -- > +N, then the angular momentum in the CM frame of the final state

will be determined by the intrinsic angular momentum of the A. Given that the spin of

the A is 3/2 and the spins of the pion and nucleon are zero and 1/2, respectively, the only

way a A can be produced from the pion-nucleon system is if the relative orbital angular

momentum is one. The spatial wave function is therefore proportional to the 1=1

Legendre polynomial. The final state is known to be a pion and a nucleon (since this is

scattering); therefore, the only component of the A the final state can couple with is the

I J, Mj ) = 1 3/2, 1/2 ). The wave function of the system can then be written as

(1.1)fr =3 Y '°(cM) 2 2 +V Y"(0cM)| 2,- 2),

16 Chapter : Introduction and Motivation



where the spherical harmonics describe the orbital angular momentum and the kets are the

spin states of the nucleon. The differential cross section is proportional to the square of

the final state wave function

(CM) OCIVf I oc 1 + 3 cos CM. (1.2)

At the A resonance, then, the differential cross section has a shape which peaks at forward

and backward angles. As the pion energy moves away from the A resonance, the

differential cross section loses its double peaked shape, as can be seen in Figure 1.2.

Ericson and Weise [Ericson88] have developed a model of the r-N interaction in

do/dO for ir p -- ir0 n

T = 180 MeV

T

... o

T..
T,,=120 M eV - .' '· · · · ·' 1. ;"

3r030
I I. I 1

60 90

Angle (CM)

120
1I 1
150 180

Figure 1.2 Differential SCX cross sections for energies around the A. From [Arndt85,
SAID92].

8-

6-

r 4-

0

U

2-

0
0
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Chapter 1: Introduction and Motivation

the region of interest, in which the pion can be treated as a structureless object (not

consisting of a qq pair). One can also include nucleon structure through the inclusion of

the A(1232). The field of the pion is given by

f _ e-m rl' - Fl

T () =- f I T&V mr 4 lffx -I I

X~~em~r

where i is the isospin operator analogous to the spin operators and f is a coupling

constant. The results in (1.3) are analogous to the magnetostatic potential produced by a

point like magnetic dipole at with a dipole moment i.

If the assumption is made that the A is a separate species from the nucleon, one

can construct a model of p-wave N scattering by taking the attitude that the dominant

driving terms are the sum of direct and crossed nucleon and A pole contributions. (See

It Lt
\ /

\ /

N ' N

DIRECT

(a)

F 1 R/

N N

DIRECT

(C)

Figure 1.3 Terms contributing to pion-nucleon

I

N - N

CROSSED

(b)

N N " -

CROSSED

(d)

scattering in the Born approximation.

18

(1.3)



1.3 Pion Deuteron Interaction 19

Figure 1.3.) After calculating the Born terms, a reasonable picture of the features

important to the ON interaction below 1 GeV develops. Using the above assumptions the

detailed substructure of the O7N system can be ignored. The most relevant properties of

the 7c-N system come out being [Ericson88]:

1. The A-resonance in the P33 channel is the dominant feature in pion-nucleon

scattering. The other p-wave channels are not nearly as important.

2. The s-wave interactions are weak and the effects are prominent only in the

threshold region and have a pronounced isovector characteristic.

1.3 The Pion-Deuteron Interaction

The manifestation of the interactions of the pion with the deuteron is between

those typical of pion-nucleon interactions and of pion-nucleus interactions. That is, when

physical observables are plotted they contain features from both pion-nucleon and pion-

nucleus interactions. On average, the neutron and proton are relatively far apart within

the deuteron because of its large size and low binding energy. The interaction of the pion

with the deuteron should therefore be dominated by coherent scattering from the

individual nucleons.

Understanding the pion-deuteron system is interesting for a number of reasons,

among them the fact that the pion deuteron system is one of the best cases for

investigating the three body system, both experimentally and theoretically. Also, since the

structure of the deuteron is well understood, it is a good test bed for studying pion-nuclear

mechanisms under controlled conditions.

The total cross section for the ird system is the sum of several processes: elastic 7rd

scattering, inelastic 7d scattering with the breakup of the deuteron, pion absorption
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rtd -> NN, and, at higher energies, pion production. The simplest approximation of the

total cross section is to construct the total cross section from two "free" nucleons. One

then has

d(o) p() ,)+ Cn()) (1.4)

This is the impulse approximation, wherein the nucleons in the deuteron are treated as

static objects and any rescattering of the pion is ignored. Figure 1.4 shows the red total

cross section. It is clear that the impulse approximation is not adequate to describe the

data.

1.4 Multiple Scattering: Watson Series

a (mb)

250

200

150

100

50

n

I I I I I I I

/7

C.p + An \/ m

/ \

/

/full
I theory

/

/

Ird TOTAL CROSS SECTION

50 100 150 200 250 300 350

PION LAB KINETIC ENERGY T, (MeV)

Figure 1.4 The ird total cross section in the A(1232) region. The dashed line is the sum

of tn and ntp cross sections. The "full theory" line includes nucleon motion and double-
scattering. From [Pedroni78].
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1.4 Multiple Scattering: Watson Series 21

The cross section for the scattering process described by A(X,7n')B, where A and B

represent the initial and final state of the nucleus, can be calculated from the transition

operator T. The cross section for a pion of incident momentum k incident on a nucleus

in the state IA), resulting in a final state consisting of the pion with the momentum 1' and

the nucleus in the final state B), is given by [Rodberg67]

da (A B) = (k',; BITk;A) 2p (k'; B), (1.5)

where

u is the relative velocity of the incident pion and the target nucleus,

p/k';B) is the energy density of the final states, and

4 k and k' are the incident and final pion wave functions.

The Hamiltonian governing the scattering process can be separated into parts

which correspond to the Hamiltonian of the nuclear system and the Hamiltonian of the

pion interacting with the individual nucleons in the nucleus. This is expressed in the

following way

A

H= H + V= HN( 2,* ... ,FA) + K(r) + v, (r, ), (1.6)
i=1

where the { 1,72,... A} are the nucleon coordinates for HN, the nuclear Hamiltonian

describing the A nucleons in the nucleus. The pion at is described by the free pion

Hamiltonian K and by vi, which is the interaction potential of the pion with the i nucleon.

By defining the Hamiltonian this way, one can write the Lippmann-Schwinger equation as
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A A

T =V+VGoT= vi + viGoT (1.7)
i=l i=l

where

GO - E-HAK+-> 0 (1.8)E- Ho + irI E- HA - K + ifl

By defining the in-medium transition matrix ti such that

ti = Vi + viGt i , (1.9)

the transition matrix T can then be written as a series of scattering terms

A A A

T= t + Xt,GoXtj + XtGottjGotk+... (1.10)
i=1 i=l jei i=1 jti kw j

corresponding to single, double, triple, etc. scatterings. There is the restriction that no two

successive scatterings are on the same nucleon but there can be rescatterings on a nucleon

(as long as it is not successive). (1.10) is known as the Watson Series and can be

represented graphically by Figure 1.5.

22 Chapter 1: Introduction and Motivation



1.5 Faddeev Three-Body Formalism 23

+ + + 

Figure 1.5 Graphic representation of the Watson series. The first "term" is the single
scattering, the second double, etc.

The equations (1.9) and (1.10) are rather general in that they can refer to inelastic

as well as to elastic scattering. They also apply for any form of the propagator Go

provided that the same propagator appears throughout the series. Limitations of the

Watson series approach are that the Hamiltonian HN buries the nuclear dynamics within

the multiple scattering treatment of the problem. The theory must then be applied in

regimes where nuclear effects can be approximated as small and then an average HN used.

The nuclear effects are then included using the ground state density and correlation

functions. The ntN interaction is therefore on a different footing from the NN interactions

(the nuclear Hamiltonian). Whereas the nuclear Hamiltonian is treated as an average,

obscuring the NN interactions, the irN interaction is solved directly.

1.5 Faddeev Three-Body Formalism

It is possible in the three-body problem to have the N and NN interactions on the

same footing. The rcNN (d) system can be thought of as a three-body system of strongly

interacting particles. There are several reasons to take such an approach. The three-body

system, at least in principle, can be solved under certain rather general assumptions. The

7cNN system is interesting in itself in that it consists of two non-relativistic particles and

1.5 Faddeev Three-Body Formalism 23
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one relativistic particle and is the simplest system in which one of the participants can be

absorbed or emitted. Finally, the three-body framework offers the possibility of treating

the coupled channels,

(a) NN --> NN,

(b) r[NN] -> r[NN], (1.11)

(c) r[NN] <> NN,

within a unified and consistent framework. In 1.11 the [NN] includes both the deuteron

and the two nucleon continuum states.

A solution to the three-body problem is found using the formalism of Faddeev. In

his formulation, the starting point is the potential interactions between pairs of particles.

An essential first step is the elimination of two-body potentials in favor of the

corresponding scattering amplitudes (t-matrices). In applying three-body theory to the

rcNN system the basic physical assumption is the restriction of the form of the framework

such that intermediate states contain no more than one pion.

Consider the rcNN system in the absence of the emission and absorption process

IN <-> N. The two body interactions therefore describe only the elastic NN and 7EN

scattering. The relevant channels (a) with a = 1,2,3 are (1) (7N1), (2) (N2), (3)

(N1N2) where N1 and N2 refer to the two nucleons. One then supposes that in each

channel (a) one has two body interaction potentials v(a). The first step is to introduce t-

matrices in each channel by the equation

t(a) = v(a) + v(a)Got(a) , (1.12)

where Go is the Green's function of the non-interacting three body system.

Go(E) = (E - H0)', where Ho is the sum of the kinetic energies of all three particles.

24



1.5 Faddeev Three-Body Formalism 25

Therefore (1.12) is a two body scattering equation, but with the third (spectator) particle

contributing to the three-body kinematics by its inclusion in the Green's function G, The

full T matrix can then be written as a sum of scatterings in the different channels

T = X t(a) + t(a)Gt(f3) (1.13)
a pfa

The expansion for T can be rewritten as an integral equation by introducing the quantities

T(a) defined by

T= T(a)
a (1.14)

T(a) = t(a) + t(a)GO E T(P)
Ada

(1.14) together with (1.12) are known as the Faddeev equations. In the limit of neglecting

the nucleon-nucleon amplitude, the multiple scattering expansion of the rNN amplitudes

with proper three-body kinematics is recovered and T becomes

T = t(rN1 ) + t(;rN2) + t(7rN )Got(rN2) + t(rN2 )Gt(rN 1 ) (1.15)

and, in the case of ird scattering, T is evaluated using explicit deuteron wave functions.

The Faddeev results are very close in appearance to the Watson series but they include the

N-N scattering on an equal footing with the 7c-N scattering. The Faddeev equations also

contain the scattering amplitudes t rather than the potentials Vi. The t are more easily

accessed experimentally and the large matrix elements that could occur with the potentials

(for example hard core repulsion) should already have been summed over in producing the

ti. The t-matrix should therefore be reasonably well-behaved.
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1.6 Garcilazo's Application of Faddeev Formalism

Garcilazo [Tacik90, Garcilazo87] calculated the +C'd - rcOpp cross sections using a

relativistic three-body Faddeev calculation using the spectator-on-mass-shell

approximation. This is a brief synopsis of the calculation. The main diagrams

contributing to the r7cd - 0pp reaction are shown in Figure 1.6.

P P

n

Figure 1.6 Terms contributing to SCX in the t+-2H system. From [Garcilazo87].

The spectator-on-mass-shell approach solves the relativistic Faddeev equations by

requiring that all spectator particles in the initial, intermediate and final state be on the

mass shell. This approach also requires an isobar ansatz for the two body amplitudes.

The input of the Faddeev equations are the S- and P-wave pion-nucleon channels S,,, S31,

P1 , P1 3, P3 ,,, and P33, and the nucleon-nucleon channels 'So and 3S -3D,. Performing a

Faddeev calculation requires knowledge of the two-body phase shifts for the rN and NN

channels. For the irN channels the experimental phase shifts are used and are extrapolated

26
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off-shell by multiplying by the monopole form factor (32 + p)/(3 2 + p2) for the particle

that is going off-shell, where p is the magnitude of the 7rN relative three momentum, and

the cutoff parameter j3=600 MeV/c. The NN channels are constructed similarly and are of

a form such that they agree with the bound state solution of the Paris potential for the 3S-

3D, channel and the anti-bound-state solution for the 'So channel.

If one labels the pion as particle 1 and the two nucleons as particles 2 and 3 then

pion-deuteron elastic scattering and inelastic scattering are described in the Faddeev

formalism by the operator

T = T2 + T3 , (1.16)

where the amplitudes Ti are the solutions of the Faddeev equations

Ti = (1- s,i)t i +, tGoT. i,j = 1,2,3. (1.17)
jti

The scattering amplitudes are then given by

Trd,, =k. I k (1.18)

for the elastic scattering process. The d's are the deuteron's initial and final state wave

functions and the pions are assumed to be plane waves.

For the charge-exchange and breakup channels, the matrix element must be found

between continuum nucleon final states and the initial deuteron wave function. Again,

assuming plane wave pions

= (keX(N-) ITkrd) ((1.19)
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the elastic, breakup and charge exchange reactions are described by the same operator and

the difference in amplitudes is given by the differences in the initial and final states.

1.7 Previous work in the Pion-Deuteron system

The red system is interesting in it own right because the various reaction channels

of the NN system can, in principle, be calculated using the Faddeev formalism and

known properties of the pion-nucleon and nucleon-nucleon system. The most important

reaction channels are

7rid -- f±NN (breakup)

- r±d (elastic) (1.20)

- r°NN (charge exchange)

o NN (absorption) .

Previous work on 7Cd charge exchange has been somewhat sparse. Rogers and Lederman

[Rogers57] measured the total and differential rcd -> r°pp cross sections at 85 MeV with a

diffusion cloud chamber. The cross section was determined to be ocx = 12.2 ± 2.2 mb.

Differential quantities were also presented but had large uncertainties and few data points.

Pewitt et al. [Pewitt63] measured -d scattering cross sections at 142 MeV in a bubble

chamber experiment. Included in the analysis were channels which contained only neutral

products (nn, nny, and nnrc°). From these reactions a total charge exchange cross section

was determined to be ocx = 26.5 ± 3 mb. The most extensive bubble chamber

investigation of pion-deuterium reactions was done by Norem [Norem71] who used

85,000 bubble chamber photographs to determine cross sections for all four reaction

28 Chapter 1: Introduction and Motivation
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channels. The total cross section for charge exchange was determined to be ocx = 32.5 ±

3 mb at an incident pion momentum of 290 MeV/c (-180MeV kinetic energy).

Tacik et al. [Tacik90] have done a kinematically complete measurement of

7C+d -> pp at incident pion kinetic energies of 228 and 294 MeV. This result is the most

directly comparable to the present work. Tacik used six scintillator telescopes as proton

detectors and measured the energy of the two protons from the reaction. That experiment

did not have the solid angle coverage that LADS has and had a similar threshold for the

0 200 450 60° 12 50

10 0 

(, , , ; ,,,
100

10 I I I I ,: I

100

0 300 0 300 0 300 0 300

Figure 1.7 Triple differential cross sections d3a/dpdO1dO2 for T, = 228 MeV [from
Tacik90]. The dotted line is three body phase space. The dashed line is the impulse
approximation. The solid line is the full calculation from Garcilazo [Tacik90].

detection of protons. Tacik's results are presented in Figure 1.7. Because the cross

sections are relatively small, restricting the acceptance of LADS to approximate the Tacik



30 Chapter 1: Introduction and Motivation

setup and then making a direct comparison yields results that are not statistically

meaningful.

The most recent work is that of H. Park [Park95], who measured the singly

differential, doubly differential, and integrated cross sections of rd -> r°nn at T,_ of 164

MeV, 263 MeV, 371 MeV. The integrated results are presented in Table 1.2. The doubly

Table 1.2 Deuteron integrated SCX cross sections. [Park95]

differential cross sections for the 263 MeV pion are presented in Figure 1.8 with a

comparison to this work. It is posited that the portions of the neutral pion spectra which

are far away from the quasi elastic peak are the result of multiple scattering of the pion.

1.8 This Work

I TV (MeV) Cad SCX (mb)

164 29.8 + 0.8

263 16.3 + 0.4

371 9.1 + 0.3
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7T-d -> ir°nn doubly differential cross sections
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Figure 1.8 Doubly differential cross sections for incident pion kinetic energy
The data are from [Park95]. Note: the y-axis scale changes from row to row.

of 263 MeV.

The data for this work came as a fortunate by-product of the main purpose of the

LADS experiment. The LADS collaboration was formed and the detector was built to

perform a study of pion absorption on a number of nuclei with the intent of investigating

multi-nucleon final states. To calibrate and understand the detector, data on deuterium

were taken. Several of the possible channels for s+rd initial states were used to calibrate

the LADS detector. The elastic scattering channels were used to calibrate the TDCs; the

absorption channel was used among other things to calibrate the plastic scintillators. One

channel which was not used in the calibration of LADS is the charge exchange channel.

1.8 This Work
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In fact SCX was viewed as a "contamination" in the deuterium data. LADS has an

angular acceptance of nearly 4 and can determine events within LADS caused by SCX

fairly unambiguously. This work describes the LADS detector, the procedures involved in

separating the SCX events from the other channels, and presents integrated and differential

distributions for the process rc+d -> trOpp at T, = 240 MeV.
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2 Experimental Apparatus and Procedures

The main goal of the LADS experiment was the measurement and quantification of

multi-nucleon absorption modes in nuclei. To this end, a detector system was built and

several experimental runs were performed at the Paul Scherrer Institute (PSI). Data sets

on several gas targets, including deuterium (for calibration), were taken. This chapter will

describe the pion facility, the experimental apparatus, LADS, and the associated data

acquisition (DAQ) electronics used to gather the data. Later chapters will elucidate the

procedures used in the data analysis and the assignment of uncertainties to the determined

cross sections.

2.1 The Beam Line at PSI

As was stated above, the detector was built and the experiment performed at the

Paul Scherrer Institute. Specifically, the experiment was performed at the r7M1 channel of

2 Experimental Apparatus and Procedures 33
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QSL1

Ml

/M1

FS1

Figure 2.1 A schematic of the PSI Ring Cyclotron showing the M1 area.

the facility. The PSI Accelerator is a 590 MeV Cyclotron which produced a 500 A

proton beam at the time the experiment was conducted.t A portion of the proton beam is

directed onto a carbon or beryllium target which, because of the intensity of the proton

beam, is spun to prevent it from being locally overheated. Through nuclear reactions the

protons produce pions with a broad energy spectrum. The flux of protons incident on the

target is monitored at the pion production target and the pions stream into several beam

lines where they are momentum selected and focused on targets in the experimental areas.

More information about the PSI cyclotron and pion targets is available in the PSI users

guide [SIN81].

t The ring cyclotron now produces a proton current upwards of 1000 A

34



2.1 The Beam Line at PSI 35

During experimental run, LADS is situated at the end of the 7tM1 beam line. The

rcM1 beam line is a high resolution pion channel designed to provide pions with good

BLOCK
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-Intermediate Focus (HodoScope)

OTA2~--

Om 1m 2m
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Figure 2.2 A schematic of the 7iM1 beam line.[SIN81]

momentum resolution. The 7rM1 beam line is optically symmetric about the intermediate

focus, where the horizontal magnification of the production target is approximately unity

and the beam has a momentum dispersion dx = 7 cm/%. The dispersion of the beam at

TC12

QSL3

QSL4

ASM2

TC21

TC22
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the intermediate focus allows the momentum of the pions to be determined using a

hodoscope. The hodoscope is a detector consisting of uniform vertical plastic scintillator

strips, which measures the horizontal position information of the pion beam at the

intermediate focus. The knowledge of the x position of the pion allows an accurate

determination of its momentum; for the Mlchannel, the momentum can be determined to

dp/p 3x10-4 (FWHM). The positional information from the hodoscope is encoded into a

bit pattern and is routed to the LADS electronics shack for use in the trigger and data

acquisition.

The optics of the beam line consist of nine SIN standard quadrupoles and two

identical bending magnets designed specifically for the RM1 channel. Protons are

removed from the pion channel using a 2 m electrostatic separator (crossed electric and

magnetic fields) built at CERN. The separator allows the proton contamination to be

reduced from 4:1 to approximately 1:20. The optics of the beam line allow the pions to

be focused on a region in the center of the LADS detector with a beam spot

approximately 1 cm in diameter. More information about the 7rM1 high resolution pion

channel is available in two NIM articles [Albanese79, Balsiger78].

2.2 The Gas Target

The cross sections LADS was designed to measure are relatively large. But, to

reduce background from target walls and to aid in obtaining high statistics a thick target is

desired. The use of a cryogenic target is not feasible because the small amount of space

inside LADS does not allow for the bulky plumbing and associated hardware. A high

pressure gas target is used instead to fulfil the desire for a thick target. LADS uses a 25.7

36
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Epoxy

Carbon Fiber

Rings for target support wires

Figure 2.3 A schematic of the LADS target.

cm x 4 cm cigar shaped carbon fiber cylinder, manufactured by Dornier Ltd., to hold a

number of target gases. The cylindrical target geometry complements the geometry of

LADS and enhances the target thickness. The innermost layer of the target is a 30 ptm

Cu-Ag (10 pm of Ag followed by 20 !tm of Cu) lining which has been galvanically

applied to the target walls. The target walls themselves are composed of a carbon fiber

and epoxy sandwich which consists of three layers of carbon fiber glued together with

epoxy. The winding of the carbon fiber alternates: one layer is wound in the longitudinal

direction and then the next layer is wound in the azimuthal direction for a total wall

thickness, including the metal layers, of 520 prm. (See Figure 2.3.) The carbon fiber

target has great strength and is capable of withstanding pressures in excess of 120 bars.

During data runs, the pressure inside the deuterium filled target was about 100 bars.

The target is filled through two 3 mm stainless steel pipes attached to both sides of

one end of the target and connected to another longer pipe which extends outside the
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LADS detector volume. The longer pipe is attached to a rail for mounting the target

inside LADS. The gas target is emptied and filled while inside LADS because it is

desired to keep the full and empty targets in the same position. The target cell must be

positioned accurately for maximum reduction of the carbon background from the target

walls. A theodolite, a device for accurately measuring angles, is mounted on LADS,

usually during the target filling, and used for positioning the target so that the beam hits

the center. The theodolite is also used to estimate the alignment of the target cell axis

relative to the beam axis. If the cell is found to be misaligned or off center from the

beam axis, target support wires can be tensioned, relaxed, or displaced to position the

target correctly. A simple length measurement determines the position of the target along

the beam axis within LADS. During the 1991 experimental run, the target was positioned

and aligned to an accuracy of approximately one mm perpendicular to the beam axis and

approximately two mm along the beam axis.

LADS was built to measure pion absorption on many different target nuclei; thus

the target cell can be filled with a variety of gases. The target cell did not leak during the

1991 experimental runt and almost all of the gas used in the target can be recovered from

the target cell if it is so desired. During the 1991 run, inexpensive gases such as

deuterium, 4 He, nitrogen, argon, etc. were vented to the atmosphere after the measurement

had been completed. Because of its cost, 3He was pumped into and out of the target cell

using a cryogenic pump developed by members of the collaboration from Basel.

t During the 1991 experimental run, the target cell actually did develop a leak just a
few days before the end of the run and has been replaced by a cell of similar design but
slightly different specifications.
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Acceptance:

Kinematic Definition:

Particle Identification:

2Q > 98.8% of 47t
Threshold (p) < 20 MeV
Neutron efficiency - 40%

Proton Energy Resolution < 10 MeV for "N"
protons of total energy
400 MeV

Missing Momentum Resolution < 50 MeV/c for 3p
events

Neutron Energy Resolution Evaporation/Fast
neutron discrimination

Neutron angle Resolution -15 

x, p, d over full energy range
i°r/n, y/n, 7c/7c', 7/p discrimination poor

Table 2.1 LADS parameters

2.3 The Large Acceptance Detector System

LADS was built to cover very nearly 47t steradians of angular acceptance. The

detector consists of a 28 sector barrel with 14 sector endcaps closing each end. (See

Figure 2.4.) The first detector elements that a reaction product encounters are two

cylindrical wire chambers: the smaller (inner) chamber has an anode radius of 64 mm and

an active length of 900 mm; the larger (outer) chamber has an anode radius of 280 mm

and an active length of 1600 mm. The reaction products then pass through the scintillator

portion of LADS. The scintillators are set up to work as AE-E-E telescopes: the reaction

products pass through the AE portion of a sector of LADS and then encounter the two E-

blocks. The cylindrical geometry of the MWPC and capped cylinder geometry of the

scintillator package allow LADS to cover nearly 4nr of solid angle. The thickness of the

target is a major factor in the energy threshold for proton detection; nevertheless, LADS is

2.3 The Large Acceptance Detector System 39
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Figure 2.4 A Schematic of LADS.

able to detect protons with a kinetic energy as low as 20 MeV. The main parameters of

the LADS detector are given in Table 2.1.

2.3.1 Multi-Wire Proportional Chambers

The purpose of LADS's Multi-Wire Proportional Chambers (MWPCs) is to

determine accurately the z and position of a charged particle when it hits the active area

of the chamber. In addition the MWPCs must withstand a high beam rate (= 1 x 106

events/s), and be of low mass to minimize multiple scattering of the reaction products and

preserve the low detection threshold for protons. The parameters of the MWPCs used for

taking these data are summarized in Table 2.2. Consistent with the geometry of the

LADS detector, the MWPCs are cylindrical. LADS uses two MWPCs of essentially the
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same design: the inner chamber with an active anode radius of about 64 mm and the outer

chamber with an active anode radius of about 280 mm. The chambers have an active

length of 900 mm and 1600 mm for the inner and outer chambers, respectively.

The anode planes of both wire chambers consist of gold plated tungsten-rhenium

wires which span the chambers' respective lengths. The outer chamber has 832 anode

wires, while the inner chamber has 192 wires, evenly spaced around the circumference of

the anode plane.

Determining the z and 4 position of a particle detected by the MWPCs requires not

only that both the anode wires and cathode planes are read out but also that the cathode

planes are separated into strips to determine the z position. The resolution of the z

position has a 1/sin(0) dependence where 0 is the angle of the cathode strips with respect

to the beam axis. The outer chamber has a total of 560 cathode channels with a strip

width of approximately 4.4 mm on both the inner and outer cathode planes of the

chamber. The cathode strips are wound helically around the chamber at an angle of

45.86° for the inner cathode plane and 44.21° for the outer cathode plane. The pitch of

the inner and outer cathode planes is such that cathode strips usually cross twice. The

ambiguity in the crossing is solved by combining the cathode information with the anode

wire information.

Because of its small radius, the inner chamber would need an extremely shallow

strip pitch to have at most two cathode crossings. The shallow pitch is undesirable

because z position resolution would suffer. The solution is to reduce the effective length

of the inner MWPC by etching a gap in the cathode strips perpendicular to the beam axis

at the middle of the chamber. The inner MWPC is functionally cut into two chambers, an

upstream chamber and a downstream chamber. The inner MWPC has 384 cathode
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channels and a 3.30 mm cathode strip width. The cathode strips are helically wound with

an angle of 34.35° for the inner plane and 41.19° for the outer plane.

Outer chamber Inner chamber
anode diameter [mm] 560 128
number of wires 832 192
separation of wires [mm] 2.094 2.114
number of cathode channels 560 384
cathode strip width [mm] 4.40 3.30
strip angles inner/outer [deg] 45.86/44.21 34.25/41.19
anode-cathode gap [mm] 4 3

Table 2.2 MWPC parameters

The chambers are constructed of Rohacell [Angst] cylinders onto which aluminized

kapton foils are glued. The cathode strips were formed on the aluminum surface by

etching stripes with a dental drill mounted to a large Hewlett Packard plotter. The

Rohacell is used as overall support for the chamber and gives the chambers their rigidity.

The chamber ends are capped with Stesalit [Stesalit] rings between which the anode wires

are strung. Because of the length of the outer chamber, the anode wires are supported by

a Rohacell support ring at the chamber center to increase wire stability. The anode wires

are connected by multi-wire shielded flat cables to crate mounted PCOS [LeCroy]

preamplifiers. The cathodes are connected by shielded flat cables to differential

amplifiers. The readout of the MWPC signals will be described in a later section of this

chapter. The chambers were flushed continuously with "magic" gas during their

operations

tThe gas mixture used in this experiment consisted of 49.8% C2H6, 50.0% Ar, and
(continued...)
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2.3.2 Scintillator Package

The specifications for the LADS detector include the ability to separate charged

particles of different masses and a reasonable neutron detection efficiency and angular

resolution. LADS also has to stop protons with an energy of 200 MeV perpendicular to

the beam axis and have adequate energy resolution for charged particles. To accomplish

this, the cylinder of LADS is constructed of 28 sectors of plastic scintillator AE-E-E

telescopes bound like a barrel. The endcaps are constructed of 14 sectors of telescope

with the AE sectors offset from the E-block sectors to improve angular granularity in the

endcaps. The AE scintillators are used for determining if a particle detected by a sector

was charged or neutral. The combination of the AE and E-blocks is used for particle

identification and the sectors are of sufficient thickness to stop 200 MeV protons and to

provide a neutron detection efficiency of about 40%.

2.3.2.1 Cylinder Scintillators

As was stated, the cylinder is constructed of a AE strip and two E-block bars

arranged as a scintillator telescope with an active region 1600 mm long. The active

region of the E-block scintillators are coupled to Hamamatsu R1250 5" photo multiplier

tubes (PMTs) via a length of Lucite light guide. The PMT is optically coupled to the

light guide using an optical epoxy sealantt. The PMT is mechanically supported by four

threaded rods screwed into a plate that the base of the PMT rests against. The active

regions of the AE scintillators are coupled to the Hamamatsu R1355 PMTs via ultra violet

t(...continued)
0.2% Freon.

t The epoxy was Dow Corning Silgard, a silicone based optical epoxy.
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transmitting (UVT) light guide. The PMTs were bought as a hybrid detector with a

custom made resistive base. The light from scintillators of the cylinder is collected from

both ends for several reasons. Among them, the amount of light collected is made largely

independent of the position in the scintillator and using TDC information the position of

the particle in the scintillator is known (without using MWPC information). Also, reading

out both ends increases the amount of photons collected by about a factor of two and

therefore the uncertainty of the TDC measurement is decreased by about a factor of v2.

2.3.2.2 Endcap Scintillators

The endcap scintillators of LADS consist of inner E-blocks, outer E-blocks, AE

strips, and veto counters. The arrangement of the endcap counters is slightly different

than that of the cylinder. The endcap consists of veto counters wrapped around a steel

support cylinder. The inner E-blocks are wrapped around the vetoes, while the outer E-

Blocks are wrapped around the inner E-Blocks. The AE counters are placed on the inside

end of the Inner/Outer E-block unit. The AE's light guides are the last layer just outside

of the outer blocks and the entire unit is bound together. (See Figure 2.5.) The PMTs for

the outer E-blocks are 3" Phillips XP2312Bs, while 2" Phillips XP2262B PMTs are used

for the inner E-blocks. Both the inner and outer PMTs use bases manufactured by the
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Figure 2.5 Schematic drawing of the downstream endcap.

Zagreb members of the LADS collaboration. The endcap AE PMTs and bases are

identical to those used for the cylinder AE.

The veto counters are designed to eliminate events which have signals in the

endcaps, but do not have trajectories that trace back though the AEs. The 1 mm

scintillator strips are coupled to 1/2" Phillips XP1911 PMTs via Lucite light guides.

The gains of all of the plastic scintillators/PMTs are monitored using temperature

stabilized LEDs which are calibrated to give a constant amount of light. The LEDs are

powered by an LED pulser developed at PSI which is capable of pulsing the LEDs at a

rate up to 10 kHz. The LEDs are run continuously throughout the experiment to monitor

the stability of the PMTs and to reduce the gain shift caused by varying signal rates in the

PMTs.

N

E-BL
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LADS is not a permanent fixture in the 7rM1 experimental area; after an

experimental run the detector is moved to a parking area elsewhere in the experimental

hall. Moving to a parking area requires that the signal lines and High Voltage (HV) lines

be disconnected from the detector elements. Because of the difficulty of wiring the PMTs

and the fragility of the mounts of the PMTs, all of the PMT signal and HV connections

are achieved through the use of patch panels mounted on the ends of the LADS cylinder.

2.4 Electronics

After the products of a reaction create signals in the MWPCs and/or the

scintillators, the signals are processed into a form that can be read by the data acquisition

(DAQ) system. The processing requires several steps: the signals in the MWPCs must be

converted into hit patterns, and the light collected by the PMTs must be processed so the

DAQ can determine if a signal in a telescope/segment is caused by a charged or neutral

particle, and then measure the total amount of light deposited in the scintillator telescope.

It is the signal processing electronics which convert the signals from LADS into a form

useable by the DAQ system.

2.4.1 MWPC Electronics

The anode wires for the cylindrical MWPCs are read out and encoded using the

LeCroy PCOS III system. Because of space constraints, the charge discriminator cards

are not mounted on the chambers but mounted instead in specially constructed crates. The

anode signals are routed to the discriminator cards using a flat shielded cable. The logic

signals from the discriminators are routed to the PCOS III delay and latch modules in a

PCOS III controller crate. PCOS III encodes the data into hit patterns which include
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cluster position and cluster width. The encoded data are then sent to a CAMAC crate in

the electronics shack where it is collected by the DAQ system.

The cathode signals are routed by the same style of flat shielded cable that is used

for the anode signals to LeCroy TRA1000 current sensitive preamplifiers. The outputs of

the preamplifiers are connected to PSI designed postamplifiers in the electronics shack

using about 50 m of twisted pair cable. The amplified signal is routed and AC coupled to

LeCroy 2282B 48 channel ADCs. The Cathodes' ADCs are controlled by a LeCroy 2280

system processor which sends the data to the DAQ system.

2.4.2 Scintillator Electronics

The signals from the PMT patch panels on the ends of the LADS detector are

routed to the electronics shack via 50f) shielded cables. All of the plastic scintillator

signals from the PMTs are connected to a patch panel on the back side of the electronics

racks. The E-block signals are then sent into a 10-fold fast amplifier, whose outputs are

the inputs of the FDMTs (described below). The AE and Veto signals are sent directly

from the patch panel in the electronics shack to the inputs of the FDMTs.

FDMT stands for Fast Discriminator/Mean Timer. FDMTs are double width

FASTBUS modules with 32 analog input signals, designed at PSI to accomplish a number

of goals. Among these are fast discrimination using constant fraction discriminators to

minimize signal walk, multiple logic signal outputs for use later in the DAQ and trigger,

and analog amplification (attenuation) of nominally 0.3 and 0.4 for input signals. The

analog signals are sent to LeCroy FERA charge ADCs where the signals are integrated

and digitized.



Chapter 2: Experimental Apparatus and Procedures

The logical outputs of the FDMTs consist of a fast "trigger" output, a delayed

TDC output and a spare TDC output. The Mean Timer feature of the FDMTs did not

perform with enough stability and was removed. The TDC outputs are delayed by about

300 ns with respect to the trigger output, while the fast trigger output is delayed about 30

ns with respect to the analog input. To minimize signal walk, the discriminators creating

the logic signal are constant fraction discriminators. The CFDs have special circuitry to

aid in low (<1000 Hz) frequency noise rejection and are designed to go from totally off to

totally on in a 1-2 db range. Ideally for the LADS experiment the threshold is set at 15

mV. The processing of the logic outputs and creation of the trigger will be discussed

later in this chapter.

2.5 Trigger Electronics

For the DAQ system to read events which occurred in the LADS detector, a trigger

is required. The trigger is a logic signal which tells the DAQ computer that the current

state of the DAQ electronics is consistent with a meaningful event in LADS and that the

computer should read the state of the electronics and write the information to some

permanent storage (in our case 8 mm data tapes). Events in LADS can be attributed to

many sources other than to a beam pion interacting with the target nuclei. Dark current,

cosmic rays and defects in the detection hardware can all generate signals in the detector

hardware which appear to be physical events. In addition some types of events within

LADS, while containing "genuine" pion physics, are not interesting in the sense that

previous experiments have done a good job in measuring such events. A trigger is

necessary to reject events not caused by a pion incident on the target and to classify

events into types which should contain physics of one type or another. Every event of
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interest which occurs in LADS has an associated trigger and is classified according to the

number of charged and neutral particles in the event.

2.5.1 Beam Definition

One must be certain that the events read by the DAQ system are in coincidence

with a pion in the beam line. We also want to exclude the cases where there may be two

pions in the beam line. To accomplish these tasks, a logical BEAM is defined as

BEAM = SBeam STim ' S*imge * SBf e STAier HODO Veto. Rf RunGate. (2.1)

SBeam is a logic signal generated by the a scintillator counter which is used to

define the beam within the LADS volume. The counter is a 1 cm diameter plastic

scintillator placed along the beam axis in LADS. SBeam generates a signal when a beam

pion, or any charged particle, passes though the counter.

STime is generated by a relatively large scintillator (-100 mm diameter) placed in

front of the upstream endcap. The STime signal is used as the timing reference for an event

within LADS. When the outputs of the Sime PMTs are examined on an oscilloscope, two

different amplitude bands can be seen. The brighter, smaller band corresponds to pions in

the beam line, while the dimmer, larger band is associated with proton contamination in

the beam. A discriminator is used to reject the events which are in the proton band. The

discriminator output is named SBig, which is then used in the BEAM trigger to reject

events which have protons.

Positron and muon contamination can occur in the pion beam. If present, these

particles will hit the STime counter before a pion will. A short logic pulse (- 5 ns) from
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STime is required to be in coincidence with the rf signal from the ring cyclotron in order to

reduce the possibility of muon and positron contamination.

The timescale of events within LADS can be as long as 50 ns for low energy

neutrons. To ensure that an event does not have more than one beam particle within the

detector, the S Befre and S Afte logicals are used. These logicals flag events which have a

STime signal within ± 60 ns of the BEAM time. The flagged events are rejected.

HODO indicates either that a single particle hit is registered by the hodoscope or

that a double hit firing adjacent strips is registered by the hodoscope, reducing the

possibility of two beam pions being in the beam line during an event.

Any particle accelerator experiences a phenomenon called beam halo. Halo is

caused by many factors including beam particles decaying and beam particles hitting the

wall of the beam line. These particles, which make up the halo, are not focused and

loosely follow the beam trajectory. Beam halo can cause events within LADS which are

determined to be "good"; these events are not useful because they are caused by particles

of "unknown" origin and therefore contaminate the analysis. The logical Veto is used to

reject events that are not coincident with pions that travel through a 120 mm hole in a Pb

shielding wall and thus reduces the number of events caused by beam halo. Figure 2.7

shows schematically the positions of the Veto Wall, STime and SBam.

2.5.2 Event Classification

Because of the large solid angle of LADS and the numerous elements comprising

the detector, the event rate exceeds the count rate that can be processed by the DAQ. To

help in event selection, the number of charged and neutral particles which comprise the

event must be determined as well. The amounts of charged and neutral particles within an
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Figure 2.7 A schematic drawing of the LADS detector showing the position of the Veto
Wall, SBeam and STime.

event are an indication of the process that caused the event. By classifying the events

according to the number of charged and neutral particles physics processes are roughly

emphasized or deemphasized. The prescaling of event types written to tape accomplishes

the goal of limiting the data on tape to events that are potentially interesting.

The sheer quantity of electronic hardware used in the gathering of data presents

many opportunities for errors to creep into the trigger definition and event classification.

As a check, at every stage of the building of the trigger and event classification a sample

of the outputs from the stages is sent to scalers and latches. The scalers and latches are

reconstructed in software and used to verify that the outputs at each stage are consistent

with the inputs. The scalers and latches are also used in the analysis to determine the

number of event types which occur during the experimental run.

The first step in determining the event type is to determine whether scintillators

have fired, which is done with the FDMTs. The digital part of the FDMTs consists of
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ECL fast discriminator hybrids developed at PSI. The hybrids have a propagation time of

about 20 ns and go from completely "off' to completely "on" within 2 db of the threshold

voltage. The discriminator outputs are split: one set of outputs is sent to the PLB300s

(described below) and used to build the event triggers, while the other is sent to the TDCs

after a few hundred nanoseconds of delay, and used as the stop signal for the TDCs.

It is the fast discriminator outputs that are routed to PLB300s and used to build the

event triggers. The PLB300 is a PSI developed logic module containing Programmable

Array Logic (PAL) chips that were set (burned in) to determine if the signals within a

detector sector are caused by a charged or neutral particle. The sectors are then classified

as charged or neutral and it is also noted whether either upstream or downstream PMTs or

both have fired, the latter of which can occur with particles in the cylinder.

After the PLB300s has determined the charge of the particles in LADS, the outputs

are routed to PLB301s. PLB301s were also developed at PSI and used EPROMs to count

the number of charged and neutral hits (sectors) in the detector. The signals output are

Oc, c, 2c, >3c multiplicities for the charged PLB301 with similar outputs generated by

the neutral PLB301. The PLBs are strobed by the logical BEAM signal to give the

detector state coincident with a beam pion. The PLB301s output NIM logic signals,

which are sent to a NIM AND logic box.

The NIM AND generates the logical event types. These event types are lcOn,

lcln, Ocln, 2cOn, 2c>l1n, Oc>2n, lc>2n, and >3c. The output is routed to prescalers

which "weights" events according to the expected physics contained within. Generally,

the single particle triggers, i.e. those such as cOn and Ocln, are prescaled the most and

the multiple particle triggers, i.e. 2c>l1n and >3c, are prescaled the least. The logical

output of the prescalers then goes to an OR called physics trigger.
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The physics trigger is ORed with a non-physics trigger which consists of a beam

trigger, a random trigger and an LED trigger. The result is the event trigger which signals

to the DAQ computer that something interesting has happened and the computer should

read the information present in the ADCs, TDCs, Latches, etc. To ensure that the DAQ

system is ready to take data and that the event trigger was timed correctly, the event

trigger is ANDed with the rf from the cyclotron and the busy from the DAQ computer

and formes the trigger which gates the ADCs, serves as the TDC start and instructs the

DAQ that an event is present and should be written to tape. A diagram of the trigger

used in the 1991 experimental run is shown in Figure 2.6.

2.6 Data Acquisition (DAQ)

All of the data from the ADCs, TDCs, Latches, and Scalers are sent via FASTBUS

to the Aleph Event Builder (AEB, STR-501) [Struck] FASTBUS processor. Each event is

approximately 600 bytes long and the AEB buffers the events into 50 event blocks. The

50-event blocks are sent to a CHI (STR-330) [Struck] FASTBUS processor which ships

the data directly to the memory of a VAX 3600 through a DRQ-11 DMA interface. The

[tVAX 3600 writes the data to 8 mm 2.5 Gbyte Exabyte drives. The Exabyte drives are

capable of writing at a rate of 250 kB/s and in the 1991 experimental run about 200 8 mm

tapes were produced. To verify the quality of the data being taken, online sampling of the

data is performed on another uVAX 3600. The data acquisition setup used in the 1991

experimental run is shown in Figure 2.8.
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Figure 2.8 The 1991 DAQ Setup
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3 Data Analysis and Uncertainties

After the events were collected and stored on tape, as described above, they are

analyzed to obtain cross sections. For the cross sections to have any meaning, statistical

and systematic errors also must be assigned to the cross sections. Because of LADS's

solid angle coverage, large amounts of data can be taken allowing the statistical errors to

be made quite small. Because the statistical errors are small, the uncertainties in the

measurement are dominated by systematic uncertainties. This chapter explains the steps

in determining the cross sections and in assigning uncertainties to the cross sections.

To determine the total cross section and the experimental differential cross section

the first step is to determine from all the events written to tape by the DAQ those events

which correspond to the process of interest. Then, one then must determine how isolating

the events of interest affects the distributions. Finally, to obtain cross sections, one must

determine the detector efficiencies, such as MWPC efficiency and events lost to protons

reacting in the plastic scintillator. After isolating the events of interest one must then
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determine the uncertainty in isolating the events and the uncertainty in the detector

efficiencies.

While the reaction studied is kinematically overdetermined by the data taken with

the LADS detector, it does not have features present in other possible reactions of 7c+ with

the deuteron, such as absorption. Absorption events can be determined without the use of

scintillator information or without the use of MWPC information. Because an event can

be determined to be pion absorption on the deuteron using only "half' of the information

provided by LADS, the efficiency of the wire chambers can be determined for specific

event geometries and the amount of events which are lost to reactions in the plastic

scintillator can be determined with reasonable confidence. Such separations are not

possible with the charge exchange reaction because determining that an event is charge

exchange requires the use of both MWPC and scintillator information since the neutral

particle is not detected. Also, several systematic errors were difficult to estimate for the

reaction studied because LADS was not designed to study final states with multiple low

energy particles. When appropriate, the systematic errors are taken from the theses of K.

Wilson [Wilson95] and A. Mateos [Mateos95].

Because they come from uncertainties in counting, the statistical uncertainties are

given by the standard formula for the binomial distribution. If N is the number of events

and p is the probability of the event occurring, then

= /p(l- p)N. (3.1)

The systematic uncertainties, that is uncertainties caused by the nature of the

detector or by the method of isolating events, are often more difficult to determine.

Because of this, in some cases only a rough estimate on the size of a specific uncertainty
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can be determined. Other difficulties arise because the systematic uncertainties are not

always symmetric about the specific value. Further, some of the uncertainties only affect

the cross sections one way. Thus, only an upper limit on the size of the effect could be

determined. For these cases, the cross section is corrected by 1/2 the size of the effect

and 1/2 the size of the effect is assigned to the uncertainty in the cross section.

After assigning the uncertainties and determining them to be independent of each

other, the total uncertainty in the measurement is determined by the standard error

propagation formula for independent variables. If we have a quantity fAxl, x2, x 3, ...) then

The LADS detector covers nearly 4n7 steradians of solid angle. This and the

detector's good energy/angular resolution and relatively low proton energy detection

threshold allow the examination of many differential and integral quantities such as

charged particle distributions and undetected but reconstructed particle distributions. The

events of interest, however, must first be separated from all of the events which were

written to tape and the number of "interesting" events which occurred in the LADS

detector must be determined. Then, corrections for the finite acceptance of LADS must be

determined and applied to the "interesting" events. Because one would like to analyze as

many interesting events as possible, which creates the potential of incurring background

contamination, the contamination from background events must be determined and

subtracted from the events of interest. Finally, to obtain cross sections, the number of

beam particles incident on the target must be determined.
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3.1 Event Isolation

The first step in the data analysis is the selection of events which contain the data

of interest. Many events written to tape come from sources other than the target gas. In

order to isolate the interesting events one must determine which events come from the

target. After isolating the events coming from the target, then the events which seem to

have a clear signature of SCX must be isolated.

Like all detectors, the LADS detector has finite energy, angular, and vertex

reconstruction resolution. The finite resolutions are caused by several factors. However

the uncertainties in the measurement can be corrected without understanding the cause of

the uncertainties. The resolution of the detector also causes uncertainties in isolating

events from the target, which must be determined and applied to the cross section.

3.1.1 Selecting Events from the Target

Events coming from the target region are selected by requiring at least 1 track in

the wire chambers and using that information to reconstruct the event vertex. A track is

defined as a hit in the inner and a hit in the outer MWPC associated with the same

particle whose energy is collected in the plastic scintillators. The Olab and lab angles

determined by the MWPC's define a line in space called a "track". If an event has at

least one track, a vertex can be constructed for the event.

In the case of 2H there can be at most two tracks associated with physical events

(two protons or a nr+ and a proton). If there are two tracks the vertex is defined as the

center point of the line connecting the two tracks at the point of closest approach. If there
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Figure 3.1 Distance between the vertex defining tracks at the point of closest approach.

are two tracks but they do not pass within 1 cm of each other, the vertex is determined by

choosing one of the tracks at random and forming the vertex with the single track and the

beam axis. If there is only one track, the vertex is given by the point of closest approach

for the track and the beam axis.

For one track events and events which have tracks that do not pass within 1 cm of

each other, the vertex resolution in the z direction is determined by the width of the beam,

which is a 0.8 cm. The angle of the track with respect to the beam is between 40° and

140°, so the resolution of the z vertex is less than a = 0.8/sin(40°) = 1.25 cm. For events

with two tracks, the FWHM of the distance of closest approach is 2 mm. The vertex for

two track events is chosen to be the center of the line connecting the two tracks at the

distance of closest approach therefore the FWHM of the vertex is 1 mm and the resolution

of the vertex in the x, y, and z directions was therefore -. 4/1-3mm. The distances of

closest approach as determined by LADS are shown in Figure 3.1.

613.1 Eventt Isolationz
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Several cuts are made to isolate events coming from the target. First, to be

included in the analysis, events are required to have at least one track for a well defined

z-position for the vertex. Second, for each event at least one of the tracks must come

from a particle that hit only the cylinder. Finally, a cut is made along the z direction to

isolate events coming from the central 19.5 cm of the target, i.e. -8.5 cm to +11.0 cm in

the LADS coordinate system. The z-position of the event vertex as determined by LADS

is shown in Figure 3.2.

In separating SCX events from the rest of the data written to tape, one of the first

steps is to make a cut on the z position of the event vertex. Evidence that the event

vertex is sometimes reconstructed far from the actual point of origin has been seen in the

analysis of pion absorption on 2H and 3He. These events can not be attributed to a
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resolution effect since the misreconstructed vertices are far (many a) from the origin and

have a flat distribution.

The estimates of the MWPCs' failure to reconstruct vertices correctly were done in

two ways, both using features of pion absorption that are not present in SCX. As a result,

estimating a reconstruction error specifically for the SCX channel is impossible. Both

methods rely on the ability to select absorption events without using the wire chambers,

by placing a tight cut on the absorption peak in the summed light of the scintillator. The

methods are described fully in [Wilson94]. Only one method is described here.

It is possible, in the case of 2H, to select events that are known to have come from

within the target cell. 2H has a very low binding energy for a nuclear system. Because of

this, one can determine that protons in LADS are caused by pion absorption on 2H rather

than by absorption on other nuclei (such as carbon in the target walls or air in the detector
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volume). This is done by placing a tight cut on the absorption peak in the summed light

spectrum. (See Figure 3.5 on page 71.) For 2H it was determined that approximately 0.8%

of the events known to have come from the target have vertices reconstructed outside the

target region. The total number of events is corrected by 1.008 ± .004 to account for this

uncertainty.

Events can also be lost during vertex reconstruction if the event comes from the

target region but does not have a vertex assigned to it. It is not necessary to correct for

such events because these missing events are accounted for in the wire chamber efficiency

calculation.

3.1.2 Empty Target Subtraction

When analyzing the events written to tape, using the cuts described in section

3.1.3, there are background events coming from the materials in the target cell walls. The

background can be eliminated if the event vertices are required to be within some radius

around the beam axis, i.e., demanding that the event originated well within the target

volume and therefore did not originate in the target walls. However, requiring a "radius"

cut is not desirable because applying the cut would severely limit the number of SCX

events included in the analysis. This can be understood because placing a radius cut on

event vertices forces the event vertices to be calculated from two tracks. Two tracks are

required, because if the vertex is calculated from one track the x-y resolution is limited by

the width of the beam and a meaningful radius cut cannot be placed on the data.

Requiring two MWPC tracks demands that both of the protons be detected in the cylinder

of LADS detects causing events with protons in the endcaps to be rejected. The geometry

of SCX events is such that protons tend to be scattered forward, therefore a radial cut

64 Chapter 3 Data Analysis and Uncertainties
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would severely reduce the acceptance of LADS. Instead of using a radial cut, data taken

on an empty target are analyzed and the background from the air and the target walls is

subtracted from the cross section and differential distributions.

Effort is made to reduce the number of events that came from the walls of the

target cell. By requiring that the events analyzed originate somewhere within the central

19.5 cm of the target (in z), events originating in the end walls of the target are not

analyzed but, because no radius cut is applied to the event origin, some correction had to

be made for events which originate in the walls of the target or in the air outside the

target cell. This is done by analyzing the empty target runs with the same cuts as the data

runs to get a background yield.

The empty target was verified to be in the same z-position as the full target, within

1 mm, using the MWPCs to measure the position of the target endwalls during analysis.

The beam is expected to scatter less in an empty target than in a full target and therefore

the fraction of beam outside the target radius is expected to be less for the empty run than

for the full run. However, the spread of the beam was measured for both the full target

runs and for the empty target runs and found not to have increased significantly. The

background subtraction is small, -2-3% for the event classes analyzed, and therefore

should not present any problems to data analysis.

3.1.3 Selecting SCX Events

Now that a set of events which are determined to come from the target cell (minus

whatever background events there may be) has been identified, events which appear to

correspond to charge exchange must be separated from the other reaction channels. The
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strongly interacting part of pion reactions at these energies is composed of the following

channels

O+el + inel + abs + aSCX + DCX + 2,r , (3.3)

where

(Tel = pion elastic scattering,

Cyinel = pion inelastic scattering,

cyabs = pion absorption,

oscx = pion single charge exchange,

oDCX = pion double charge exchange, and

o2, = pion production.

The reaction channels can be determined by the types of particles in the final state.

Only the 7c+d ->7cpp SCX and the 7ro production channels have a neutral pion in the final

state. If the invariant mass is constructed from the detected particles its value can be used

to select SCX events. Also, the final state protons can only have a total kinetic energy

equal to the kinetic energy of the incoming beam pion plus mass differences and binding

energies. This means that for 240 MeV beam pions, the sum of the kinetic energy of the

protons must be less than approximately 246 MeV. The isolation of SCX events requires

that two protons, whose sum of kinetic energies are less than a certain threshold

(approximately 260 MeV), are seen by the LADS detector.
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In order to separate charged and neutral particles, two requirements are placed on

the particle. First, a charged particle must cause a signal in the AE scintillator strips.

Second, a charged particle must have at least 1 MWPC hit associated with it. The

MWPC hit requirement is placed on the charged particles to ensure that every charged

particle had a 1ab associated with it. The Olab angle is necessary to determine the identity

of charged particles because particle identification requires knowledge of the path length

of the detected particle.

3.1.3.1 Particle Identification Cuts

Charged pions have a proper lifetime of 26 ns, which is considerably longer than

the typical flight time (1-5 ns) of pions traveling from the point of interaction to the

detector scintillators. When the charged pion does decay it does so by it - Ci + v,

99.99% of the time. LADS cannot detect the v,. Further, the t looks like a pion as its

mass and speed is similar to the pion which decayed. Since the final state for SCX has

no charged pions, all events which contain a charged pion are rejected using particle

identification tests.

The identification of charged particles is based on two methods: dE/dx vs. E and

1/3 vs. E. The dE/dx for charged particles much more massive than electrons is given by

the Bethe-Bloch equation [PDG92] and is dependent on the charge and 3 of the particle.

For velocities 3 > 1/137, IdE/dxl falls off initially like 1/32 and reaches a broad minimum

at y=3.2 approximately independent of the medium. For this experiment only high energy

pions approach the minimum in IdE/dxl.

When using the dE/dx vs. E method, the dE/dx is found by dividing the amount of

light in the counter by the path length of the particle in the counter. The incident angle of



Chapter 3: Data Analysis and Uncertainties

the particle with respect to the counter is used to calculate the path length. To use the

dE/dx vs. E method the particle had to travel through the full thickness of the "dE" (AE)

counter or the path length could not be determined.

When using the 1/3 vs. E method, if T is the kinetic energy of the particle; then:

T+m='n
T = (y - l)m

(3.4)

For both methods, 1/3 vs. E and dE/dx vs. E, the pions and protons will lie on bands

according to their mass. For the 1/ vs. E method, the path of the particle is calculated

using the wire chambers. The time-of-flight is determined by using as the start the beam

timing scintillator (STime) and the timing information from a scintillator counter as the stop.

The distance traveled by the pion to the event vertex is used to correct the flight time,

which determines what is known as the reduced time-of-flight. 1/3 is determined by

dividing the reduced time-of-flight by the path length of the particle. The 1/3 vs. E

method, and not the dE/dx vs. E method, can be used when a particle stops in a AE

detector.

For both methods, the energy of the particle is calculated using the calibrated light

from the scintillator counters. No E-loss or saturation corrections to the energy are made

as these depend upon the mass of the particle traveling through the counter. The energy

used in the dE/dx method is the sum of the energy deposited in the scintillator counter,

which is used for the dE/dx calculation, and the energy deposited in the scintillator

counters subsequently encountered by the particle. In the 1/13 vs. E method, the energy is

the sum of energy deposited in all of the scintillators encountered by the particle.
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These two above methods are used to identify particles that hit the cylinder and/or

the endcap. The relative accuracy of the two methods varies according to the energy

deposited in the counters; thus, the following hierarchy is used to identify and reject

events that contained a charged pion.

a) If the charged particle deposits at least 10 MeV of light in the CI counter the

dE/dx vs. E method in the cylinder is used. The pion cut is shown in Figure 3.4a.

b) If the charged particle did not deposit 10 MeV of light in the CI, but did deposit

10 MeV of light in the sum of the EI and EO counters, then dE/dx vs. E method in the

endcap was used. The pion cut is shown in Figure 3.4b.

c) If neither condition a) or b), above, was satisfied, but the endcap AE counter

fired, the 1/3 vs. E method was used in the endcap. The pion cut is shown in Figure 3.4c.

d) If none of the above conditions was satisfied, then the 1/3 vs. E method in the

cylinder method was used with the pion cut shown in Figure 3.4d.

The above hierarchy is the standard hierarchy used by LADYBIRD (the LADS

analyzer program) to determine the identification of charged particles. The cuts used are

user defined and so have the flexibility of being changed if the need arises. The PID cuts

are loose to reduce the number of events lost through reaction losses (described in section

3.2.1). There will be charged pion contamination which will need to be addressed.
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The deuterons are the upper band. The PID plots have been enhanced to show the
particle bands more clearly.

x
.14
LI

12

10

6

4

2

0
0 200

E
E Endcap

300

(Mev)

8

7

6

5

4

3

2

1

0

70 Chapter 3 Data Analysis and Uncertainties



3.] Event Isolation 71

( 1800

1 600

1 400

1200

1 000

800

600

400

200

0

MeV

Figure 3.5 The sum of the kinetic energies of the detected protons. The cut used is
indicated on the plot.

3.1.3.2 Total Energy Cut

After the PID cuts, most of the charged pions are removed, but there still exists

contamination from other reaction channels. SCX is basically an elastic scattering of a

pion from a nucleon and therefore the final state protons can only have a total kinetic

energy equal to the kinetic energy of the incoming beam pion, taking into account mass

differences and binding energies. These facts mean that for 240 MeV beam pions, the

sum of the kinetic energy of the protons must be less than approximately 246 MeV. A

cut on the sum of kinetic energies of the detected particles was placed to isolate possible

SCX events. The energy cut is shown in Figure 3.5. The cut is generous so that as few

charge-exchange events as possible are removed. As can be seen in Figure 3.5, there is a

.3.1 Event Isolation 71
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very prominent peak at approximately 370 MeV, corresponding to pion absorption on the

deuteron.

3.1.3.3 Cut on Invariant Mass

The final state for SCX is two protons and a neutral pion and one demands that

LADS detects both protons. The final state is kinematically complete and is actually

overdetermined; therefore one can reconstruct the kinematics of the 7° for each SCX

event. If the invariant mass for every event is constructedt, there is a definite peak at

-140 MeV, roughly the mass of the pion. (See Figure 3.6.) If one cuts tightly around this

peak, then one can feel confident that largely SCX events are being analyzed. The

number of events that would be lost if the tight cut was made is not known and probably

cannot be quantified. Therefore, to maximize the number of SCX events, the only

requirement placed on the invariant mass is that it be above 0.

3.1.3.4 Cut on Angles

t The calculation used was

PI,+ Pd Pp, + P2 o

m = (Ph + P - -Pd) 2

If m2o >0, then m o = ..

If m2. < 0, then mo =,- o

If the value of m2o was less then zero it was noted and the square root of the absolute
value was taken and plotted on the negative axis. The "double" peak at 0 seen in Figure
3.6 is caused by the finite binning and resolution of the detector.
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Figure 3.6 Calculated invariant mass. The "double" peak at 0 is an artifact of the
calculation (see text).

In the analysis, an attempt is made to cut away everything that is obviously not

SCX events with the hope that the amount of contamination from other reaction channels

can be determined. Thus, in addition to requiring that the invariant mass be greater than 0

MeV, a requirement is enforced that none of the events contain back-to-back protons in

the deuteron-i +t CM frame, as the back-to-back proton events should be absorption events.

The back-to-back cuts are made by excluding events which have a proton 0 difference of

1800° 2° and a proton difference of 180° ± 2. This cuts out approximately 0.25% of

the SCX events, as determined by examining the effects of the back-to-back cuts on tight

invariant mass peak cuts.

3.1.3.5 Charged Pion Contamination Cuts

r\nnn
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Because of the hierarchy used in the particle identification the possibility exists

that charged pions are misidentified as protons and that such events are included in the

analysis. The charged pion events are removed from the analysis by making "too fast"

cuts on the events. After the initial PID selection, the events are examined on 1/3 vs. E

plots. It is seen in the plots that there is still contamination from charged pions. A loose

PID curve is used to exclude events which still contained charged pions after the initial

PID selection. The path lengths of reaction products are short enough that the times-of-

flight for the particles are not well known. Because every charged particle in the events

is subjected to the "too fast" cuts, the PID curve is kept loose. As with all of the cuts

applied to the data, the idea is to include all the SCX events with as little contamination

as possible from other processes.

Making the above cuts and subtracting the background events, results in a "clean"

sample of SCX events as seen by the LADS detector. This sample can be analyzed,

plotted, manipulated, etc. to produce cross sections and differential quantities of interest.

Of course, meaningful errors must be determined and applied to the distributions before

anything definitive can be said about the distributions.

3.2 Event Yield

In order to determine a cross section, one must calculate the event yield. The

event yield is total number of events in the runs analyzed meeting the following

requirements: the event must be caused by a "good" beam pion, the event must pass the

vertex selection cuts and, the event must pass the cuts used for selecting the events of

interest. In this case, the event yield is the number of 7r+d - 7tc°pp (SCX) events which

occurred in the central 19.5 cm of the target during the runs analyzed.
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The experimental apparatus was designed such that the data on tape is a random

sampling of events which occurred within the LADS detector. The events on tape are

prescaled according to their trigger type with the intention of enhancing physics events of

interest to the LADS collaboration. By calculating the fraction of each trigger type on

tape that corresponds to SCX reactions and using the total number of triggers that are

recorded for each type, one can determine the total yield of SCX events from each trigger

type.

Isolating the SCX events, by using the cuts described, should have removed all of

the non-SCX events from the analysis, but the possibility exists that SCX events were also

removed. SCX events could have been removed from the analysis because: 1) the wire

chambers were not 100% efficient, 2) the protons that are detected by LADS could have

lost some of their kinetic energy though non-ionizing reactions with nuclei in the plastic

scintillator or 3) the event geometry could be such that it was thought to be from another

event class (such as absorption). The amount of events incorrectly classified as non-SCX

events must be determined, and the true number of SCX events written to tape (and

therefore the event yield) calculated.

When calculating the cross sections, one must determine the uncertainty in the

event yield. This uncertainty contains many factors including MWPC efficiencies, and

corrections for protons "lost" due to nuclear interactions in the plastic scintillators.

Values must be determined for these uncertainties and then applied to the cross sections.

3.2.1 Events Lost to Reactions

Every proton that passes through plastic scintillator has the probability of

interacting with the nuclei in the material. The nuclear reaction may cause some of the
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energy of the proton to be lost in non-ionizing processes. Processes by which the proton

may lose energy include the knockout of nucleons from nuclei, the production of particles

that are not detected, and the loss of the proton's kinetic energy in overcoming the binding

energy of larger nuclei. The lost energy will go undetected and may shift the protons

from the proton band in the PID curves into the pion band.

All the non-ionizing processes cause the measured kinetic energy of the proton to

be less than the proton's actual kinetic energy when it entered the scintillator. The PID

method is based on the charged particle's kinetic energy therefore a proton that loses

enough kinetic energy could be misidentified as a pion. The probability of a proton

undergoing a non-ionizing reaction rises approximately exponentially for proton energies

below 250 MeV. [TRIUMF87] Not all the protons that react lose enough energy to be

misidentified as pions, but an upper limit must be placed on the number of events lost to

reactions. Since the average proton energy is approximately 70 MeV, an upper limit on

the number of protons that reacted of 5% was placed.

Investigations of proton reactions using events close to the mean of the missing

mass peak indicate that reaction losses broaden the peak but do not affect it much

otherwise. Because an average magnitude for the energy a proton loses to reaction could

not be determined, it was assumed that if a proton reacted then the event was not

identified as a SCX event.

The correction for protons undergoing a non-ionizing interaction in the plastic

scintillators is based upon published tables. [TRIUMF87, Janni82] The reaction
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Figure 3.7 Proton interaction probabilities as a function of energy. Carbon is very similar
to Beryllium. From [TRIUMF87].

probabilities are determined by integrating over the energy and path length of a proton.

The probabilities quoted in [TRIUMF87, Janni82] are simply "did the proton react or

not." There is no indicator of how much energy is lost or the ratio of events in the proton

peak versus the proton tail. As a result, uncertainties are quite difficult to assign to the

reaction correction. Thus an uncertainty of 1/2 the reaction correction is assigned to the

cross sections. The reaction correction is still rather small and the uncertainty should not

cause significant concern. Investigations by [Mateos95] indicate that the GEANT based

Monte Carlo simulation of the LADS detector models the proton's reaction losses quite

well. Therefore, reaction losses should not be an issue when determining the integrated

cross section assuming as long as the process is modeled well. [Mateos95] estimates the
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uncertainty from the Monte Carlo simulation's correction from reaction losses in the

plastic scintillators to be about 4%.

3.2.2 Events Lost to MWPC Inefficiency

Like all wire chambers, the MWPCs used by LADS are not 100% efficient at

detecting charged particles. Several factors cause the LADS MWPCs, with their particular

geometry, to be less than 100% efficient. Of course, the single particle efficiency for

MWPCs is always less than 100%. However, well designed MWPC's single particle

efficiency can approach 100%. For multi-particle events within LADS, other

complications arise from the geometry of the wire chambers. In LADS the position of a

hit is found by the intersection of two fired cathode strips. For events which have

multiple particles it is possible for the MWPC software to incorrectly assign cathodes

from different particles with each other. The incorrectly assigned cathodes could cause

the particle's reported and z values to differ from the particle's actual and z values.

This difference will cause the particle not to be associated with a hit in the scintillators.

It is also possible, in the context of multi-particle events, for two or more particles to hit

the same cathode strip. The MWPC code assigns pairs of cathode hits to a particle and it

is forbidden by the code to assign more than one particle to a single cathode strip. This

causes only one of the cathode crossings to be reconstructed.
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The single particle efficiencies of the LADS MWPCs for protons were measured

and used in determining the wire chamber efficiency for SCX events. This is justified

because the and z distributions of SCX events are generally such that different particles

do not hit the same cathode strips. The only difficulty in determining the MWPC

Table 3.1 Single particle efficiencies for protons. The runs are near the beginning middle
and end of the experimental run.

efficiencies involves summing up the probabilities.

In determining the efficiency of the chambers, the fact that only 1 track in LADS

is required means that only one proton has to hit both chambers. The other proton can hit

either plane. The efficiency of the MWPCs is not necessarily the simple product of single

particle efficiencies; the hit probabilities must be summed to determine the MWPC

efficiencies. The hit patterns and probabilities for events in the endcaps are given in

Table 3.2.

Run Number Energy Proton Detection Efficiency

T, 6inner 8outer

733 239 MeV 0.978 .02 0.963 .01

851 118 MeV 0.978 .009 0.975 .006

1215 162 MeV 0.977 .008 0.981 .02
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Probabilities

.921 ± .03

.921 + .03

Table 3.2 Hit patterns required for events to be analyzed which have a proton stopping in
the endcap.

The efficiencies for cylinder events are only slightly more difficult to determine

than endcap events. Because of the requirement that only one proton needs an associated

track, the other proton could have a hit in either the inner or the outer chamber or in both.

To determine the efficiency then, one needs to sum the probability of 4 hits in the

chambers (two tracks) with the probability of getting 3 and only 3 hits for various

configurations of hits The hit patterns and probabilities for events with protons detected

in the cylinder are given in Table 3.3. The MWPC efficiency for events that have

particles stop in the endcap is therefore, 0.921 + 0.03 and for events in the cylinder the

efficiency is 0.995 0.04.

The MWPCs exhibited stable behavior throughout the run; the single particle

efficiency did not vary more than statistically significant throughout the length of the

experimental run. The uncertainty assigned to the MWPC single particle efficiency was

only the statistical error, which should be sufficient given the stable MWPC efficiency

Proton 1 Proton 2

Inner Outer Inner Outer

X X X

X X X
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Probability

.887 ± .029

.0341 ±.0139

.0200 ± .0181

.0341 ±.0139

.0200 + .0181

Z = .995 ± .04

Table 3.3 Hits necessary for an event with two protons in the cylinder to be analyzed.

during the experiment. Investigations with the Monte Carlo simulation indicate that when

it is used to model the MWPCs, there is approximately a 4% uncertainty in the efficiency.

3.3 Beam Normalization

To evaluate a cross section, the number of pions incident on the target cell must be

determined. The number of pions is not simply the amount reported by the SBeam scaler:

several correction factors had to be applied to accurately determine the number of pions

incident on the target cell. The correction factors included 1) corrections in the ADC and

TDC spectra of SBeam, 2) corrections for muon contamination, 3) corrections for pions

which decay on the way from SB.m to the target cell, 4) corrections for pions which hit

SBam but miss the target cell and 5) corrections for pions which pass through SBem but are

scattered and do not hit the target cell.

All the correction factors are used to determine the amount of pions incident on

the target using the following:

Proton 1 Proton 2

Inner Outer Inner Outer

X X X X

X X X

X X X

X X X

X X X
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B SBeam (1 - fSBeam )(1freact) (1- fecay )(1- fmniss) (1- fuon) (3.5)

where

B = the number of pion incident on the target,

SBeam = the number of pions counted by the beam scaler,

fsBeam = the fraction of pions that failed the SBam cuts,

freact = the fraction of pions that reacted in the air, target windows, etc.,

fdecay = the fraction of pions that decay after hitting SBem,

fmiss = the fraction of pions that hit SBeam but do not impinge upon the target cell,

Lmuon = the fraction of the beam that is muons.

The quantities used in determining the amount of beam incident on the target

consist of both measured and computed quantities. fSBeam and fmiss are measured from the

II Beam Correction Factors : T,=239 MeV 1l
Correction Factor Uncertainty

fSBeam 0.029 0.008

fmuon 0.018 0.01

f.aCt 0.015 0.0045

fdecay 0.024 0.001

fmiss 0.052 0.005

Table 3.4 Corrections to the incident beam. The quantities are described in the text.

data and their uncertainties are easily determined. The other quantities, fmuon, fdecay, and
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freact, are computed and their uncertainties must be estimated from uncertainties in their

inputs.

3.3.1 SBm TDC and ADC corrections

The first correction to the SBeam scaler involves two cuts and addresses the SBeam

counter. The first cut addresses the problem of satellite peaks in the SB.m TDC spectrum.

The first cut is shown in Figure 3.8. The events in the satellite peaks are believed to be

from pions hitting the photo tube for the SBeam scintillator. Also, a small fraction of events

(1-2%) leave a large signal in the SBeam ADC. In order to guarantee that the pions did not

lose a large amount of energy before reacting with the target, the second cut was placed

on the SBem ADC spectrum. The second cut is shown in Figure 3.9.

The cuts on the SBem spectra are made in the following manner. Data written to

tape consists of a random sample of "Beam Events" and "Physics Events". The "Beam
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Figure 3.8 The SBem TDC spectrum showing the satellite peaks and the cuts used. The
incident pion energy was 239 MeV.



84 Chapter 3: Data Analysis and Uncertainties

Events" are triggers which count beam particles traveling toward the target. "Physics

Events" are those triggers in coincidence with a beam particle traveling to the target, for

which something in the scintillators of LADS is also detected. The SBm ADC and TDC

cuts are in the same place for both the physics and beam events analyzed. If an event

does not pass these cuts, that event is not analyzed further and the event does not

contribute to the yield. The beam scaler counts the total number of BEAM events. The

number of BEAM events needs to be corrected by the fraction of the beam rejected by the

SBeam cuts. The fraction rejected is given in Table 3.4 as quantity fSBeam. The quantity

fSBeam is well determined from the data in the TDC and ADC spectra. The uncertainty for

fSBeam is dominated by statistical uncertainty.

3.3.2 It Contamination of the Beam

The pion beam has some muon contamination due to the decay of pions in flight

from the production target. Some of these muons pass through SBeam and are mistaken as

pions. To model the contamination of the beam, TURTLE was run with the parameters of

the 7M1 channel and slit settings used during the experiment. Multiple scattering of the

beam in the air and in the STime counter is included in the simulation. The TURTLE

calculation estimates of the amount of muon contamination, defined as the number of

muons causing a beam trigger and not eliminated by time-of-flight. The relevant

correction for 239 MeV pions is given in Table 3.4 as fmuon.

fmuon's uncertainty depends upon the suitability of the model of the 7cM1 beam line

and the faithfulness of the reproduction of the experimental setup in the model.

Experimental measurements of NN,, at 165 MeV determine a ratio of 0.015 at the
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Figure 3.9 The SB,m ADC spectrum for an incident pion energy of 239 MeV. The cut
used is indicated.

SUSIt pivot point.[Albanese79] The ratio for N,,N, should be the same if the extra

decay from the SUSI pivot point to SBm is taken into account. The expected value for

N,+/N is then 0.019. A TURTLE calculation gives the ratio as 0.018. If TURTLE is

used to investigate how different beam tunes affect the muon contamination, it is

discovered that for reasonable changes in magnet values, a variation in fm uo,, of 0.005 is

expected. The uncertainty in fmuon was assigned the value 0.01 which should be

conservative.

3.3.3 Decay From SBem

The pion could, of course, decay on the journey from SBeam to the vertex. An

estimate of the amount of decay is determined using the flight path from SBam to the

t SUSI is the spectrometer which shares the M1 area with the LADS detector.
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center of the gas target. The flight path is 47.5 cm, giving a decay correction of

approximately 2%, which is shown in Table 3.4 as feay.

fdecay is calculated using the distance from the SBeam counter to the center of the

target. This distance dominates the error and is known to better than 5%. An error of

0.05*fdecay is assigned as the error.

3.3.4 Loss by Reactions in Path to Target

There is also the possibility that the pion beam reacts with the air, the target

entrance window, or the target gas before charge exchanging on the deuteron. The

corrections for such multiple scatterings are calculated analytically and the value is given

in Table 3.4 as freact -

feact's uncertainty is caused by uncertainty in the amount of material in the beam

path and in the values of the nuclear reaction cross sections. The amount of material in

the beam is known to better that 10% and the nuclear cross sections are known to better

than 25%. A generous systematic error of 30% is assigned to freac,

3.3.5 Pions that Missed the Target

The last correction needed is a correction for pions in the beam missing the target

completely. The beam optics are such that a pion could pass through SBe and miss the

target entirely. The quantification of this is determined by taking a 5 cm thick slice of air

a few centimeters before the target and a 5 cm slice of air a few centimeters after the

target. The ratio of beam found to be within a 2 cm radius ( the target radius) and

outside a 2 cm radius is taken. This ratio represents the fraction of beam that misses the
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target. The ratios for before the target and after the target are averaged and the value is

given in Table 3.4 as fmiss

miss would be well determined except that the model for beam spread was linear.

I.e. only an average of the before and after target cuts is taken for the amount of beam

outside the target radius. The differences between the before and after cuts are small so

this should not introduce much uncertainty; an uncertainty of 10% of the value of fmiss is

assigned as error.

3.4 Target Thickness

The pressures in the gas target for the experiment hovered around 100 bar. These

pressures are high enough to cause a significant deviation from the ideal gas law. In

order to calculate the amount of scattering centers in the target the following expression is

used

PV = Z(T, P)nRT, (3.6)

where Z(T,P) is a factor of compressibility dependent upon the temperature and pressure

of the gas. The factor is determined with a program written by Arthur Mateos [Target94].

This program uses values from tables in Encyclopedie des Gaz [Gaz76] to create a

functional form for Z(T,P).

The length of the target was measured to be 25.6 cm between the target end

windows using the vertex information determined by the MWPCs. The distance between

the end windows was also measured with vernier calipers and found to be 25.7 cm. This

implies a length measurement accuracy of better than 1%.

The amount of target scatterers is determined using tables of compressibility. The

uncertainty in the target density is determined by the uncertainty in the pressure and
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temperature measurements of the target. The pressure gauge was verified to be accurate

to better than 0.1%. The uncertainty in the temperature is a more difficult quantity to

estimate. The temperature was measured at several points in and around the LADS

detector including at the target cell. The difference in temperature between near the target

within LADS and in the area is about 6C. The temperature difference between the target

cell and other areas within the LADS detector volume is closer to 3°C. It was assumed

that the temperature of the target could be determined to within 3°C. The uncertainties in

the values used to determine the target density yield a uncertainty in target thickness of

1%.t

3.5 Acceptance

The LADS detector was designed to study the absorption of pions in nuclei. It

was constructed with the purpose of investigating multi-particle final states and has a solid

angular acceptance of nearly 47c. The only "holes" are for the pion beam to enter and exit

the detector. LADS also has an energy threshold of about 20 MeV for protons which

varies with angle mostly because of energy loss within the target cell. For this analysis a

proton is required to have at least 25 MeV of kinetic energy to make the detection

threshold independent of angle and simplify the modeling of the detector. To determine

the integrated cross section, the angular and energy acceptance of LADS must be

determined; a model of SCX is used to extrapolate over unmeasured regions of the

reaction's phase space. Several simple models were developed: a three body phase space

* In actuality the error in target thickness is probably less. The target did not leak
during the runs and investigations of target density estimate that the recorded fluctuations
in temperature and pressure yield an error in thickness of about 0.3%.
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Monte Carlo simulation, two multiple scattering models wherein the pion either scatters

before or after the charge exchange, a SCX model, and a SCX-hard (nucleon-nucleon) FSI

model. An Intra-Nuclear Cascade (INC) code written by W. Gibbs and J. Dedonder was

also used to investigate the mechanisms involved in the SCX events seen by LADS.

3.5.1 The LADS Monte Carlo Simulation

The Monte Carlo simulation used to model the acceptance of the LADS detector is

a GEANT [GEANT] based detector simulation developed by the LADS collaboration.

The Monte Carlo simulation is designed to take the laboratory frame 4-vector values of

protons and pions from different event generators. The code contains the geometry of

LADS including the position, radius, and sectorization of the cylinder and the endcaps.

The material encountered by a proton is also included and used to determine the energy

lost in passing through the detector and not measured by the plastic scintillators. To

estimate the events lost by the particular geometry of the MWPCs, the Monte Carlo

simulation also includes a simulation of the cylindrical wire chambers.

The LADS Monte Carlo simulation uses events generated from an extended target

and assumes a gaussian pion beam distribution. The Monte Carlo simulation writes out

event files which are then read by the LADYBIRD analyzer program. To determine the

acceptance of LADS it is necessary to process the Monte Carlo simulation created event

file with the same cuts as the data files. By processing the simulation generated events

files with the same cuts as the data, various detector inefficiencies are folded into the

determination of the acceptance. The inefficiencies include but are not limited to:

misreconstructed event vertices, MWPC inefficiency caused by crossing cathode strips,

and losses due to non-ionizing reactions of the protons in the plastic scintillator.
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3.5.2 Event Generators

Six event generators were used to model the SCX process on the deuteron and try

and determine which processes contribute to events seen by LADS. These are a three-

body phase space model, two multiple scattering models, an SCX model, an SCX-hard

FSI model and an INC based event generator. The generators vary in their complexity but

all except for the INC have somewhat similar features. All of the generators take a

classical approach to the SCX process. The only reactions that a particle could have were

dictated by known cross sections and not by any quantum mechanical amplitudes. Also,

the particles are all forced to be on the mass shell. The INC, however, does attempt to

apply quantum mechanical corrections to the final state.

3.5.2.1 Three-Body Phase Space Model

The first generator written was a three-body phase space model. The generator

was used as an initial starting point and as a first approximation for the acceptance. The

generator is quite simple: GENBOD [James68] is called to throw three body phase space.

The phase space is thrown for outgoing particle masses of a proton, a proton, and a cO.

GENBOD returns four-momenta and a weight associated with the event.

3.5.2.2 ISI Event Generator

One multiple scattering generator uses the following model:

1) A "deuteron" is created using the nucleon momentum distribution measured by

(e,e') experiments to generate a weight for a specific nucleon momentum

[Bernheim8 1].
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2) The beam 7x is "scattered" off the proton using SCATPI [Scatpi80]. The

proton's direction in the p-x+ CM frame is chosen randomly and SCATPI is used

to generate a weight according to the proton's direction.

3) The scattered 7*+ charge exchanges with the neutron. The outgoing proton's

direction in the p- ° CM frame is chosen at random. SCATPI is used to generate

a weight according to the proton's direction.

The weights are multiplied to get a total weight for the event. There are some

conditions placed on the scatterings. Both protons have to be scattered at least 5° in their

respective pion-proton CM frames. This restriction is applied because the cross sections

blow up at small angles due to the Coulomb part of the interaction. All of the particles

are forced on shell. This is done by demanding that one nucleon is on shell and then the

other is brought on shell "after" the pion scattered from it by solving the pion - off-shell

nucleon system such that both particles are on-shell.t

tIf one is investigating the reaction X + Y --> A + B, then in the CM system the total
energy is known. The total CM energy ECM then restricts the energies of A and B

EcM = EA + EB.

The momentum of A, PA, (which of course is the same as PB since one is in the CM

(continued...)
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3.5.2.3 SCX Event Generator

Another generator written is a SCX model with no other pion scattering. The steps

are very similar to the ISI-SCX model except that there is no 7c-p elastic scattering. Again

the scattered particle is forced on-shell by requiring an on shell solution to the pion-

nucleon system.

3.5.2.4 SCX-Hard FSI Generator

The fourth generator written uses a SCX-hard proton-proton FSI model. The

generator was written to examine if contributions from proton-proton scattering can be

seen by the LADS detector.

1) A "deuteron" is created using the nucleon momentum distribution measured by

(e,e') experiments to generate a weight for a specific nucleon momentum

[Bernheim8 1].

2) The incident 7c+ charge exchanges with the neutron. The outgoing proton's

direction in the p-t °0 CM frame is chosen at random. SCATPI is used to generate

a weight according to the proton's direction.

t(...continued)
frame) can be determined using

IP12 (ECM -m +m) 2 24 EcM

If no solution can be found then the event is rejected and another event is thrown.
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3) The resultant proton then scatters off the "spectator" proton. The weighting for

this process is generated by NNAMP [NNAMP80], which uses phase shifts to

determine the scattering amplitude for nucleon-nucleon scattering.

The weights are multiplied together to obtain the final event weighting. This event

generator again forces the neutron on-shell and conserves momentum. Also only strong

force scattering is used in determining the event weights. Including the Coulomb

scattering caused problems with infinities in the scattering cross sections. Strictly

speaking, the relative energy of the protons is not enough to ignore the Coulomb part of

the scattering cross section but the model is used only as an approximation.

3.5.2.5 The SCX-Elastic Scattering Generator

The last generator to be written is a model of the process which consists of the

incident pion charge-exchanging with the neutron and the resultant neutral pion then

elastically scattering from the proton. The steps of the Monte Carlo are similar to the

others written.

1) A "deuteron" is created.

2) The incident i7+ charge exchanges with the neutron. The outgoing proton's

direction in the p-7c° CM frame is chosen at random. SCATPI is used to generate

a weight according to the proton's direction.

3) The resultant 0 is "scattered" off the remaining proton. Again the proton's

direction in the p-it° CM frame is chosen at random. The event is weighted
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according to the protons direction using the 2nd order Legendre polynomial. That

is

Weight oc 1+ 3 cos 2 0. (3.7)

The weights of the individual steps are multiplied together to obtain a weight for

the event. As with all of the other event generators, one of the scattered nucleons is

forced on shell by finding an on-shell solution to the pion-nucleon system.

Ii ~Ar~ant. rla A ~.-ta.i,-c, 

With Wire Chamber Corrections Without Wire Chamber Corrections

0MeV J 25MeV J 30MeV 0MeV I 25MeV | 30MeV
Fermi 2.451E-02 1.457E-02 8.936E-03 2.429E-02 1.442E-02 8.841E-03............. ......................... ............................... .......................... .............................

FSI 5.456E-02 3.974E-02- 3.009E-02 5.349E-02i 3.907E-02 2.963E-02
...................... ......................... .t ............................... .......................... .............................

INC 8.986E-02 6.207E-02. 4.467E-02 8.942E-02. 6.185E-02 4.460E-02
....................... ......... ............................... ............................... .......................... t .............................

INC 1 6.481E-02. 3.894E-02 2.406E-02 6.440E-02- 3.876E-02 2.401E-02
...................... ......................... .; ............................... .......................... .............................

INC 2 5.298E-01 4.703E-01 4.082E-01 5.299E-01i 4.722E-01i 4.101E-01
............................................ ..; ................................ ............................. ..; .......................... 4 .............................

ISI 4.162E-01 3.523E-01 2.963E-01 4.155E-01. 3.511E-01 2.950E-01
................. . ... t ...........................t .............................................. .......................... t...................................................... T ............................... ;T 

ISI_2 4.228E-01 3.605E-01 3.062E-01 4.218E-01. 3.594E-01- 3.050E-01
. ..................... t ........................... ............................................... .......................... ............................................... T.............. v................. ........... T 

Phase 5.662E-01 5.183E-01 4.658E-01 5.673E-01. 5.191E-01. 4.667E-01
........................ t ............................... ............................... ...............................t ..........................t .............................

PiO 3.687E-01 3.047E-01 2.505E-01 3.683E-01 3.037E-01 2.494E-01
. ................ .. ............................. ............................... ........................... ....................Pi0__23...................102E-01 2.5 ............................556E-

PiO_2 3.750E-01, 3.102E-01, 2.566E-01 3.745E-01, 3.094E-01. 2.556E-O

Table 3.5 Monte Carlo results for the different event generator models.

Even though LADS covers nearly 4n in solid angle, it was designed to study pion

absorption, not charge-exchange reactions. The proton energy threshold, while more than

adequate for the relatively high energy protons seen in pion absorption in nuclei, is not

ideal in any way for the study of charge exchange reactions. This analysis of charge

exchange requires that both protons are detected to have a kinematically complete

94 Chapter 3 Data Analysis and Uncertainties
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measurement of the event. Estimates of the amount of fermi distributed protons within

the deuteron that are above the LADS minimum threshold range from one to three

percent. Even if both nucleons interact with the pion the maximum energy obtainable by

the protons is about 90 MeV for the highest energy proton if the pion scatters 180

degrees. The set threshold of 25 MeV severely restricted the phase space of SCX events

seen by the detector. For example, the modeled acceptance of the detector for *-d -- > rpp

with one of the protons being a spectator is about 1%. Extrapolations over unmeasured

phase space are too great to permit a reasonable cross section to be determined using the

single scattering model. Choosing a model where the two protons scatter off each other

after the pion charge exchanges also gives a very small acceptance. The only models

which seem to reproduce the data are the models where the pion scatters twice, once as a

charge exchange and once elastically. The acceptance of the LADS detector for double

scattering events is about 35%, which, though large, still requires extrapolations over

unmeasured regions. The uncertainty in the acceptance comes from uncertainties in the

determination of the threshold by the Monte Carlo simulations, uncertainties in the

geometry of the LADS detector, and uncertainties in the application of the specific model

to the data.

Determining the error in the acceptance calculation cannot be done analytically.

The best that can be done is to estimate how sensitive the various models are to variations

in the detector's geometry and variations of the proton detection threshold. To determine

the uncertainties based on geometry three of the generators are used and mixed 80% ISI-

SCX, 10% SCX-Hard FSI, and 10% Phase Space. The "mixed" generator is then run

varying the geometry of the detector by 10% in the diameter of the cylinder, and in the

position of the endcaps. The resulting fluctuation in acceptance is a maximum of 1.5%
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from a 10% variation in the overall geometry of the scintillators. It is unreasonable to

assume that the measurements of the detector in the lab vary from the engineering

Table 3.6 Effect of various detector geometries on the acceptance of LADS. The
acceptances were determined using a simplified non-GEANT based Monte Carlo
simulation written at MIT. The "models" are described in the text.

drawings by 10%; the detector simply could not be assembled. The conclusion is that

uncertainties in the geometries are not a significant contribution to the overall

experimental uncertainty.

While the acceptance is stable against geometry variations, it is not stable against

fluctuations in the threshold. This is because extrapolating over unmeasured regions of

phase space is quite model dependent. The analysis of the total cross section is therefore

repeated using the detector proton detection threshold and using 30 MeV proton detection

threshold. The analysis is also repeated allowing the Monte Carlo to determine the wire

chamber efficiency for various event geometries as well as explicitly putting the efficiency

in by hand as described in Section 3.2.2. The fluctuations in the acceptance cause

fluctuations in the integrated cross section on the order of 12%.

Acceptances for Various Geometries

Model Acceptance(f2) jAf/yNomina

Nominal 0.4341 0.0
................................................ 

Cylinder 10% Small 0.4375 0.0078
.................................................. ..................................

Endcap 10% Small 0.4277 -0.0147

Cylinder 10% Large 0.4334 -0.0016
................................................... .................................

Endcap 10% Large 0.4395 0.0124

Maximum Fluctuation 0.0064 0.0147
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The uncertainties in the Monte Carlo simulation conspire to give an uncertainty in

the total cross section of about 13%.

:3.6 Integrated Cross Section

After the quantities necessary have been determined, a total cross section can be

determined using

Yield
ascx = (1- )QLsNtN, N (3.8)

where

Yield is the experimental yield,

,E is the loss of events due to non ionizing reactions in the plastic scintillator,

!,LADS is the acceptance of the LADS detector for the reaction model,

Ntgt is the number of scattering centers, and

N,+ is the correct number of incident pions.

3.7 Differential Distributions

The differential distributions are presented in the laboratory reference frame, which

are the distributions as seen by the LADS detector. The data do not have corrections for

MWPC efficiency or for reaction losses but the data are corrected for dead time and are

background subtracted. The Monte Carlo simulation generated curves are analyzed in

exactly the same way as the data. Error bars are not presented on the distributions.
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4 Results and Conclusions

With the data extracted and the interesting events selected, one can determine an

integrated cross section and examine differential quantities. With care one can also

determine what processes were involved in the reaction. While the exact determination of

processes involved is model dependent, it should be possible to determine which processes

contribute significantly and the relative proportions of contributions.

4.1 Integrated Cross Section

If it is assumed that the SCX reaction follows some sort of double scattering

process, a reasonable assumption since two protons having an energy above -25MeV must

be generated by the process to be detected by LADS, one can determine an experimental

integrated cross section using (3.8). Following that assumption, one must determine the

acceptance of the LADS detector for the double scattering processes. First an

approximation of the mixing ratio of the two processes must be made. If one assumes

4 Results and Conclusions 99
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that the process is dominated by the A, which is reasonable considering the pion's kinetic

energy, that the scattering is incoherent, and that there is no quantum mechanical

interference of the two protons in the final state then

Kf+nI p)2.I(oplrOp) =2192419 4 (4.1)
(+ r+ p 12 l(r+ nlop)l 2 12/9 9

As a rough approximation then, the model which is called ISI should contribute about

twice as much to the acceptance as the model called PiO. This implies that the total

acceptance of the LADS detector for events of the double scattering type is 0.3387 ± 0.43

where the uncertainty is an estimate from studies investigating the sensitivity of the cross

section to the Monte Carlo simulations.

The cross section, following equation (3.8) then comes out to be 3.44 ± 0.09 +

0.43 mb, where the first uncertainty is from statistical uncertainties and the systematic

uncertainties not Monte Carlo related and is of the order of 3%, and the second

uncertainty is the estimated uncertainty associated with the Monte Carlo and is of the

1I Raw Integrated Cross Sections (mb) II

With Wire Chamber Corrections Without Wire Chamber Corrections

0 MeV 25 MeV 1 30 MeV 0 MeV J 25 MeV 30 MeV

Cross Section (mb) 1.569 1.186 . 0.9802 1.542 1.167 0.9649
....................... ............................. ............................. ................................ ............................. .............................

Error 0.066 . 0.055 0.042 0.039 . 0.029 0.024

Fractional Error 0.042 0.043 0.043 0.025 0.025 0.025

Table 4.1 Integrated cross sections from the LADS detector not including detector
acceptance. The wire chamber corrections refer to whether the event geometry dependent
MWPC efficiency is put on by "hand"(corrected) or modeled by the Monte Carlo
simulation.
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order of 13%. The Monte Carlo uncertainties include uncertainties caused by reaction

losses and MWPC efficiency and vertex reconstruction.

II Final Accentance/Cross sections For LADS I
With Wire Chamber Corrections Without Wire Chamber Corrections

0 MeV 25 MeV 30 MeV 0 MeV 25 MeV 30 MeV

Acceptance 0.4036 0.3398 0.2848 0.4029 0.3387 0.2836

Cross Section (mb) 3.89 3.49 1 3.44 3.83 3.44 3.40

Error (not MC) 0.16 , 0.15 0.15 0.096 0.087 I 0.086

Monte Carlo Error n/a 0.42 n/a n/a . 0.43 n/aa .. 1. 1~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Table 4.2 Acceptance corrected integrated cross sections from the LADS detector
assuming a double scattering process.

4.2 Differential Distributions

With all of the SCX events chosen and having subtracted the background from the

target walls, one can examine several differential quantities and compare the data from the

experiment with the various Monte Carlo simulations. Two features to note in the

distributions are: the ability of the double scattering Monte Carlo simulations to model the

data quite well despite their inherent flaws, and the extreme similarity of the two double

scattering Monte Carlo simulations in almost all kinematic variables.

It is useful to define the curves presented in the text. The curves marked DATA

are the information from the detector with global corrections such as trigger type

prescaling and beam normalization. The DATA curves do not have corrections arising

from the acceptance of the detector. That is, the cross sections presented are the detector

cross sections.

.4.2 Differential Distributions 101
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The curves marked +p->+p + 7c+n--0°p and 7n-7rc°p + 7cp-*7rcp are the curves

generated by the double scattering generators in the Monte Carlo simulation. The curves

marked 7c+p->c+p + 7c+n->cO°p are the curves generated by the Monte Carlo simulation

which models the data as if it were produced by the process where the pion elastically

scatters from the proton and then charge exchanges with the neutron. For the curves

marked 7c+n->°0p + 7c°p->r°p the Monte Carlo simulation assumes that the pion charges

exchanges with the neutron and the resultant neutral pion then elastically scatters from the

"spectator" proton.

The curves marked 7c+n-*rx°p are generated by the model which assumes that the

pion only charges exchanges with the neutron and that the proton in the deuteron is a

spectator with a fermi momentum distribution.

The curves marked 7c+n->c°p + pp->pp are modeled by assuming that the pion

charge exchanges with the neutron and the resultant proton then scatters from the

"spectator" proton which has only a fermi distribution.

The curves marked 3-BODY PHASE SPACE are generated using the CERNLIB

function GENBOD[James68] assuming that the outgoing particles have the masses of a

proton, a proton, and a neutral pion.

Finally, there are curves generated by an INC code written by W. Gibbs and J.

Dedonder. The code improves upon the standard classical INC by including the quantum

mechanical effects of the nucleon-nucleon interaction. It is possible using the INC code

to select events where the pion scattered from one or both nucleons. By checking these

flags, it is possible to plot the events for either a single scatter or a double scatter. The

curves marked INC are curves for a single scatter of the pion, a double scatter of the pion

and for all events thrown by the INC.

102 Chapter 4 Results and Conclusions
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Figure 4.1 0(7c°) in the laboratory frame for various models.
histogram.

The data are the solid

One must remember when looking at the curves presented that it is the shape that

is being used for comparison. The simple simulations used do not produce cross sections

and therefore the distributions presented have been normalized so that they have areas

which are equal to the area under the data curves.
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Figure 4.2 Kinetic energy of the 7 °0 for various models. The data are the solid
histograms.

4.2.1 Angular Distribution of the Neutral Pion

As can be seen in Figure 4.1, it appears that the double scattering models

reproduce the data most faithfully. The model which requires that the proton was a

spectator is too forward peaked while the nucleon-nucleon-FSI model is too backward
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peaked. It does appear that there is room for improvement in the double scattering

models but overall the fit is quite reasonable. The INC also models the data reasonably

well, especially the model wherein the pion was known to have scattered twice. It would

appear that in the single scattering INC events there is too much strength in the nucleon-

nucleon interaction as the distribution is rather backward peaked. It would also appear

that there is too much of the single scattering being accepted by the Monte Carlo

simulation when looking at the INC when both the single scattering and double scattering

events are analyzed simultaneously since the "full" INC is somewhat backward peaked.

The shapes of the angular distributions should be understandable. The spectator

model should have pions that are forward scattered, because the pion angular distribution

is forward peaked and the whole lab system is boosted forward because of the momentum

of the incident pion. The neutral pion angular distribution for the nucleon-nucleon FSI

model is somewhat backward peaked because the pion will need to transfer enough energy

to one of the protons so that it can bring the other proton above the detector threshold and

still remain above the detector threshold itself.

4.2.2 Kinetic Energy Distribution of the Neutral Pion

Turning attention to Figure 4.2, one can again see that the double scattering

models seem to represent the data reasonably well. The position of the peak in the data

appears to be consistent with the incoming pion losing considerable energy at each scatter.

The spectator model peaks at far too high an energy compared with the data, though some

of this can be attributed to deficiencies in the model. The nucleon-nucleon FSI model

also peaks at too high an energy and the shape at the lower energies does not appear to
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follow the data. Finally, the INC generated spectra appear to be too sharp but the

agreement is reasonable.

4.2.3 Angular Distributions of the Protons

106
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The last three spectra examined relate to proton variables. The first spectrum

(shown in Figure 4.3) is the angular distribution of the protons. The data seem to be

forward peaked. About the only thing that can be said of the distributions is that all of

the models except for the spectator proton model seem to fit the data. Each model has its
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Figure 4.4 Kinetic energy of the proton in the laboratory frame for various models. The
data are the solid histograms.
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deficiencies in terms of representing the data but none seem to be very bad. In fact the

INC generated curves all seem to reproduce the proton angular data quite well.

4.2.4 Kinetic Energy Distribution of the Protons

The next set of plots (Figure 4.4) presents the kinetic energy distribution of the

proton as seen by LADS and the Monte Carlo simulations of the model processes.

Clearly the spectator model does not represent the data. Again though, the other models

all seem to fit the data about as well. The INC models actually follow the proton's

energy distribution worse than the simple double scattering models. It seems as though

the full INC model has too much single scattering included. It appears that if some of the

processes are mixed, a better representation of the data will result. I.e. Adding a little FSI

to phase space might improve the representation in the lower energy regime. The mixing

of models will be discussed later in this chapter.

4.2.5 Proton-Proton Opening Angle Distribution

The final differential distribution presented in this section is that of the proton-

proton opening angle which was labeled X. The data and the comparison to the models

are shown in Figure 4.5. It is interesting that the double scattering models seem to fit the

data extremely well, much better than most of the other models used. The INC double

scattering model fits the data almost exactly. It is then expected the full INC does not fit

as well since the single scattering events move the peak of the distribution to lower

angles.
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Features apparent in the models are readily understood. The spectator model

should tend toward large opening angles because the spectator proton will have a fairly
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Figure 4.5 Proton-proton opening angle in the laboratory frame. The data are the solid
line.

low momentum compared with the scattered proton. The spectator is therefore almost at

rest and this should lead to large opening angles. The peak at 90° in the nucleon-nucleon
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FSI model is from the nucleon-nucleon scattering. Since for "pure" FSI events there is a

peak at 90°, the existence of a peak in the same region of the INC single scattering events

suggests that the full INC has a bit too strong nucleon-nucleon interaction.

The impression is then that the double scattering models represent the data fairly

well and therefore one can have confidence that the acceptance determined by the Monte

Carlo simulation for the double scattering models is sensible. The INC model where the

pion scatters twice also represents the data as well as the double scattering models and

gives a similar value for the acceptance of the LADS detector.

4.3 Breakup into Single and Double Scattering

As has been stated a generator was used that is based on an INC code written by

Gibbs and Dedonder. The output of the INC model calculation allows events to be

flagged whether the pion had scattered off one or both of the nucleons. The INC created

deuteron is thrown in such a way as to have a reasonable nucleon distribution. A pion

then is let loose in the system and interacts with the nucleons with the possibility of

elastic, charge exchange or pion absorption reactions.

The usefulness of the INC output is that the events can be tagged as to whether

one or two nucleons were struck by the pion and that the nucleons interact with each

other's potential wells. The usefulness of looking at the INC output is that one can try to

determine how many times a detected event resulted from a single scatter and how many

times from a double scatter. By fitting the spectra created by the single and double

scattering events to the data, one can get a measurement of the breakup. This requires

that one assumes that a fit of more than one model will represent the data more faithfully

than a single model. The results, therefore, depend upon the suitability of the models and
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Fraction of events from single scattering vs. double scattering from INC (no histogram fitting)

With Wire Chamber Corrections Without Wire Chamber Corrections

0 MeV 25MeV 30 MeV 0 MeV 25 MeV 30 MeV

Single Scatter 0.707 0.594 0.515 0.683 0.593 0.510.................................................................................... ..............................I............................... ..................................
Double Scatter 0.293 0.406 0.485 0.317 0.450 I 0.491

Cross Section 17.98 19.11 22.14 17.28 18.95 21.63

Fraction of events coming from single scattering vs. double scattering (fitting

Single Scatter 0.357 0.201 0.155 0.357 0.298 0.152...................... ............................. ............................................................................................. ..................................

Double Scatter 0.594 0.767 0.821 0.594 0.770 0.824

Cross Section 10.40 I 8.056 8.285 10.40 7.861 8.047

Table 4.3 Breakup determined from INC generated events for 0 MeV, 25 MeV, and 30
MeV proton detection threshold. The top values assume that the INC fully describes the
data. The bottom values vary the proportions to optimize the fit.

it is not clear that the full INC represents the data. The breakup into single and double

scattering channels is presented in Table 4.3 and the values of the single scattering

fraction determined can be taken as upper limits.

There seem to be a couple of problems. If the INC is a reasonable description one

would expect to get results consistent with [Park95], that is about 16mb for the cross

section, and stable against variations in the proton detection threshold, since supposedly

the acceptance effects are "corrected" for in the resultant cross section. The determined

cross section is not stable with respect to variations in the proton threshold. Also, if the

breakup is determined simply by counting the number of events caused by single scatters

and double scatters in the "full" INC spectra, the results imply that more single scattering

events participate than one could possibly expect. The breakup is about 50% single

scattering. It can also be seen in the differential distributions that the "full" INC does not

fit the data very well.
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ISI Generator and Fermi Generator

With Wire Chamber Corrections Without Wire Chamber Corrections

0 MeV 25MeV 30 MeV 0 MeV 25 MeV 30 MeV

Single Scatter 0.168 0.124 . 0.108 0.167 0.123 i 0.108

Double Scatter 0.813 0.859 i 0.873 0.812 i 0.858 i 0.872

Cross Section (mb) 13.82 12.98 14.73 13.62 12.80 14.64

Table 4.4 Breakup determined using single and double scattering models. (Specifically the
ISI and Fermi generators.) The cross sections are only presented as a gauge of the
suitability of the fits. The uncertainty in the fit for a 25 MeV proton threshold is given
later in this work.

Finally, one expects that the fits would represent the data more faithfully than a

single model. This is not the case. Allowing any single scattering into the distributions

worsens the fit with the data.

The exercise of fitting multiple histograms can be repeated using the simple

models. Again, one would like to see that by adding different components the fit to the

data is improved. The fitting procedures were done with the following model pairs: ISI-

Fermi, ISI-FSI, Phase-Fermi, and Phase-FSI. The pairs are chosen to have one "multiple

scattering" model paired with one "single scattering" model. The results of the fits using

the ISI-Fermi set is shown in Table 4.4.

By varying the histograms that are fit one can estimate the uncertainties in the

breakup as determined by the fits. The fits were repeated for the INC fit to data at 25

MeV proton threshold without wire chamber corrections explicitly put in by hand. Also,

the ISI-Fermi fits were repeated on the same data set. The resultant fluctuations give

uncertainties on the breakups. The uncertainties are given in Table 4.5. The cross
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Uncertainties in the Single/Double scattering breakups[11 ~ (25 MeV threshold. No Wire Chamber Corrections)

Single Scattering Double Scattering Cross Section (mb)

INC 0.198 + 0.031 0.770 + 0.048 7.86 + 1.03- 0.038 -0.047 -.8 1.05

ISI-Fermi 0.123 + 0.015 0.858 +
0.023 12.8 1.3-0.017 -0.023-1.

Table 4.5 Uncertainties in the single/double scattering breakup.

sections presented in the table are determined from the breakup. The uncertainties in the

cross sections are the fluctuations caused by the uncertainties in the breakup.

As stated above, attempting to fit the data with the INC generated events does not

improve the representation of the data. The conclusion from the INC is that no significant

contribution from single scattering is seen in the data when two energetic protons are

required to be detected. On the other hand, when fitting the data with the ISI and Fermi

models, the improvement or lack thereof is more ambiguous. Some features are fit better,

e.g. the kinetic energy variables, while others are fit worse than using the ISI model only

to represent the data, e.g. the angular variables. The conclusion is that while the data

appear to be consistent with all of the events having come from double scattering, there is

evidence that about 12% of the events seen by LADS (with the 25 MeV proton threshold)

come from single scattering events. Because the acceptance for LADS is small for single

scattering events this changes the cross section greatly. Therefore, the cross sections

presented in Table 4.5 do not contain all the associated uncertainties. The very small

acceptance for the single scattering models makes the the uncertainties quite difficult to

determine quantitatively.

4.4 Comparison to Other Results
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Figure 4.6 Data of [Park95] compared with the current data. [Park95] was taken at
T,=263 MeV. The current data are the solid histograms. (linear scale)

[Park95] measured the singly and doubly differential cross section for rcd --* r°nn

at incident pion kinetic energies of 164, 263, and 371 MeV. A rough comparison can be

made between Park's data at 263 MeV and the data from this thesis which is at 239 MeV.

If one looks at Figures 4.6 and 4.7 one can see the data from this thesis compared with

the data of Park. The two figures are the same data; one scale is linear the other scale is

semi-logarithmic.
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In [Park95] it was seen that the data follows a quasi-elastic process quite well. It

is seen that where Park's data does not follow the quasi-elastic peak it roughly follows the

data from this work. Investigations using the Monte Carlo simulation indicate that the

acceptance of LADS goes to zero when the neutral pion's kinetic energy is above 200

i-d -> 7t°nn doubly differential cross sections
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Figure 4.7 Comparison with [Park95] logarithmic scale.
histograms.

These data are the solid

MeV. The acceptance goes to zero even when there is considerable strength above 200
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MeV in the thrown distributions. For events generated by the single scattering model,

the events tend to fall outside of the acceptance range of LADS. The events that are

accepted come from the low energy tail of the pion distribution. In contrast, the events

generated by the ISI model have considerably more events thrown within the acceptance

of LADS.

[Park95] demonstrates that his data follow the single scattering peak quite well.

Because LADS's acceptance for such events is so small and it has been demonstrated that

a maximum of about 12% of the events seen by LADS can be attributed to single

scattering events, one would not expect the current data to match [Park95]. Whereas

[Park95] measures the quasi-elastic peak quite well, the current data do not. It is

expected though, that [Park95] and the current data agree with each other where they

overlap. It is seen in Figures 4.6 and 4.7 that there is rough agreement where the spectra

overlap.

4.5 Conclusions and Discussion

A unique measurement of SCX has been made. The large solid angle of the

LADS detector and the measurement method provided an access to multiple scattering

components of pion interactions with the deuteron. The large solid angle also allowed

differential variables to be examined which are not the usual ones investigated. This work

illustrates the need for more complete theoretical calculations of multiple scattering in

pion charge-exchange on the deuteron. This work also demonstrates that although the td

system is well studied there are still interesting questions to be asked and answered.
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122 Appendix A

Appendix A: Geometry of LADS used by
Vulture

Measurements of the LADS detector come from the following sources

eXX_radius
Measurments of drawing 1-10008.23.021 End-Cap Rohr

cXX_radius
Measurements of drawing 1-10008.23.032 Zusammenstellung

cd_radius, cd_thickness and ci_radius
Memory of K.E. Wilson who helped measure them

eXX_distance
Comes from the following assumptions

90 cm between endcaps
40 cm length of downstream endcap
30 cm length of upstream encap

Detector quantities These are to the MIDDLE of the scintillator

Plastic scintillator positions

cd_radius =29.6 cm 4.5mm thick, radius 296mm at surface
of scintillator

ci_radius =40.2 cm 20cm thick, radius 302mm
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co_radius
edd_radius
edu_radius
ei_ou_radius
eod_radius
eou_radius
edd_distance
edu_distance
eid_distance
eiu_distance
eod_distance
eou_distance

=60.7 cm
=17.3 cm
=17.3 cm
=16.8 cm
=25.8 cm
=25.8 cm
=44.5 cm
=-44.5 cm
=45.0 cm
=-45.0 cm
=45.0 cm
=-45.0 cm

15cm thick, 50.2+3cm gap
distance to middle radius of sect.

if 1 it

outer radius I,

distance along z axis
to if II

to the begining of the scintillator
to the begining of the scintillator

,. it

it of

Scintillator thicknesses

CD_thickness
CI_thickness
CO_thickness
ED_thickness
EI inradius
EO_thickness
nom_thickness
Cyl_len

=0.45 cm
=20.0 cm
=15.0 cm
=0.50 cm
=8.80 cm
=8.80 cm
=0.45 cm
=160.0 cm

Endcap AE
Endcap AE
Endcap AE
Average thickness of Cylinder AE.
Active length of cylinder scintillators

Target geometry

Target dimensions

r_wallin
up_targ_edge

up_targ_overlap

up_targ_rad_center

down_targ_edge

down_targ_overlap

= 2.0 cm
= -10.74 cm

= -7.14 cm

= -8.5 cm

= 13.54 cm

= 10.24 cm

down_targ_rad_center = 11.3 cm

targ_window_radius = 3.0 cm

Target Cell thicknesses

thick_ag = .001 cm

inner radius of target cell
End of target cyl end is at -11.5, curve
about .76 cm
begining of reinforced section 3.6 cm
long
center of sphere for window, z
coordinate only - 11.5 + 3.0 = -8.5
End of target cylinder end is at 14.3,
curve about .76cm
begining of reinforced section 3.3 cm
long
center of sphere for window, z
coordinate only

Thickness of silver lining
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thick_cu = .002 cm
thickfiber = .012 cm
thick_trg_epoxy = .00433 cm
up_reinforce_fiber = .07 cm
up_reinforce_epoxy = .03 cm
down_reinforcefiber = .07 cm
down_reinforce_epoxy = .03 cm

Thickness of copper lining
Carbon fiber layer thickness
Target epoxy thickness
Reinforced region fiber thickness
Reinforced region epoxy thickness
Reinforced region fiber thickness
Reinforced region epoxy thickness

Wire chamber parameters

Inner MWPC

radiustoinner_wc = 6.1 cm
inner_ground_foil_thick = .0025 cm

araldit_thick
inner_rohacell_thick
inner_cathode_thick
inner_wc_aluminum
inner_cathode_gas

= .00125 g/cm**2
= 0.2 cm
= .0045 cm
= .0015 g/cm**2
= .6 cm

Radius to inner MWPC
Thickness of inner chamber

grounding foil
Thickness of araldit epoxy
Thickness of Rohacell support cylinder
Thickness of cathode plane (kapton?)
Thickness of aluminum on cathode
Thickness of "magic" gas

Outer MWPC

radiustoouter_wc = 27.6 cm
outer_ground_foil_thick = .0050 cm
outer_rohacell_thick = .3 cm
outer_cathode_thick = .0045 cm
outer_wc_aluminum = .0015 g/cm**2
outer_cathodegas = .8 cm

Scintillator wrapping parameters

cyl_de_aluminum_thick = .0012 cm
cyl_de_mylar_thick = .0008 cm

end_de_mylar_thick =.0025 cm
end_dealuminumthick =.0012 cm

Thickness of aluminum wrapping foil
Thickness of aluminsed mylar (30%
coverage)
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