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MEASUREMENT OF np ELASTIC SCATTERING SPIN-SPIN CORRELATION
PARAMETERS AT 484, 634, AND 788 MeV
BY

ROBERT WILLIAM GARNETT

ABSTRACT

The spin-spin correlation parameters C1 and Csz were measured for np elastic scatter-
ing at the incident neutron kinetic energy of 634 MeV. Good agreement was obtained
with previously measured data. Additionally, the first measurement of the correlation
parameter C'sg was made at the three energies, 484, 634, and T88Af¢}. It was found
that the new values, in general, do not agree well with phase shift predictions. A study

was carried out to determine which of the isospin-0 partial waves will be affected by



this new data. It was found that the ! P partial wave will be affected significantly at all

three measurement energies. At 634 and 788M eV, the 35, phase shifts will also change.
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CHAPTER 1 INTRODUCTION AND MOTIVATION

It has been known for some time that the strong nucleon-nucleon (N — N') interaction
depends upon the relative orientation of the spins of the interacting nucleons. This
characteristic was originally discovered through the analysis of scattering experitnents
and from the study of nuclear energy levels. With the development of highly polarized
proton heams and targets in the last 15 years or so, it has become evermore possible to
do detailed studies of the N — N interaction for spin states which are experimentally
well-determined.

The N — N interaction is poorly understood in the intermediate energy region from
about 200 to 1000MeV. However, an understanding of this interaction is fundaien-
tal, of course, to a basic understanding of nucleon-nucleus interactions anil of nuclear
matter in general. At present, there is no coherent and tractable theory of the N — N
interaction at intertnediate energies. It is hoped that the QCD descriptions, for example
Bag Models of the nucleon [De-75,Mu-83,Fa-87|, will eventually lead to such a theory.
However, to date, the predictive power of these models has been weak. Other, more

plenomenological, types of analyses such as dispersion relations [Gr-82], potential mod-



els [E1-88], and phase shift analyses (PSA) have been the most sucessful approaches to
date. In order to study the spin dependence, polarization phenomena in the N — N in-
teraction have been studied in great detail over the past several decades, and measured
polarization (spin ) parameters have been used to remove amnbignities among various
otherwise acceptable sets of N — N phase shifts. It is hoped that in the near future a
unigne set of phase shifts will be determined in the intermediate energy region.

A complete determination of the five isospin-one (I = 1) and five isospin-zero (I = 0)
elastic scattering amplitudes requires a large number of measurements of different spin
parameters at each energy and scattering angle. In general, a minimum of nine ob-
servables in both the proton-proton (pp) an< neutron-proton (np) systems are required
to determine an unambiguous set of amplitudes above the pion production threshold.
These ideas will be discussed further in the next chapter. The I = 1 elastic scattering
amplitudes are fairly well known up to about 1GeV from pp elastic scattering experi-
ments [Ar-83]. The I = 0 amplitudes are poorly known. The np elastic and inelastic
interaction data base is particularly sparse above 500M¢V. There are a significant
number of np differential cross section and polarization measurements, but ouly a few
measurements of other spin parameters. Figure 1.1 shows a plot of the present np and
pp scattering data as a function of laboratory incident beam energy and c.m. scattering
angle {Ar-83]. Only spin parameters other than differential cross sections and polariza-

tions are shown. The location of the measured data is indicated by a “box” for data
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Figure 1.1: The present status of the np scattering data base. This figure was taken
from SAID database. a)pp — pp. b)np — np.
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taken before 1978 and by an “N” for data taken later.

Phase-shift predictions of unmeasured spin observables have generally not fit the pp
data very well until a model independent amplitude (MIA) analysis of the existing data
was performed. It is likely that this will also be true for the np data. An MIA analysis
is able to determiine the amplitudes and, consequently, the observables without the bias
of particular theoretical assumptions. This will also be discussed in greater detail in
the following chapter.

It should be noted that various theoretical approaches have shown qualitative agree-
ment with the observed behavior of the I = | phase-shifts. However, they generally
fail to reproduce the measured spin-averaged total cross sections to better than within
5 — 10mb. In addition, the partial waves corresponding to the short range part of the
N — N interaction are generally not well understood.

Various phase-shift predictions for measured spin parameters have indicated the
possibility of resonance-like behavior in certain partial waves. This behavior has been
attributed to the possible existence of dibaryon resonances. Evidence for these reso-
nances has been seen in pp (I = 1) scattering experiments [Au-77]. The interpretation
of the observed behavior of the ! D,, 3 F;, and possibly the 2Py partial waves in pp elas-
tic scattering seen variously in the phase-shift analyses of VPI [Ar-87], Japan [Ho-78),
Saclay-Geneva [By-87], and Queen Mary College [Du-82] are clouded by the presence of

the pp — NA and pp — 7D inelastic channels. It has been proposed that the opening



(=1}

of inelastic channels such as these may be responsible for the observed energy-dependent
structures [Sh-88]. For this reason, a comparison between the I = 1 and J = 0 am-
plitudes should prove instructive because these inelastic channels are not allowed in
the I = 0 amplitudes. However, the inelastic channels NN — NN*and NN — AA
can occur at higher energies and can take place through both I = 1 ana I = 0 states.
Because of the fundainental nature of the N — N interaction, it is important to know
whether such resonances exist. This question is crucial to the further development of
six-quark Bag Models. Some of these models predict rich resonance structures in the
N — N channel above 2180M eV [He-83]. Therefore, these investigations suggest that
large spin effects are related to the composite, or quark, nature of the nucleon.

The experiment discussed in this dissertatic * was motivated by both the possible ex-
istence of dibaryon resonances and the goal of determining the J = 0, N — N amplitudes.
This experiment was but one in a group of experiments performed at the Los Alamos
Meson Physics Facility and other laboratories to measure spin-dependent parameters
in np elastic-scattering . The aim of this work was to contribute to the rather sparse
existing data base of measured np spin-dependent parameters in the 500 — 800M eV
energy range.

The nucleon-nucleon scattering formalism, amplitude reconstruction, and phase-
shift analysis are discussed in the next chapter. Chapter 3 gives a brief discussion

of dibaryon resonances and their possible relationship to measured spin observables.



Chapter 4 describes the experimental set-up used to measure the spin-spin correlation
parameters and Chapter 5 describes a Monte-Carlo modal Jdeveloped to check the mag-
netic field parameterization for our spectrometer. Chapter 6 discusses the data and
error analysis techniques. Chapter 7 gives a summary of the results and, finally, Chap-
ter 8 gives the conclusions. A comparison of the measured results to various theoretical
predictions is aiso made in this final chapter. Appendix A discusses a study done to
determine the coniribution of the background nucleon polarization to the total target
polarization. Appendix B describes the algorithm used to do a 3-dimensional fit of the
magnetic field of the spectrometer magnet. Appendix C is a listing of the Monte-Carlo
program used to check the spectrometer magnetic field parameterization. Appendix
D gives a brief description of spin precession in the presence of magnetic fields and

Appendix E gives a description of corrections made to the data for this effect.



CHAPTER 2 NUCLEON-NUCLEON SCATTERING FORMALISM

2.1 Introduction

The discussion in this chapter is meant to be a brief overview showing the connection
between various aspects of the nucleon-nucleon scattering formalism when one consid-
ers spin degrees of freedom. For a rigorous discussion and development of the ideas
presented here, the reader is encouraged to examine the articles written by Hoshizaki

[Ho-68] and Bourrely et al. [Bo-80].

2.2 The Spin-Spin Correlation Parameters

Experimentally, spin observables are characterized by the particles for which the spin
is observed and by their spin direction. The initial-state spin-spin correlation parameters
nieasured in this dissertation are defined by the expression helow:

L (MY 4+ I )~ (I 4+ 171

v = 2.1
U e (I I) 4+ (TH 4177 2.1)

where the subscripts ¢ and j denote the initial beam and target spin directions, respec-

tively. The numerator is the difference hetween the number of particles scattered with



beam and target spins parallel, and the number scattered with spins antiparallel. This
measurad asymmetry is then normalized with respect to the inverse of the beam and
target polarizations, p, and p;. The spin directions, in the laboratory reference frame,
are defined as shown in Fig. 2.1. It should be noted that for these parameters, only

the initial beam and target spin directions need to be known.

2.3 Isospin Decomposition

The total isospin, I, of a nucleon (rieutron or proton} is defined to he I = %— The third
component of I is used to distinguish neutrons and protons; Is = +.1—, for the proton
and I; = —% for the neutron. This coniponent, in isotopic spin space, is analogous to
the z-component of spin in ordinary spin space. The charge of the nucleon is related to

I3 by the expression

|
q=13+§ . (2.2)

The N — N interaction depends only on the total isospin of the state and not on the
isospins (charges) of the individual nucleons in this state. Therefore, conservation of I
in any reaction is simply a manifestation of charge conservation, whereas conservation of
Tisa representation of the charge independence of the strong interaction. Because the
strong interaction obeys this symmetry principle (charge independence) it is possible to

simplify the N — N elastic scattering mnatrix. This will be discussed in the next section.
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Figure 2.1: Spin directions as defined in the laboratory for a typical two-body scattering
process.




The proton and neutron isospin wavefunctions can be defined as follows:

and

-~
it

U, =

1

= proton

= neutron

10

where U U, (U,;U,) is the probability that the particle is a proton (neutron). For two

nucleons labeled (1) and (2), there are four possible isospin wavefunctions &;, which can

be written:

\

&1(pp)
§2(nn)
£3(np)

¢a(np)

Up(1)Up(2)

Un(1)Un(2)

1
7 (U

1
_\7-2" [Up(

1)UA(2) + Up(2)Un(1)]

1)[7,,(2) - UP(2)Un(1)J .

(2.3)
(2.4)
(2.5)

(2.6)

The wavefunctions &, £, and £3 are synumetric under the interchange of particles

whereas £, is antisymmetric.

It should he mentioned that these wavelunctions are

derived in a manner exactly analogous to that used to derive spin wavefunctions for two

spin-3 particles (see for example, Eder [Ed-68]).

For two nucleons, the total value of the isospin I is either 0 or 1. The three symmelric

isospin wavefunctions correspond to I = 1 where I3 = +1{pp), 0(np), or —1(nn). The
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antisymumetric wavefunction, £4, corresponds to the I = 0, I3 = 0 state of a neutron-
proton system. Therefore, it can be seen that for the case of neutron-proton elastic
scattering the state is a mixture of both isospin-0 and isospin-1. In order to be able to
extract pure I = 0 elastic scattering amplitudes from np scattering the I = | amplitudes

must be known from pp elastic scattering.

2.4 The Nucleon-Nucleon Scattering Matrix

For each energy and angle, elastic nucleon-nucleon scattering can be described by
a scattering matrix in which the amplitudes depend upon the spin orientation of the
nucleons. It is convenient to describe the scattering amplitude, f(*), as a matrix in spin
space [Wo-52]. Let x{*) be a spinor with four components representing one of the initial

spin states u. The scattered wavefunction can then be written as a vector

. tkr
P = eilhion, (w) f(u)f'r_ (2.7)

with f) = Mx(¥). M is a 4 x 4 matrix operating on the initial spin state. It is called
the spin scattering matrix for the two-nucleon system. Here f{*) is the total scattered
wave amplitude. The operator M depends on the initial and final momenta in the c.n.

system and on the Pauli spin operalors for the two particles. If one assumes parity and
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time-reversal invariance in addition to isospin invariance for the N — N interaction, the

spin scattering matrix can be written in the form [Oe-54, Pu-57, Le-67]

M(Epk) = Sl(a+8)+ (a=b)(di-4)G3-7) + (c+ d)(di - )(d )

+ (c—d)(d1 )62 1) +e(d] + 02) - 7] . (2.8)

The five independent amplitudes a, b, ¢, d, and e are complex functions of the c.m.
system energy k and the scattering angle 6. These amplitudes are called the invariant
c.m. amplitudes and are just one possible set of amplitudes to use to describe the

system. The basis vectors for this representation are given by

k‘f+’:‘-i iy k}~—l:.,'

h= k}Xé,‘

5 —, = — -, £ - {2.9)
tkyg + ki thy — kil [kyg x kil

i=
where &; and k‘:_f are unit vectors in the direction of the incident and scattered particle

momenta, respectively.

Isospin invariance requires that the most general form of M be
M=Mly + M P {2.10)

where P; is the projection operator for states with total isospin I. These operators are

given hy

P = ['—_—(f‘——@ (2.11)

P = [iiié—fi)] (2.12)
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where I) and I are the nucleon isospin matrices, and Mg and M; are isosinglet and
isotriplet scattering matrices, respectively. The matrices, My and M, are represented

by the same form as M given in Eqn. 2.8. The real scattering processes are therefore

described by

M(pp — pp) = M(nn — nn)= M, (2.13)

M(np — np) = %(Mo + M,) (2.14)
1

M(pn - np) = (M~ Mo). (2.15)

The spin scattering matrix, M, is related to the usual scattering matrix S by [Ho-68]

M= %};(0,:;5,{5 - 116:4) - (2.16)

The observables are determined by taking the trace of various combinations of M and
the Pauli spin matrices, o;. For example, the spin-spin correlation parameter Cyy, as

defined in the laboratory coordinate system, is given by

gcr

1
ZCNN = uiTr(MMiawa;vz)) (2.17)

where g% is the spin-averaged differential cross section and a%) and 053) are the initial

spin matrices for the incident and target particles, respectively. A complete list of
observables expressed as traces of M can be found in either Hoshizaki’s paper [110-68]

or the paper of Bystricky et al. [By-78].
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2.5 Helicity Amplitudes

As discussed earlier, the invariant c.m. amplitudes are not the only amplitudes which
can he used in a description of N — N scattering when one does not want to ignore
spin effects. There are many sets of amplitudes which can be used; however, the most
widely used are the so-called c.in. s-channel helicity amplitudes of Jacob and Wick [Ja-
59]. These amplitudes are defined with respect to two-body reactions and are labelled
by the individual particle 3-momenta and helicities. By choosing this represeniaion, the
relativistic corrections to the scattering matrix are also simplified.

The helicity, A, is defined as the component of spin along the direction of motion
of the particle. The helicity operator commutes with the momentum operator and is

defined by

r=J-F. (2.18)

i

However, since L - 5= p- L = 0, the helicity operator depends only on the spin angular

momentum. Therefore, the expression alove simplifies to
A=d-F. (2.19)

It should be noted that A is a pseudo-scalar quantity. The s-channel helicity amplitudes
are defined in the rest frame where p] + p3 = 0 for the reaction | 4 2 — 3 4 4. The
helicity of a nucleon is then chosen to be -+ ;— il the spin is parallel to the momentum

and —% if it is antiparallel.
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The total number of helicity amplitudes in the process 1 + 2 — 3 + 4 is given by
n = (28, + 1)(2s2 + 1)(2s3 + 1)(2s4 + 1), where s; is the spin of the ith particle [Ka-84).
For NN — NN this gives 16 amplitudes. However, assuming the symmetries discussed
i Sec. 2.3 (time-reversal, etc.), then for N — N elastic scattering these reduce to five

independent amplitudes. These can he expressed in the form:
Mg = (A3\g| M| A Az) (2.20)

where A; is the helicity of the jth particle. The five independent amplitudes are then

given by

& = (++IM|++)
¢ = (++|M]--)
¢3 = (+-[M[+~) (2.21)
$s = (+—|M|-+)

¢s = (++|M[+-).

It should be noted that ¢, and ¢3 are non-spin-flip amnplitudes, ¢s is a single spin-flip
amplitude, and ¢, and ¢4 are double spin-flip amplitudes.
By substituting Eqn. 2.8 for M and calculating the appropriate matrix elements, it

is possible to obtain expressions for these five amplitudes in terms of the invariant c.m.
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amplitudes a, b, c, d, and e:

¢ = %(acosﬁ-lvb—c-rdﬁviesine)
1 .

¢ = é(acos0—-b+c+d+lesm9)

o3 = %(a cosf + b+ c—d+iesind) (2.22)
1

¢4 = 5(—acos0+b+c+d—iesi!10)
1 .

o5 = 5(—acos€+zesm0)

where # is the c.m. scattering angle [By-78]. It should be noted that for forward
scattering (6 = 0), angular momentum conservation requires that ¢4 = ¢5 = 0.
When discussing meson exchange, it is useful to use the t-channel exchange ampli-

tudes. Ilere t is the four-momentum transfer given by t = (p; — p3)? = (p2 — pa)? =

m? + mZ - 2E, E3 + 2p7 - p3. These amplitudes are defined as various linear combinations

of the s-channel helicity amplitudes and are given by [Ila-74]

No = K(é1+¢3)
Ny = ¢s
N2 = 1{((}54 - ¢2) (223)

Uo = K(¢1 - ¢3)

Uy = K(ds4 ¢2)

where I is a constant.
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2.6 Observables and Amplitude Recounstruction

For N — N elastic scattering there are a total of 4*(= 256) possible spin ohservables
which one can measure at a single scaltering angle. Most of these are either redundant
or zero. For example, 128 of the ohservables are pseudo-scalars which vanish since
parity is conserved. Table 2.1 lists many of the pertinent spin observables in terms of
the s-channel helicity amplitudes. It should be noted that in this table, the differential
cross section, 9% is denoted by & and the total cross section by o't. In addition to the
notation introduced in Sec. 2.1, a somewhat more informative notation is also shown
for each observable. The notation (1, j? k,1) is shown where 7 and j are the initial heam
and target spins, respectively. The final state scattered and recoil spins are given by k
and I. A value of zero for i, 7, k, or I implies that the spin orientation is not known or
measured. As can be seen, there are a wide variety of spin observables, including those
where both initial and final state spin orientations are measured. Table 2.2 shows the
same observables expressed in terms of the t-channel exchange amplitudes.

The normalization of the s-channel c.m. helicity amplitudes is chosen such that

(Go-60]
Gtot = ?’—:Im 61(0) + ¢5(0)] at t =0 (2.24)

and
T = s (1107 4 100l 4 15 + 14l + 41647] (2:25)
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Table 2.1: Spin observables expressed in terms of the s-channel helicity amplitudes.

Observables
(B,T;:S,R)

Helicity Amplitudes

(Single Scattering)

(2v/k) In{g; + ¢3(0)}

(m/k) Im{9 (0) ~ 94(0)}

~(én/k) Im 9,(0)

1/2”01'2 + '02’2 + l’gfz + |01.'2 + "05'2}
Im{(o) + 07 + 03 = 04)* e5l/a

Relo) * 93 - 93 % #g) + 2lag|% /0

l‘(.l Yoy tea?* $4)/0

Re{(9) + 45 - 03 + 0,)* 9g}/a°

Ly =lo 12 - 10g]2 + logl? + log)2 /e

q'l'ot

MLTot

AoT‘l‘ot

g = (0,0;0,0)

P = (0,N;0,0)

Cun = (N,N;0,0)

Css = (5,8;0,0)

Cgp, = (8,L;0,0)

CLL = (L,L;0,0)
Note: do/dt = o o I/kz.

(Double Scattering
n ljl: messurement

K = (N,0;0,N)
Keg = (8,030,8)
lLs - (L.O;O,S)

(2) Djk measurement

D = (0,N;0,N)
Dgg = (0,8;0,8)
Dyg = (0,L;0,8)

{-Reto; * ¢4 - 02 . 03) + 2045|210
[sin L l-((o - o,)'o gt = cos 6, Rele %, +e,%4)]/0
t- ‘/zdn o Ho,l —lozl Io,l + logl%e cos " N R PR P AP T

{Reloy * 93 =~ 07 * 04) + 2512} /0
(~sin o Ra{(y, - 02 + 03 + o.)' 05} - cos B Ra{g ® 4, + 9,0 9,))]/0
Upeta 0 tle 17 Toy1%% 10q1%- 10,12 = cos 0, 88((s,= 4 % 45% 0,0% 05} 1/

(3) Three Spin Msssurement

Beys = (5,84:0,8)
Hyss = (%,5;0,9)
Beey = (5,8:0,0)
Hey = (L,3;0,0)
s = (N,L;0,8)
He1n = (8,L;0,8)
Hyys = (L,¥;0,8)

(=s1n 0, In(p, % ¢, + 937 ¢,) + cos 0, I8{(9; ~ 9, = 45 = 9,)* ¢5}]/0
[sin 0, n(ol' $3 =037 9,) - con 0, Tm{(g, =9, + 9y + 9" os)l/a
!l{(’l + 02 = 03+ 9 )%cH/a

~In(p; * 03 - 92 * 9 /0

{s1n olI-((ol 9yt eyt *")" 05} - cos 0, I-(Ql' Gyt 03)]/0
In{e, * 94 =92 * 03)/0

[-siu8 In{(9,~ 0, 95 9% 95} ~ con 8, In(y * 9.+ 9,* 9)]/0

Note: e. is the laboratory recoil angle.
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Table 2.2: Spin ohservables expressed in terms of the t-channel exchange amplitudes.

Observables
(8, T; S, R)

Exchange Aaplitudes

(Single Scattering)

gTot /e ImN,
a0, To* Bx/k Ial,
aopTot -8 /k Imy,
o = (0,0;0,0) INgI2 + 218,12 + |N,]2 + |Ugl2 + |u,|2
P = (0,N;0,0) ~2Im ((Ng ~ Np)N;*} /o
= (N,0;0,0)
Cw = (N,N;0,0) e(UgU,* - NNt + [¥,2) /0
Cgs = (5,8;0,0) 2Re(NgU,* - N,U4*) /o
Csp, = (s,L;0,0) 2Re{(Tg + U)N)*} /o
L = (L,1;0,0) -2Re(NgUg* - NyU,*) /o
Nots: (d0/dt = a-n/k?)

(Double Scattering)

1. _K_jklhuurcmt

LV = (N,0;0,N)
| I = (8,0;0,S)
ks = (L,0;0,%)
2. Dyylessurement
D - (0,N;0,W)
Dgg = (0,5;0,8)
Dy = (0,L;0,8)
3. Three-Spin_ Measurement
Hepg = (8,8;0,8)
Hﬂsg = (N,S5:0,8)
Hggy = (3,8;0,0)
H oy = (L,$;0,N)
Hyg = (N,L;0,8)
Hery = (S,L;0,N)
B g = (L,N;0,8)

-2Re(UgU,* + NoN* = 181D /g
[-2Re (U)-Ug)N;*) sin 6y ~ 2Re(N,U,* + NoUy*) cos 83}/0
{-2Re(NgUg* + NoU,*) sin 8y ~ 2Re(N|* (Uy-Uy))com 8,3} /o

(%)% + 2"1|2 + l'zlz - |“o|z - qulz)/"

[-2Ra {(Ng + N)N %} s1n 8y ~ (INg]2 - [N12 + JUyl2 = [Ug]2D) cos ap)/o
1CImg}2 = 14512 < [5y]2 + |UG|2) etn 0y - 2Re{(Ny + Nz) Nj#*} cos 9yl/0

[21m(MgUa* + NaUg*) sin 8y + 2Iw{(U; - UyIN;*} cos 8y)/0
[-2Tu(UgU,* - NgW,*) sin 8y + 2Im{(Ny + N,)N;*} cos 6plo
-2Ia{({U; + Ug)N*} /0
218(UgNg* - UsN,*) /o
[-2Im{ (Mg + Ny)N *}stn 8y + 21m(UgU,* + NgNa*) cos 8y]/g
-2In(NgU,* = NoUg*) /o
[-zu{(uz - Uo)lll')ltn 6g + ZII[UOHO' + Uzﬂz') cos e!l/o
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Because of isospin conservation, if the pp scattering matrix is completely known at a
specified energy and angle, then it is possible to reconstruct the I = 0 scattering matrix
from fewer np measurements. This can be understood by the following argument. An

np elastic scattering observable, 9,,,(8), is expressed in the form of a trace such as

n

1
07‘1’(0) ZTT(A{['n.pU(V)Mf'IPU(”)) v = 1,2

= 01(8) + 90(0) + Jine(8) (2.26)
where 9;,,;(9) is an interference terin. The isospin-0 and isospin-1 pieces have the form
I = i%Tr( Mo Mal®)) (2.27)

and the interference term has the form
Ding = '116 [Tr(Mlo'(”)MJn(")) + Tv-(MoaMM{aW)] : (2.28)
Because of the interference term, measurements of 9,,, at a pair of scattering angles
and 7 — @ are still independent. This is not the case for pp elastic scattering since the

particles are identical. The relations between the amplitudes at # and  — @ are given

simply by

$r(7 — 0) (~-1)*1¢,(8)
go(r —8) = (=1)'*1¢y(6) (2:29)

¢3(r —8) = (~1)'¢4(8)

¢s(x — 8) (—1)79s(0) .
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These expressions were taken from Goldberger et al. [Go-60]. From Eqn. 2.14 it is clear

that the np amplitudes in terms of the I = 0 and [ = 1 amplitudes are given by

Binmp = 7(dip + di1) ' (2.30)

DO =

where i = 1,2,3,4, or 5. It can therefore be seen that by taking appropriate combi-
nations of the ohservables for np elastic scattering, and if the I = 1 amplitudes are
known from pp elastic scattering, the I = 0 amplitudes can be determined in a model-
independent fashion up to an arbitrary phase. The phase can be determined relative to
the coulomb phase.

It has been shown by Il. Spinka [Sp-84] that measurements of the six non-zero np
elastic scattering spin ohservables (dﬁ";, P, Crs, Cyn, Css, and ('L at one energy and
hoth angles # and 7 — @ allows the determination of the I = 0 amplitudes up to a
four-fold ambiguity. Because the observables are bilinear in the amplitudes, it would
be necessary to measure spin observables where the initial and final spins of one of the
particles (beam or target) were measured in order to remove the ambiguity, such as the
spin-transfer (I(;;) or depolarization (D;;) parameters.

Following the analysis of Spinka, it is useful to form the following linear combinations

of the s-channel helicity amplitudes:
1
¢s = ’2‘(¢1 — ¢2)

b = %(m + )
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br = (b3~ 1) (2.31)
be = (st )

?s &5

where ¢, contains only spin singlet contributions, ¢r and ¢, contain only spin triplet
partial waves, and ¢; and ¢s contain coupled spin triplet terms [Sc-65]. The relations
between these amplitudes at § and = — # are given hy

bur(m —0) = (-1)"*14,1(8)

$ra(m —0) = (=1)"1¢1(6)

¢ra(r —0) = (-1)*¢7,4(0) (2.32)

$ra(r —6) = (=1)'¢-1(9)

(- 1) ¢s,1(9)

il

¢5.1(x — 6)
for both I =0 and 7 = 1.
In terms of these linear combinations of the helicity amplitudes, the elastic scattering

spin observables are given by:

do

o = 1B IBP 4 16117 4 16,1 + 21l (233
PIS = 2Im(gigs -~ 163) (2340)
Casgn = 2Reldids - d163) (235)
= AP I8P+ 1ol 19,1+ 2064 (230)

2
2
2

3

I
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Csson = —|ps|% 4 el — |@7]* + |8:]° (2.37)
! f.ii - - 2 _ 2 2, 2
CLrly = 0= [ + 1ol 4 1.7 (2:38)

The spin directions I, N, and § are as defined earlier. By taking the appropriate
combinations of the five equations above, it is possible to express the amplitudes given

in Eqn. 2.31 in terms of the observahles. These relations hold for either the I = 0 or

I = 1 amplitudes, where

[¢erl®> = ;li(l - CnN — Css — CLL)S% (2.39)
|¢e1)? = %(1 ~CNN+ Css + (-*LL)gs‘i2 (2.40)
el 4 (051 = (L4 Cun + Css = () o (241)
(br.al® + |dssl® = i(l + Oy~ Css + ("LL);% . (2.42)

At 8 = 90°, the conditions in Eqn. 2.32 require that two I = 1 and three I = 0

amplitudes vanish, namely ¢, 1, ¢;.1, @50, @10, and ¢1,0. The following relations for the

I = 0 observables can be derived from Eqns. 2.33-2.38 and the vanishing of the three

I = 0 ampliludes:
Cnny + Css +Cpp =1 (2.43)
, , 1
Css = Cr = 51~ CnN) . (2.44)
Equation 2.43 is analogous to the well-known I = 1 relation at f.,, = 90° when ¢, = 0:

CNN,pp - CSS,pp - CLL.pp =1. (245)
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The magnitudes of the two non-zero I = 0 amplitudes at 8., = 90° are given by

do
: _ o, %
|6-° = Crrgg (2.46)
1deo 1de
2 o — - , P p— -, ) ;
|¢5| = 4dQ(1+CNN) 2dQ(1 CLL) (2.47)

It is not possible to determine the phase of ¢, o from these measurements. The amplitude

@50, however, can be determined uniquely from the relations

d 1
(PE%) = 5 Im(di1ds0 — d11¢5,0) (2.48)
np
d 1 . i
(C’“S 3%)” = 5 Re(8iads0 — 91245 0) (2.49)

assuming the I = 1 amplitudes are known. Therefore, the evaluation of |@s| provides a

consistency check of the different experimental mmeasurements and provides an estimate

of the systematic errors on the amplitude determination.

There are other relations between np and pp spin observables which can be derived

(see reference [By-78] for a more complete list.):
_ 1 (do/dQ)pp
Cssmp = Crimp+ J[CNNpp~1~- 2CLL,pp]( do [d0),,

2CSS,'np = 1 CNN,'np + 4[3CNN.PP 3 2CLL,pp] (da/dﬂ)np

(2.50)

(2.51)

Y (do/df)
2CLLmp = 1-Cnnmp+ Z[CNN'W -1- 2(7[,[,.”]{;%;? . (2.52)

Equation 2.50 above will be a particulary useful cross-check for the data discussed in

this dissertation. It will provide a check of the overall normalization of the measured

values of Csg.



2.7 The Partial Wave Analysis

In the intermediate energy region, the N — N amplitudes are usually determined using
a partial wave analysis. The amplitudes are decomposed into a linear combination of
spin singlet and triplet partial waves. Since each spin observable is some combination
of the amplitudes, it can be expressed in terins of a partial wave expansion; in general,
these are rather complicated expressions. The final step is then to fit the experimental
data to obtain the partial wave amplitudes.

There are two ways to treat the data. One is to do an energy-dependent analysis.
Possible forms of the energy dependence of the partial waves must be assumed in order
to fit the data. The other method is to do a single-energy search where the phase shifts
are determined for that energy alone. However, the two methods are interdependent; the
energy-dependent analyses use single-energy searches as anchor points for the fitting and
the single-energy searches frequently use the known energy dependence to make data
measured at slightly different energies compatible. The energy-dependent analysis is
used to connect and choose single-energy solutions.

In order to make the partial wave analysis tractable, the number of partial waves
must be limited. This limits the number of free parmeters for the fitting. It is at this
point, in general, that differences hetween the vartous partial wave analyses become

apparent. Various theoretical inputs and constraints are used and these often differ



26

among the various partial wave analyses, reflecting to some extent the philosophies,
styles, or judgements of the individual doing the analysis [Sp-84). This point will be
discussed in more detail at the end of this section.

The total scattered wave amplitude of Eqn. 2.7 can be written as follows [Wi-61}:

1 mexp(2i6) ~1 .
f= E¥ JAr(21+ 1) —’——57'——— Y;"(cos8) (2.53)

where the quantities J; 1 exp(2i6;)— 1] are the partial wave amplitudes and the ¥;™ (cos 8)
the spherical harmonics. The §; are the phase shifts which contain the effect of the ac-
tual interaction which causes the scattering. The amount of inelasticity in each partial
wave is contained in the n or “elasticity” parameter. Of course, for pure elastic scat-
tering, 7 is identically equal to 1. Equation 2.53 can also be written in terms of the

S-matrix. By combining Equns. 2.7, 2.16, and 2.53, it can be seen that the S-matrix is
given by

§ =% (2.54)
where ¢ is the phase shift operator. If one assumes charge-independence of the N — N
interaction, then in the collision of two nucleons, the total angular momentun J, total
spin S, parity P = (—1)%, and total isospin I are conserved. The orhital angular
momentumn, L, is no longer a good gquantum number. The Pauli exclusion principle

gives the condition of antisymmetry of states:

(-1)SHY(~1)IF1p = (—1)S+1+L = _y (2.55)
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For the case of two protons in the spin singlet state, the orbital wave function can
contain only partial waves with even-L. If the two protons are in the spin triplet state,
only partial waves with odd-L are allowed. The same conditions hold for the case of
two neutrons. Therefore, any two-proton (or two-neutron) state can only be a linear

superposition of singlet and triplet spin states in Lhe series
s, 3p, 'p, ®F G, 3H, ..., etc. (2.56)

where the states are defined by the following notation: 25+1L;  Here 254+ 1 = 1
(2s + 1 = 3) denotes the spin singlet (spin triplet) state. The total angular momentum
value of the state, J, has been omitted.

For neutron-proton scattering, because the particles are diflerent, there are no sym-
metry requirements; therefore, the np system can be a linear superposition of any of

the spin singlet or triplet states:
15, 3¢, 'p, *p, 'D, 3D, 'F, °F 1@, 3G,..., etc. (2.57)

The presence of both spin singlet and triplet states corresponds to the presence of hoth
isospin-singlet and isospin-triplet states.

Since parity is conserved, there can be no transitions between singlet and triplet
states since these always have opposite parity. Transitions can ocenr, however, between
states of different orbital angular momentum but the same J and parity. It is easily

possible to define phase shifts for all initial states which cannot change their L values.
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The triplet spin states having Lepen > 2, however, can undergo L-mixing transitions. It
is necessary to define quantities which give the degree to which the mixing occurs and
to define the phase shifts for these states. This is accomplished through the S-matrix
formalism.

Because the orbital angular momentum, L, is no longer a good gquantum number,
the S-matrix is not diagonal with respect to L. Il is necessary therelore, to express the
partial waves in terms of the total angular momentum J. For a given J, there are in
addition to the L = J states, two triplet states with L = J + 1 which couple to each
other. These correspond to two outgoing elastic scattering channels having the same
properties. These channels are connected by a 2 x 2 submatrix, Sy, of the full scattering

matrix. This submatrix is defined by

Rj.g -R’
ASIJ - 1 =
-R7 Ry
where the B’ and Rj41,5 are the partial wave amplitudes. If there are no inelastic
channels, S is a symmetric unitary 2 x 2 matrix which can be diagonalized using the

parameterizaiion of Stapp et al. [St-57]

-1 0 cos(2¢5) isin(2ey) eibr-17 0
Sy =
0 eibriar isin(2e¢y) cos(2¢y) 0 €11

where the 85_; y and 854, y are the “nuclear-bar phase shifts” and the ¢; are the “mixing

parameters”. The case where inelastic channels are open is even more complicated.
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As described earlier, it is possible to express the helicity amplitudes in terms of

singlet and triplet partial waves. Let the partial wave amplitudes be defined as by

Scotti and Wong [Sc-65]:

1 .
R; = 5-1;(1]_16216'7 - 1)
1 216 1.y
Ryg = 5:(ngge™’ 1)
1 .
Ry = o [77-1,7(cos(2¢;) exp(2i65_3,4) — 1)]
1 .
Ry = Z [7IJ+1,J(COS(26J)exl’(215J+1,J) - 1)]
1 .
R = 5k sin(2¢ey) exp [1.(6_]_1,_1 + 85410 + T}J)]

(2.59)
(2.60)
(2.61)

(2.62)

The first equation above is the singlet amplitude, the second is the uncoupled- triplet

amplitude, and the last three are the coupled-triplet amplitudes. The last equation is

sometimes also called the “mixing term”. The partial wave expansion of the s-channel

helicity amplitudes is given by [Go-60]:
¢1= L3 ,{(27 + )Ry +IRy_1.0 +(J + DRyy15 +2[J(J + 1))V/2R7}P;

$2= T {~(2J + )Ry + JRy_11+(J + D)Ryyys + 20(J + 1)]/?R7}P;

I

$3=E T+ DRy g+ TRyyrs = 2[1(J + DV2RT + (27 + 1)R;.; }d],
$a=ES {(J+ DRi_1 7+ JRipas = 20(J + D)]'2RT — (27 + 1)Ryu}d]

s

¢s= 2 AU + DYHRi_ys ~ Ripra) + R}, .

(2.63)

(2.64)
(2.65)
(2.66)

(2.67)
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Here k is the c.m. momentum, Pj is the usual Legendre polynomial, and

b= s e (55 e () 2

di = 1 (P \ars) P gy ) B (2.68)
gL () ()]
din = 705 mP+ gy ) Pt a7 ) P (2.69)
g _ U+ [Py - Py _
o = Torr1 - (2.70)

where z = cos# and # is the c.m. scattering angle. By using Eqns. 2.63-2.70, it is pos-
sible to express the observables (Eqns. 2.33-2.38) in terms of a partial wave expansion.
As can easily he seen, the expressions for the observables will be rather complicated and
will not be given here. For the case of an inelastic scattering observable, the situation
is even worse since, in general, there are more than five amplitudes involved.

In the beginning of this section it was mentioned that various theoretical inputs
and constraints are generally used in each partial wave analysis to limit the number of
partial waves used in the expansion. Meson exchange calculations are generally used to
determine the cutofl’ of the partial wave expansion. Of course, this cutoff varies from
one analysis to the other. These are also used to determine the long-range part of the
N — N interaction. At energies helow the pion production threshold (T ~ 3004aZ€l7),
the amplitudes must be purely elastic. Continuity constraints are also applied to the
phase shift parameters in order to require a smooth energy dependence.

It was pointed out by II. Spinka [Sp-84] that in order to fully determine a partial

wave amplitude with total angular momentum J, at least J angles must be measured.



31

This is because, for a given angular nomentum .J, the order of the Legendre polynomial
in the partial wave expansion (see Eqns. 2.68-2.70) is of order J or J £+ 1. This point
further complicates the situation from both an experimental and partial wave analysis
point of view.

The main purpose of this section was to give the reader a sense of the complexity of
the partial wave analysis and the extent to which additional inputs are required in order
to actually perforin the analysis. For the explicit theoretical inputs and constraints used
by the various partial wave analyses, the reader is referred to the works of Arndt et al.
[Ar-87], Bystricky et al. [By-87}, and Hoshizaki [110-68], for example. Each author gives
a description of hoth the theoretical assumptions and the global fitting procedures they
use. It was recently pointed out by Sprung and Klarsfeld [Sp-88a] that perhaps one of
the largest sources of discrepancy between the various partial wave analyses is due to

their being hased on different parameterizations of the coupled states.



CHAPTER 3 DIBARYONS

3.1 Introduction

As discussed in Chapter one, one of the motivations for doing the experiment discussed
in this dissertation is the possible existence of non-strange dibaryons in the N — N sector.
The following sections will describe some of the criteria used to define a resonance, some
of the experimental evidence for dibaryons in N — N scattering, and the connection

between dibaryons and spin-spin correlation parameters.

3.2 Kinematics of a Resonance

The partial wave amplitudes defined in Eqns. 2.58-2.62 can be displayed in an Argand
plot as is shown in Fig. 3.1. Any partial wave of angular momentum J which shows a
rapid increase of its phase § by an increment Aéd =~ = {counterclockwise in the Argand
plot) on top of a smooth background is considered to show resonance-like behavior.
A rapid increase in pliase means rapid relative to a typical energy scale; in this case

the hadron masses. And of course, the resonance may bhe elastic or inelastic with the

32
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requirement that the suin of the partial widths be equal to the total resonance width
[Lo-85].
The Breit-Wigner form for a resonant elastic partial wave with a resonance at c.m.

energy ERg, elastic width [y, and total width I is

1
3 rle:’l

2 3.1
Er-E-i (3.1)

R =

where E is the c.m. energy [PDG-86]. This expression will give a circle in the Argand
plot with center %rd and radius %:rd where 2 = I’y /T’. The amplitude will have a
pole at £ = F —%‘ .

Above the pion production threshold, the formalism must include the inelastic chan-
nels which contribute to the background. In order to determine whether resonance poles
exist., various theorelical assumptions regarding the form of the inelastic contributions
must be made. These, of course, reflect the tastes and philosophies of the individual
doing the analysis. Additionally, there are varinus approaches; some use the S-matrix
formalism, some the T-matrix, some the M-matrix, etc.

Using the formalism, for example, of Bhandari [Ba-82] and expressing the elastic
S-matrix element as a product of a resonant part Sp and a background Sg, the elastic

partial wave amplitude in terms of the T-matrix can be written as
1 .
T = Z(SBSR -1)=5Tr+ Tg (3.2)

where Tg = %;(SR —1)and Tg = 5‘;(53 —1). In terms of  and 6, S = SpSp = ye?®.
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Figure 3.1: Argand plot of partial wave amplitude.
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The Breit-Wigner form of the resonant partial wuve is given by

Tp = AL (3.3)
BT EBR-E—iy28. - iy, 11%; '

where the index j sums over all the inelastic channels. The elastic and inelastic phase-
space factors, . and ®;, are real functions of the c.m. energy. Here 7, and v; are
real coupling parameters. Specific forms of the hackground S-matrix elements, Sg, and
botlh the elastic and inelastic phase-space factors must he assuned.

The procedure to determine the resonance parameters typically consists of fitting
the N — N partial wave phases (8), for a particular resonance candidate, as a function
of energy with the Breit-Wigner form of Eqn. 3.3. More (less) inelastic channels are
incinded {omitted) until the best fit is achieved. The mass of the resonance, mp,
corresponds to the real energy at which the real part of the denominator in Eqn. 3.3
vanishes. This energy corresponds to the position of the resonance pole and is generally

found by some iterative numerical method. The full width of the resonance is given by

Tr=-2Im(Er-E - iy2%. —iy_71%;) . (3.4)

J
The ratios of the partial widths to the full width are

T; = ———.~=27? . (3.5)

It is clear that the success to which such procedures as this are able to fit the

phases is determined by one’s ability to calculate the phase-space factors for the various
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inelastic channels. It has been shown by various analyses that in general all dibaryon
candidates in the N — N sector must be highly inelastic. It would be advantageous to

be able to separate the elastic and inelastic contributions experimentally. This idea will

be discussed more in Sec. 3.4.

3.3 Experimental Evidence

The first cheoretical discussion of dibaryon resonances was probably given by Oakes
in 1963 [Oa-63]. The first experimental hints were in a Ap invariant-mass distribution
of Dalll et al. in 1961 [Da-61], and in the 1D, state in a partial wave analysis of pp
elastic scattering by Arndt in 1968 [Ar-68].

In 1977, strong energy dependent structures were observed in polarized pp total cross
section measurements at the Argonne Zero Gradient Synchrotron (ZGS) [Yo-85]. These
observations rekindled interest in the possible existence of dibaryons; especially since
no structure was observed in the spin-averaged cross section (Fig. 3.2). Additionally,
at about the same time, Hoshizaki claimed to have found dibaryon resonances in his
partial wave analysis of pp scattering [Ho-77,78] and Jaffe gave a detailed discussion of
multiquark states [Ja-77]. Also in 1977, Kamae et al. suggested the possible observa-
tion of a dibaryon resonance in the reaction yd — p'n [Ka-77]. The observed energy
dependence of the proton polarization could not be explained without the introduction

of a diproton resonance. However, there does not yet seem to be ageement among
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researchers in the field as to whether these resonances actually exist.

Figure 3.3 shows the Argonne ZGS data and additional measurements made later by
other groups. Figure 3.3a shows the total cross section difference for beam and target
spin orientations parallel and antiparallcl, but transverse to the heam momentum, for

pp scattering. This quantity is expressed as follows:
Aor(pp) = o(l]) - o(11) . (3.6)

Figure 3.3l shows a similar cross section diflerence for longitndinal beam and target

spin orientations. The sudden rise in Aoy near 500M eV (1.15%%) was found to be

¢
caused by the possible resonance-like behavior of the ! Dy partial wave. Similarly, the
dip near 800M eV (1.5(—;5—‘1) in Aoy is due to the 3F3 partial wave. Figure 3.4 shows
the counterclockwise looping of these partial waves in the Argand plane as determined
by the partial wave analysis of Arndt [Ar-85].

It is clear now that there are distinct structures in the N — N partial wave amplitudes.
However, the question is whether these are cansed by resonance poles in the complex
plane or possibly by some other structure in the scattering amplitudes. The idea has
heen put forth [IK1-81,83] that the opening of inelastic channels such as NN — NA or
NN — AA create resonance-like loops in the Argand plane when no resonance actually
exists.

In the past, several fits to the ! Dy and ? F3 partial wave amplitudes have been done.
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Somie of these report the existence of resonance poles [Ue-82, K1-83} and some do not

[Ve-82]. It is, therefore, clear that the existence of dibaryons is still controversial.

3.4 Correlation Parameters and Dibaryons

In the intermediate energy region it is attractive to study the 7 = 0 observables when
looking for energy-dependent structure. For the I = 0 case, there are no threshold
effects to cloud the interpretation of the results in the 200 — 800M eV energy region.
The inelastic channels, NN — NA and NN — =nd, with their thresholds near 600 and
300Mel” in the laboratory, respectively, can only occur through I = 1 states because
of isospin conservation. The NN — AA threshold lies above 1GeV and therefore also
can not contribute. If structure were to be seen in Acr(I = 0) or Aop(l = 0), for
example, the controversy over the extent to which the inelastic channels contribute may
be settled. The spin-averaged I = 0 total cross section (Fig. 3.5) also shows little
energy dependence as does the I = 1 case, discussed earlier. It would therefore be no
surprise if some structure were seen in Aog{l = 0) or Aog(I = 0), as was Lhe case for
I=1.

It is possible to express the elastic portion of Aot and Aey, in terms of the spin-spin
correlation parameters by

d

Aor(elastic) = - / (Cuw + Css) 5 d0 (3.7)



{mb)

TOTAL CROSS SECTION

q..::.o:

200 400 600 800 1000 2000 4000
70 I T v T Y1 T T T T
60 -
r*. m v FISCHER et ol.
o 0T (1:0) o LAW et ol.
‘QT * . ..“.‘... [ X BN I J [ X J °
« * * . ® °  §
m ® . . o’ o ®
30 |- 3 mmmo °o® o BUGG etol .
~ °r* © DEVLIN et ol. mw
10 — 4 ABRAMS etol. _
& GALBRAITH et al.
0.6 0.8 1.0 .9 2.0 3.0 4.0 5.0 6.0
v..: (Gev/c)

Figure 3.5: The spin-averaged I = 0 total cross section |Li-82).

A 4



43

Acp(elastic) = 2/('“(}5&1 . (3.8)

These expressions apply to any isospin configuration. By using Eqns. 2.7-3.8 it is
possible to separate the elastic and inelastic contributions to Aer or Acr. These
expressions are both important and useful because the 7 = 0 inelastic cross section is
poorly known [By-87].

If data over the entire angular range (0° < 8, < 180°) existed for Cypn, Css, and
(1, the above integrals could be evaluated numerically. One possible procedure to do
so might be as follows:

1. Determine the functional form of C LL‘% in terms of Legendre polynomials.

2. Subtract off One-Pion-Exchange contributions at high partial waves.

3. Fit the data to the functional form over the angular range of the measnrements.

4. Numerically integrate the fitted form.

At present, the smallest angle at which data exist is 8,,, ~ 75°. This would cause a
substantial amount of the total elastic cross section to be missing froni the integral; since

olft peaks at 8., = 0°. This problem could be eliminated by additional measurements
of the spin-spin correlation parameters at smaller c.m. angles.

If fits were made to the presently existing data, one particular constraint could
be used. If multiple solutions, all with good x?, exist, then it may be possible to

eliminate some candidates based on their behavior near ., = 0°. Those fits which give
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ICLL %";I > j—;’,, for example, would he rejected.

Finally, a few comments about what one might expect to see in the data can he
made. If ¢;pq ~ 0, then I'qq = T, and the resonance form is given by Eqn. 3.1. If the
total width is not too large, this would result in a large peak in o,5(] = 0}, which is not
observed. i ;e > 0, then T would be broad, and a large peak would not necessarily
be seen in @o(np) or dot(f = 0). If the inelasticity were large and many resonances
occurred close together, compared with the total width, then this would complicate the

behavior of the partial waves.



CHAPTER 4 THE EXPERIMENT

4.1 Imtroduction

The experiment discussed in this dissertation was performed at the Clinton P. Ander-
son Meson Physics Facility (LAMPF) of Los Alamos National Laboratory. An overview
of LAMPF is shown in Fig. 4.1. An enlarged overview of area BR is shown in Fig. 4.2.
A polarized proton beam, in the energy range 500 — 800 MeV, from the LAMPF accel-
erator was transported through a liquid deuteriuin LD, target to produce a polarized
neutron beam, which was scattered from a polarized proton target. The momentun,
time of flight, and scattering angle of the recoil proton were measured with a spec-
trometer system consisting of the following components: a trigger scintillator (S1),
two multiwire probortional chambers (P0,I’2), three drift chawbers (P1,P3,P4), a large
aperture magnet (SCM105), and a scintillator hodoscope (S2). Figure 4.3 shows an

overview of the experimental set-up.
Table 4.1 shows the various spectrometer angle and target polarization combinations

which were used in this experiment. It also shows the spin-spin correlation parameters
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‘able 4.1: The experimental configurations used and the spin-spin correlation parame-
ters measured with each.

Spectrometer | Target | Neutron Beam | Parameter
Angle Angle Energy Measured
484MeV Cho
10” 37.5" 634 MV Cha
788MeV Coo
484MeV Cro
35° 37.5° 634MeV Cro
788MeV Cro
35" 0.0" 634MeV Crt
35" 0.0" 63dMeV Cst

which were measured. The case C,, is essentially a linear combination of pure Css and

Cst.

4.2 The Polarized Beam

A polarized proton beam at LAMPF is produced by a 50 nA Lamb-shift ion source
[Oh-70], shown schematically in Fig. 4.4. This source is located in the high-voltage
dome of a 750 keV Cockroft-Walton accelerator which is used as the injector stage of
the LAMPF linac.

In the source, a 500 eV proton beam is converted to a partially metastable H{2S5,,5)+
H(18,/;) atomic beam by means of electron capture while passing through a cesium-
vapor cell. The remaining charged particles are swept out of the heam, and the atomic

beam then enters the spin filter. The spin filter consists of a longitudinal 1608 M H >
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r.f. field, a 535 gauss solenoidal magnetic field, and a transverse d.c. field [Oh-69).
The presence of the electromagnetic fields “quenches” all the metastable 25, atoms,
except those in one particular longitudinal spin state, to the 15,,, ground state. This
process makes use of the three-level interaction discovered by Lamb and Retherford [La-
51]. The heam then passes into an argon cell where most of the metastable atoms are
jonized. Only very few of the ground-state atoins are ionized (hecomes H ~), but those
that are ionized limit the attainable beam polarization to approximately 90 percent.
The spin is then precessed 180 degrees by changing the solenoid field in the spin filter
and argon cell. The ionized beam ( H ~) is sent through another spin precessor to orient
the proton spin before injectjon into the accelerator.

The polarized ion beam ( P~) is then accelerated to 750 kel in the injector (Cockcroft-
Walton) stage of the accelerator. Next, the beam is bunched and injected into the
Alvarez-type drift-tube stage. This stage is approximately 61 meters in length and
accelerates the beam to 100 MeV. The final acceleration is accomplished by a 0.8 ém
long, 805 M H = side-coupled cavity accelerator section. The beam is accelerated to a
maximuin kinetic energy of 800 MeV in this final stage. Specifications for the accelera-
tor can be found in Table 4.2 [Ro-85]. The P~ beam is sent from the beam switchyard
by bending magnets to line B, which leads to area BR, as shown in Fig. 4.2. It is
passed through a stripper foil to remove the electrons and then emerges in area BR,

just upstream of the liquid deuterium neutron production target (LD,), as the P+
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beam.

The P* beam polarization is measured by two different techniques, the first heing
the “quench” method. This technique uses a ratio of the guenched (I;) and the un-
quenched (I) bean1 currents to determmine the absolute polarization of the beam. At
LAMPF, a polarized-quenched cycle operates continuously with a 60 sec period, asyn-
chronously with the usual 130 sec spin reversal cycle [Dy-82]. The quenched current
is measurerd by detuning the spin filter. The proton beam would be 100% polarized
(P, = 1) if it were not for the small fraction of unpolarized ionized ground-state atoms
contributing to the total beam current. If this background (quenched) current, I, were
not polarized, then the beam polarization would be given by the ratio of the polarized
beam current (I — I,) to the total heam current (1) [Oh-70] :

I1-1,

P =P

1
= Py(l - 7) (4.1)

However, the quenched beam typically has a small polarization (Z, ~ -0.03) in a
direction opposite to that of the P~ beamn. Therefore, it is necessary to take a weighted
average of the two polarizations to obtain the true heam polarization:

-1, 1
7+ Pt

P=P, (4.2)

It should be noted that the beam is quenched for 10 sec after every spin-flip. Signals
from the spin filter are available to the experimenter. The polarization determined by

the “quench” method gives a redundant check of the polarization as determined by the
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Table 4.2: LAMPF accelerator operating specifications.

Parameter

*Energy Variable up to 800 MeV

sIntensity 1.2 mA operational capability
demonstrated; routine
operation a1 0.8 t0 0.9 mA

sExtraction efficiency >99.8%

sEnergyspreadat 1/2max 0.1%

sDuty factor >9%

oRF power sources Computer-controlled reliable
and stable rf power;
>80% beam availability

esAccelerator structures At | mA. 6% duty factor.
~ 30% of rf power is

oH* and H™ beams

eSecondary beams

ePractical applications

converted to beam power

Simultaneous dual-beam operation;
energy vanability; 20 nA average
90% polarized H-

12 experimental ports plus
6 neutron lines at WNR

WNR; isotope production:®
pion therapy (successfully
initiated, now in abeyance);
and muon spin rotation applied
1o condensed-matter studies.
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second method used, the beam line polarimeter.

R*(DETECTORI)-({DETECTOR2) DETECTOR 2
L*{DETECTOR3){DETECTOR4)

/ DETECTOR3

POLARIZED _
PROTON BEAM
"
CH2
TARGET -~ ~
DETECTORI
DETECTOR4

Figure 4.5: Line-B polarimeter just upstream of the LD, target.

The Line-B polarimeter (Fig. 4.5) is located just upstream of LB-BM-05, the final
bending magnet upstream of the LD, target. It consists of a polyethelene (C H3) target
and scintillator counters arranged symmetrically in both the horizontal and vertical
planes to measure the transverse polarization by detecting the scattered and recoil
protons in elastic scattering. The angular acceptance is broad enough to be usable over
the 300 — 800 MeV energy range without angle changes. It should be noted that the

acceptance is small enough, however, to reject most inelastic events. The polarization



is determined by the relation

€
P=2 (4.3)

where A is the hydrogen analyzing power and ¢ is the 1ineasured scattering asymmetry.
Protons scattered from the C Hj target to both left and right are detected simultaneously

while flipping the beam spin every 130 sec. The left-right asymmetry, € is defined as

_ =R (4.4)

(L + 1)
L is the geometric mean of the events scattered left [Mc-81a] while the beam spin is up,

L 1, and right while the beam is down, R |; similarly
R=[(R1)(L D). (4.5)

Use of this averaging technique is known to cancel instrumental uncertainties to a high
order [Oh-73). The left-right asymmetry is calculated for N-type beam. The up-down
asyminetry is calculated for S-type beam polarization, where L is replaced by U (up)
and R is replaced by D (down) in Equation 4.4. The analyzing power is well known
for pp elastic-scattering in the 500 — 800 M¢1” range [Mc-81b], with an average value of
0.5 £ 0.02 (see I'ig. 4.6). The value of the heam polarization as determined by the two
methods generally agreed to within +3%, however, the quench polarization was found
to be more stable as a function of tiue.

The spin direction is defined as shown in Fig. 4.7 where L-type (or longitudinal) is

along the direction of the beam momentum, N-type (normal) is up in the lahoratory
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frame, and §-type is sideways (L x § = N). For our measurements we used both N and
S-type orientations of the beam spin, as measured upstreamn of the Line-B solenoid.
The polarized neutron beam is produced by the charge-exchange reaction g+ d —
i+ X with the P* beam incident on the LD; target. This reaction produces a neutron
spectrum at 0° with a sharp peak just below the incident proton momentum (see Fig.

4.8) and a well-separated inelastic background. Approximately 40% of the hbeam lies in

the region of the peak.

Figure 4.7: Orthogonal coordinate system used to define the proton heam spin direction.

A frontal view schematic of the LD, target (looking upstream) is shown in Fig. 4.9.

A detailed description of the workings of the LD, target can be found in the thesis of
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beam at 0° incident angle.
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C. Bjork [Bj-75). Only a brief description is given here.

The target consists of a heat-exchange, forced convection loop with a heliwmn refyig-
erator. The entire apparatus sits in a vacuum jacket which is part of the P* heam line
vacuum system. It can he lowered (raised) by a stepping motor to provide the polarized
neutron (proton) heaw to area BR.

The loop is pre-cooled by passing liquid helinm through it prior to filling with
deuterium. Deuterium is brought in at a pressure of about 10 psig until enough has
condensed to fill the ioop. The fan forces the deuterinm past the He heat exchanger
(HEX) and circulates it through the loop. As heat is exchanged hetween the HEX and
the liquid deuterium, it is necessary to circulate helium between the HEX and a Cryovac
helium refrigeratpr to maintain cooling of the deuterinm. A lheater is also part of the
loop. The heater is adjusted to compensate for the difference between the refrigerator
power and the P* beam heating rate and thereby maintain a uniform temperature.

The Pt beam enters the LD, t-a}get through a 25um thick Ilavar foil window and
exits through a stainless-steel window (75pum thick). The window openings are 3.2¢cm
wide and 15.24 ¢em long. The entrance and exit windows are separated by approximately
25.4 cm. This distance includes the bulging of the windows due to the fact that the
target is in a vacuum. This length of liquid deuterium at a density of 0.168 £~ results
in a 4.26 MV energy loss for 800 MV protons. There is also an approximate energy

loss of 0.3 — 0.4 A eV through the window material. Additionally, there is a kinematic
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energy loss of 7.2 MeV between the beam proton and the outgoing neutron. Combining
all these gives an approximate 12 MeVl” total energy loss for a P* beamn energy of
800 M eV and an approximate 13 MeV loss for 497 and 647 MeV,

As mentioned earlier, both N- and S- type P~ beam spins were used. This spin is
precessed in Line-B by the Line-B superconducting solenoid [Ho-79] and bending mag-
nets such that by the time a proton reaches the LD, target, the largest component of
its spin is in the — L direction. This is a necessary condition to produce a longitudi-
nally polarized neutron heam of the largest possible polarization. The longitudinal spin
transfer, K1, to the elastically scattered 0 deg neutrons is large and negative in com-
parison to the transverse spin transfer, K xyn. The energy dependence of Ky and Kyy
can be seen in Fig. 4.10. These spin transfer parameters were measured at LAMPF
by Chalers et al. [Ch-85] at our three measurement energies, 497, 647, and 800 MeV
and earlier by Riley et al.[Ri-81) at 800 MeV. The neutron polarization components

are simply given by the expressions

P, = KppP (4.6)

Pa’v = IX'NNPN (4.()

where P and Py are the proton polarization components. The magnitude of the

polarization is therefore given by

P =(PEK%; cos?0 + PEKYy sin20)3 . {4.8)
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Since the transverse spin transfer is small, a small transverse polarization in the protons
tends to be washed out in the neutrons produced. When calculating the spin-spin
correlation parameters, corrections must be made for the N-component of the beam
spin. These corrections will be discussed later.

The charged particles produced and the noninteracting Pt beam are swept out by a
dipole magnet, and the neutron heam passes through a 4 meter long, 2.54 cm diameter,
stainless steel and lead collitnator before emerging in the experimnental area. For a20nA4
primary proton beam, the neutron flux is ~ 10*n/sec in a 3cm spot at the polarized
target. The beam spot size was roughly measured by placing a polaroid film on the
downstream side of the target, in the beam. An image of the target was formmed on the

filin by the secondary charged particles produced in the target.

4.3 The Spin Precession Magnets

Two spin precession magnets, L(ﬁRAlNE and CASTOR, were used between the
collimator and the polarized target to orient the neutron beam spin in a desired direc-
tion. LORRAINE was also used to sweep out charged particles produced in the CH,
target of the front beam monitor, FMON, which is described below. LORRAINE and
CASTOR had effective lengths of ~ 110cm and ~ 187cm, respectively. The setting
of these magnets for particular polarizations was accomplished through the use of the

polarimeter JPAN.
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JPAN was very much like the Line-B polarimeter described earlier. Fig. 4.11 shows
the detector configuration and logic diagramn for JPAN. To determine the ideal magnet
current settings for a desired beam polarization, a C' H, target was installed in JPAN
and a magnet sweep was performed for each energy-polarization combination prior to
data taking. The sweep consisted of measuring the up-down (e,q) and the left-right
{€ir ) scattering asymmetries as a function of magnet current. For example, for a desired
L-type heam polarization the ideal magnet current setting would be one which would
give ¢, >~ €,q4 ~ 0. Figure 4.12 shows ¢,4 vs. magnet current for a typical sweep at
788MeV. To arrive at the best value for the magnet current, a least-squares fit to a
cosine form of the plotted asyminetry values was performmed and the current intercept
point where ¢ was a maximum was determined.

For S-type beam polarization, the magnet current was chosen such that ¢,y was
a maximuwn. Some uncertainty in the position of the maximum existed since often
the measured peak was broad or not enough n'tyéasurements were taken to accurately

define the peak. The effect of this and its corrections for the C'sy measurements will he

discussed later. A discussion of spin precession is given in Appendix D).

4.4 The Polarized Target

The polarized proton target (PPT) consisted of a complex set of components: =

magnet (HERA) surrounding the target, the target cryostat and liquid helium :ystems
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to cool the target, microwave electronics to polarize the target, a nuclear magnetic
resonance (NMR) system to measure the target polarization, and a target monitoring
system to monitor target temperatures, pressures, and coolant flows. All critical target
controls and monitors were located outside the experimental area, in a separate trailer,

where they were easily accessible at all times.

4.4.1 Dynamic Nuclear Polarization (DNP)

The PPT was a continuously polarizing-type target, utilizing the technique of dynamic
nuclear polarization as discussed by Abragam [Ab-78]. This process utilizes the dipole-
dipole interaction between the spin of the proton and that of a free radical in the target
material. A free radical is an atom or molecule having a large magnetic moment due to
an unpaired orbital electron. A general discussion of the DNP process is given helow.
Figure 4.13 shows an energy level diagram for the spin-spin interaction of the proton-
free radical system in an external magrtic ficld. The energy splitting between states
“a” and “b” (“c” and “d”) is due to the proton spin orientation. Likewise, the splitting
between states “a” and “c” (“b” and “d”) is due to the spin orientation of the unpaired
electron. This energy splitting due to electron spin is appreximately 1000 times larger
than that due to the proton spin. Transitions I, 1I, I, and IV are allowed transitions.

Transitions V and VI are forbidden; that is, they occur with very low probability.
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These transitions require a “spin flip” of both the proton and the unpaired electron.
The relative population, P, of each state is determined by the Boltzmann distribution,
P x exp[—(jte+14p)B/kT]| where . and i, are the electron and proton magetic moments
respectively, B is the magnetic field inagnitude, k is the Boltzmann constant, and T is
the temperature of the target material. To get a high degree of polarization one requires
a high magnetic field and a low temperature.

When the target material is placed in the external magnetic field, the proton and
electron spins align themselves either parallel or antiparallel to the field direction. At
this time the populations of states “a” and “b” are approximately equal. For state
“a” the proton spin is parallel to the field and for state “b”, antiparallel. To obtain
a high polarization, either parallel or antiparallel to the field, it is necessary to over-
populate state “a” or state “b”. This overpopulation is achieved by stimulating one of
the forbidden transitions (V or VI), which is then followed by a rapid decay through
transition I or II to state “a” or “b”. A microwave source is used to cause the electron
spin to flip. Because angular momentun must be conserved, the proton spin also flips,
causing the iransition to a forbidden state. The microwaves therefore “pump” these
transitions. Without this pumping, a net polarization of only about 3% is achieved. To
achieve polarizations of 70 — 80% this pnmping method must be used. For example, to
overpopulate state “a”, transition V is stimnlated by applying a microwave frequency

(ve — vp,), where v, is the frequency required to flip the electron spin and v, is the fre-
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Figure 4.13: Energy level diagram for the spin-spin interaction. The allowed and for-
bidden transitions are shown.
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quency required to flip the proton. To overpopulate state “h”, a microwave frequency
(ve + vp) is applied to stimulate transition VI, which is followed by the rapid decay by
transition II. Therefore, it can be seen that the direction of the proton polarization can
be changed merely by changing the microwave frequency by +2v, and that no change in

the magnetic field is required. Typical values of v, and v, are T0GHz and 53.2 M H z,

respectively (for B =~ 2.5T).

4.4.2 The Polarized Target Magnet (HERA)

The HERA magnet consisted of an iron-free Helmholtz coil configuration. This super-
conducting magnet and the 3 H e refrigerator were constructed at the CEN laboratory at
Saclay, France, and had been used in previous experiments there [Au-72]. Modifications
made to the magnet at LAMPF are discussed by Auer et al. [Au-83]. It produces a 25
kilogauss (2.5 tesla) field, uniform to within 4.5 gauss in a sphere of 5 ¢m in diameter
[De-67]. In order to allow for the detection of scattered particles, the magnet provides a
free, unobstructed cone of 90° opening angle with respect to the polarization direction.
For pure C'r;, measurements, the magnet was positioned with the field (polarization} di-
rection along the beam. For pure C's; measurements the field was also along the heam,
causing a rotation of the beam spin. The magnet was also rotated at an angle of 37.5°
with respect to the beam to allow measurement to be made of a linear combination of

Css and Csz. Because of the limited opening angle, it was not possible to rotate the
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target to a pure 5‘-type orientation and measure Cggs for laboratory angles smaller than
g = 45°.
The HERA field rotates the scattering plane by causing the outcoming recoil proton

trajectory to bend. The total bend angle (radians) is given by the expression:

c[BLdl

Openg = ———— (1.9)
p

where c is the velocity of light (m/sec}), p the particle momentum (MeV/c}),and f B 1
dl the component of the field perpendicular to the momentum integrated along the
trajectory (kG —m). For a trajectory entering the magnet between the coils and passing
to the magnet center, the B L dl = 4.935kG — m. This value was determined by
mapping the field of the magnet and summing the B L Al values along this path. An
800 M eV proton would be bent approximately 6° in exiting the target. In addition, as
is expected, the HERA field precesses the spin of the incoming neutron when the field
is not along the neutron’s incident spin direction. Corrections for both these effects will

be discussed later in the chapter on data analysis and reduction.

4.4.3 Target Cryostat and Liquid Helium System

The target cryostat consists of two components, the *He cryostat and the target
insert. A cutaway view of the target cryostat is shown in Fig. 4.14. The *He cryostat
vacuum jacket is evacuated to a pressure of less than 107% torr to provide thermal

insulation of the cryogenics. It also provides the cooling power to liquify the *He in
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the target insert. The target insert consists of the 3 He cooling system, which cools the
target to ~ 0.5°K, and the target cell.

The *He heat exchangers are located between the stainless steel inner and outer
walls of the cryostat. The inner volume of the cryostat is further subdivided by an
aluminum wall. The volume hetween this wall and the inner most cryostat wall is
maintained at approximately 10°K by the 1He system.

The target cell consists of a copper cylinder containing an inner Teflon cell which
holds the target material. The NMR coiis support this cell inside the copper cavity.
The microwaves which are used to polarize the target are fed into the copper cavity by
a waveguide. A delivery tube allows liquid *He to flow freely through the target cell.

The ?He system provides a bath of liquid 4l{e at a temperature of about 2°K to
liquify the 3He. This is accomplished by pumping on the system. The latent heat of
‘He is about 5 joules/mole, and it takes an additional 400 joules/mole to warm the
cold gas to room teniperature. As a result, there is a large amount of additional cooling
power needed to cool the 3He gas prior to liquification and to cool the heat shield.
Consumption of liquid *He is generally less than 2 liters/hr.

The gaseous *He is liquified and provides a bath to cool the target material to a
temperature helow 0.5°K. The 3He is costly, so it is flowed in a closed gas loop. In
the loop, it is liquified by thermal contact with the *H ¢, pumped out at low pressure,

cleaned and then recycled. The 3He pump system consists of several stages of Roots-
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type blowers (turbo pumps) coupled to a double-stage rotary vane backup pump. The

3 He vapor pressure is monitored with a remote-sensing capacitance manometer.

4.4.4 Target Material

The target had a 3.7 cmn diameter and a 5.5 cmn length. Two types of target materials
were used during the experiment. During the Cry and Cgy, data taking, “magic beads”
were used and for the C'ss measurements, “super heads”. The target material, “magic
heads”, consisted of 85% ethylamine (C,; N Hz) and 15% borane ammonia ( BH3 N H3) by
weight. The atomic composition by weight, was as follows: 45.3% carbon, 5.3% boron,
33.2% nitrogen, and 16.1% hydrogen. The “super beads” had a larger percentage by
weight of hydrogen (16.8%) and contained the following percentages of impurity atoms:
23.8% carbon, 4.3% horon, and 54.6% nitrogen. Both target materials were doped with
a chromate radical for polarization transfer. The materials were prepared in ~ 1mm
diameter beads in order to improve thermal contact with the 2He bath and also to
dissipate the heat load of the absorbed microwave radiation.

A study of the effective bound-mucleon polarization arising from the polarized back-
ground nuclei (}2C,** N.? B,1° B) of this target material was studied by Dan Hill and
Hal Spinka of Argonne National Laboratory. The details of their study can be found in

Appendix A. It was found that this effect contributes to less than 1% of the total target

polarization.



4.4.5 The Microwave System

Microwaves with a frequency of 70 G H z are used to transfer the spin of the electrons to
the protons in the target material. The target spin is reversed or "flipped” by changing
the microwave frequency by 106.4 M H z.

The microwaves are supplied by a 400mW carcinotron. The frequency may he
changed by adjusting the carcinotron. It is measured hy either one of two adjustable
resonant cavities (wavemneters) coupled to a crystal detector. The wavemeters may also
he used to lock the oscillator frequency. To do this, one wavemeter is tuned to the opti-
mum frequency for positive polarization and the other for negative polarization. Control
is remotely switched from one wavemeter to the other to reverse the polarization.

An attenuator is used to adjust the level of microwave power at the target. It is
adjusted to optimize the target polarization. Enough power is required to saturate
transitions to the metastable state (section 4.4.1), but excess RF power causes unneces-
sary heating of the target heads which reduces the electron polarization. The ahsorhed
power may he measured by turning off the microwave source anu adjusting the joule
heating of a resistor on the target (placed there for this purpose) to achieve the same

3H e vapor pressure without adjusting the pumping conditions.



4.4.6 The NMR System

The NMR system (Fig. 4.15) was used to measure the relative target polarization.
The detector used was similar to that of Court [Co-80]. This detector allows for making
very high precision measurements of the target polarization, using the @Q-meter metiod
to measure the nuclear magnetic resonance of the polarized nuclei. This method involves
having all of the polarized material within the inductive part of an LC circuit. The
resonance frequency of this circuit is adjusted to be the same as the NMR frequency
for the particular value of the external magnetic field being used.

The polarized nuclei have a complex magnetic susceptibility x(x = x’ — ia”) and

therefore modify the inductance L of the circuit such that
L' = L(1+ 47gx) (4.10)

where L’ is the new inductance of Lhe circuit-target system, and 7 is the packing fraction
of the system.

The polarized nuclei therefore produce a change in the @-value of the system, and,
therefore, a change in the impedence of the tuned circuit at the NMR resonance fre-
quency. Recall that the Q-value is a figure of merit of an energy storing system equal

to

Q = 27 (ave. energy stored/energy dissipated per hal f cycle) (4.11)

which is equal to wL /R for an inductor, where R is'the equivalent series resistance.



neL
3 -4
" )—-B l l

2

o
-]
ERE
§§§
-

Too

fomsy  YRINKS
cAmEm  APNE
TANET (o0

Figure 4.15: Schematic diagram of the polarized target NMR system.
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The energy difference hetween protons in the “normal” and “reverse” polarization
states is given by hv = 2u, B. Transitions hetween the two are induced by pumping the
target material with an RF frequency v = 2p,B/h = 106.4M Hz. If the populations
of the two states are unequal, then the transitions will occur from the most populated
state to the other in an attempt to bring the two populations to equilibrium, and hence
depolarize the target. As this occurs, energy is either released or absorbed from the RF
field, causing the amplitude of the signal to be modulated in proportion to the target
polarization.

The value of 7 in general can not be determined, therefore the system is calibrated by
measuring the NMR signal of a target of known polarization. With the inicrowave source
off, the target is allowed to come to thermal equilibriumm. The nucleon polarization is
then determined fromn Boltzmann statistics by knowing the nmiagnetic field magnitude
and the target temperature. The magnetic field magnitude was known to better than
10.01% and the target temperature was measured indirectly to within £0.1% using a
capacitance manomneter to measure the 3¢ gas pressure at the target and converting
the pressure to a temperature.

The NMR system consists of the RRF oscillator which drives two identical circuits.
One circuit drives the NMR coils, and the second acts as a dummy system for back-
ground subtraction. Two NMR coils are present in the target holder; however, only

one was used to measure the target polarization. A difference is taken between the coil
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signal and the dummy, which produce: random noise. This difference is then anplified
by a differential amplifier and processed with a signal averager. The detected signals
are then transferred to an on-line PDP 11/23 computer. The NMR software consists of
an integration routine, which integrates over a frequency range of 640k H 2. Additional
routines are nsed to store the target polarization and to monitor the target microwave
frequencies. Typical uncertainties in the target pola-izations determined by this method

are on the order of 2 — 3%.

4.5 The Spectrometer

This was a single-arin experiment, in which only the recoil proton was momentum
analyzed. Kinematical constraints, which included the recoil angle of the proton, were
used to determine the missing mass of the scattered neutron. The measurements were
carried out using a large solid angle spectrometer. We were able to measure a 25° angular
region in the laboratory in a single spectrometer setting. Our momentum resolution
was on the order of 1-2 %.

The various detectors were rigidly mounted on frames attached to the spectrometer
magnet (SCMI105). This made it possible to move the spectrometer as a single unit.
The spectrometer magnet rode on air pads and was moved to three positions, with
respect to the beam direction, for data taking, which were 10.0°, 35.0°, and 57.5°.

The SCM105 position was surveycd afier each time it was moved. It was found each
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time that the spectromter was not perfectly aligned with the scattering angle marks on
the experimental area floor. Corrections for this were made to the kinematics in the
data analysis and Monte-Carlo modelling. The various spectrometer components are
discussed in detail helow.

Three helium gas bags were used between the chambers to minimize multiple scat-
tering. Small gas bags were used between P’ and P2, and between P3 and P4 and a
large bag was inserted into, and through the SCM105 magnet aperture between '2 and
P3. All three bags were made of polypropylene plastic with 0.05 mm mylar entrance and
exit windows supported by external wood frames. The small bags were fed continously
by a regulated He gas cylinder, while the large hag used Lhe waste helinm boiled off by
the polarized target cryostat,

As an aside, for future discussions, let us define the following coordinate system with
origin at the SCM105 magnet center: +z is downstream through the spectrometer, +z

is left, and +y is up. This defines a right-handed coordinate system.

4.5.1 Scintillators

Two scintillation detectors, S1, and the hodoscope, $2, were used as part of the
spectrometer. The signal from S1 was used as a start pulse for the TOF measarements
between S1 and $2. A fast coincidence between S1 and S2 was used [or charged particle

identification and as the fast trigger for the spectrometer.
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51 consisted of two 25.5 ¢cm wide hy 28 ¢m high plastic scintillators placed one next
to the other to produce a 51 ¢cm wide by 28 ¢m high scintillator plane. A photomultiplier
(PM) tube was mounted at each end of each scintillator in the vertical plane. The two
signals from each scintillator were discriminated and time-averaged.

$2 was a 25-element scintillator hodoscope. Each element had a height of 112¢cm, a
width of 13.3 ¢m, and a 1.27 cn thickness. Adjacent elements overlapped by approxi-
mately 0.64 cm. The time difference between signals from the top and bottom PM tubes
were used to determine a crude y-position in the hodoscope. For the TOF measurement,
the top and bottom signals were time-averaged. It was also possible to obtain a crude
z-position by knowing which elemment was hit. The z-resolution was then simply the
width of the element.

Additionally, S2 was displaced in the +z-direction by 56 ¢m to compensate for the
bend of the particle trajectories by the spectrometer magnet. Corrections of the TOF

were made based on which hodoscope element was hit.

4.5.2 Multiwire Proportional Chambers (MWPC)

Three MWP(C’s were used to obtain position information of a particle hefore it entered
the spectrometer magnet. PO was located hetween the trigger scintillator (S1) and the
small drift chamber (P1), as can be seen in Fig. 4.3. P2 consisted of two MWPC’s

(left and right, P2L and P2R, respectively), both located just upstream of the SCM105
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magnet. P2L and P2R were displaced hy approximately 10 cm in the z-direction, with
P2R upstream of P2L. There was a dead spot in the center of P2 due to the overlap of
the frames of P2L and P2R. Because P2 was used in the trigger, this “hole” could be
seen in the chamber position and momentum histograms. Typical chamber efficiencies
for PO and P2 were 84% and 92%, respectively.

All three chambers were identical, in that each had three sense-wire planes; an z, an
z' and a y-plane. Both P2L and P2R were square chambers with 256 wires with 2 mm
spacing per plane. PO was a rectangular chamber having 256 wires in = and 128 wires
in y. This gave an active .area of 530 x 530mm? for P2L and P2R, and 530 x 265mm?for
PO0. The sense wires were 20um diameter gold-plated-tungsten [Ha-86]. Three additional
wires of increasing diameter were located parallel to the sense wires, near each edge of
the chambers, to prevent electrical breakdown at the G10 frame.

The spacing between a cathode plane and a sense-wire plane was 6.4 mm. Each plane
was supported in a separate G10 frame. The individual frames were holted together
with threaded nylon rods and nuts. The entire assembly was sealed with silicon-rubber
glue (RTV) to make the gas seal.

The outer gas windows were 50um mylar covered with opaque mylar tape. The
cathode planes were 50um aluninized mylar. The chambers were operated at local
atmospheric pressure, about 20% less than at sea level. The gas mixture used consisted

of a 65%-35% Ar — ('O mix with 0.4-0.5% Freon - 13 Bl (C BrF3) added to reduce
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chamber sparking.

The threshold on the electronics for these chambers was equivalent to 1 mV across
a 10082 input resistor [Ni-77]. The nun:ber of collected electrons per beam particle was
estimated to he 10 — 107. The operating voltage was approximately 4200 V', this being
100 — 200 1" above the knee of the plateau curve.

Preampifiers for each sense wire were mounted on each MWPC. The preamp signals
traveled approximately 200 feet to the electronics trailer by way of a twisted-pair cable.
The signals were then fed to the amplifier cards.

The amplifiers were mounted on “sister” hoards and were sensitive to signals over
5V . Eight chamber wires were connected to each amplifier card. The amplifier cards
contained eight amplifiers each, producing a fast OR output for each wire hit and a
latch that was continuously set by the fast-logic “STORE-DATA” pulse [Au-81]. Each
sister board contained two blocks of eight amplifier cards {128 wires), with the amplifier
bus hardwired between them. A circuit that gave the fast OR of all 64 wires on half a
sister board also existed. A set of these was used for the chamber read-out trigger.

When a trigger occurred, the “STORE-DATA” signal (NIM) was sent to all sister
boards and an ordered readout of all the cards began. The signhals were sent to a
RCVR/XMTR, module where they were translated to TTL levels and then sent to the

CAMAC readout modules. The readout system is discussed in great detail by Nield

and Daly [Ni-77].
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4.5.3 Drift Chambers

A small drift chamber with an active area of 60 x 60cm? was used upstream of the
SCM105 magnet. It consisted of three detector planes; z, z’, and y. The wires of the 2/
plane were offset by ~ 2mm with respect to those in the « plane. There were 76 wires
per plane, each spaced at 8mm, with a field-shaping wire halfway between each pair of
sense wires. The sense (field-shaping) wires were 20um (25.4um) gold-plated tungsten.

There was a cathode plane between each sense plane. The cathode planes were
76.2pm aluminized mylar. The sense wire - to - cathode plane spacing was 4.76mm.
The outer windows were 1nade of 254um mylar.

The gas mixture used, in parts per volume, was 7.5 parts Argon, 1.5 parts Isobutane,
1.5 parts Argon/4.5% Freon, and ethanol at 0°C vapor pressure. The chamber was
operated at local atmospheric pressure.

The readout system was based on the delay-line technique which determines which
wire was hit by measuring differences of propagation times [Mo-82]. The preamps used
on the delay lines had a gain of ~ 40. The signals went to Philips constant fraction
discriminators and LeCroy Research Systems (LRS) 2228A time-to-digital converters
(TDC'’s). The field-shaping was done using home-huilt differential amplifiers. It was
found that typical resolutions for this chamber ranged from 150um to 300pum.

Two 3 x 1m? drift chambers (DC) were used for particle tracking behind the SCM105

magnet. The two chambers were identical in construction; however, P3 was constructed
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at New Mexico State University and P4 at Argonne National Laboratory. Typical
chamber efficiencies were 97% for P3 and 79% for P4. A much more detailed deseription
of these chambers is given by Haberichter et al. [ITa-88].

The chambers consisted of eleven wire planes mounted inside a gas-tight aluminium
box having two removable mylar, entrance and exit, windows. There were {our sense-
wire planes and five cathode (HV) planes per chamber. There was a cathode plane
between each set of sense planes; however, the two outer wire planes were held at
ground potential.

The four sense wire planes defined four coordinates — z, z’, u, and v. The = and
z’-planes were identical, but with 2’ displaced by half a wire spacing. The u(v) plane
was rotated by 17.63° counterclockwise (clockwise) relative to the vertical  wires. The
z and 2’ sense planes had 160 wires with a 19.05 mm spacing. The v and v planes had
176 wires, spaced at 18.16 mm. Figure 4.16 shows a schematic diagram of the chamber
assembly. The field-shaping wires and sense wires were gold-plated tungsten, 76um
and 25um in diameter, respectively. The cathode planes consisted of 76um diameter
stainless-steel wire spaced at 2mm intervals. For both P3 and P4, groups of 16 wires
were brought to connectors at the top of the gas box via a 34-conductor flat cable. The
entrance and exit windows were T6pm mylar bonded to 13um alumininum. Thus, the
sealed system acted as a Faraday cage, minimizing external electrical noise pickup.

The readout system for P3 consisted of the LRS 4290 Time Digitizing System op-
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Figure 4.16: Schematic view of the large drift chamber construction and plane assembly.
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erating in the Common Stop mode. Amplifier boards with 16 channels of amplification
and discrimination {one TDC for each signal wire in a 16 wire group) were used. The
Autotrim feature of the 4290 system was used to determine the pedestals for the TDC’s.

Figure 4.17 shows a schematic diagrain of the 16-channel amplifier. In the Cominon
Stop mode, if a TDC was to get another start signal, after-pulsing could give rise to
incorrect drift timnes. To eliminate this problem, the output of the AM685 discriminator
was latched to ~ 200 nsec width to ensure no accidental TDC starts.

The readout system for P4 was based on the technique of determining which wires
were hit by measuring differences of propagation times, as discussed earlier for P1.
For P4, each group of 16 wires was connected to a delay-line hoard. This limited
multiplicities to one hit per 16 wires.

Figure 4.18 shows a schematic diagram of the delay board. Chamber signals were
passed through a ground base input stage before tapping into the delay line. This feature
was found to be necessary, for such a large drift chamber, since the characteristics of
a delay line change drastically as capacitance is added at various places. At both the
left and right ends of the delay line, the signals were amplified and then sent to LRS
623B, 620AL, or 620CL discriminators via RGH8 coaxial cables. Next, each output was
fed into an LRS 2228A TDC with a 250psec resolution operating in the Common Start
mode. Additionally, each left output was fed into a CAMAC coincidence register which

was strobed by the trigger. The CAMAC electronics were read into the data acquisition
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computer through a BiRa Systems Microprogrammable Branch Driver (MBD) [Sh-74]
which was programmed to read only those left-right TDC pairs which were flagged by
the coincidence register. This technique minimized the number of drift chamber data

words transferred. A rather detailed study of the resolutions of both P3 and P4 was

6.5 nSEC
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Figure 4.18: Schematic diagram of the delay-line boards used on P4.
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conducted. Some of the 634 MeV, 35° ("1 data was used for this study. To ineasure

the chamber resolution, a residual, R, was calculated:
R=r¢24 -2 =2'+(mxs)-=2 (4.12)

where = and z’ are the measured cordinates at the X and X’ planes, s is the distance
between the planes, and m is the zz-slope. The slaope, m, was calculated by an iterative
least-squares fitting procedure which is discussed in more detail in the chapter on data
analysis and reduction.

Figure 4.19 shows a typical distributions of R for P3 integrated over the whole
chamber. The chammber resolution is obtained by converting the FWHM to a standard
deviation, corrected for contributions from both the X and X' planes. This method

gave calculated resolutions of 180 £ 1um and 285 + 1um for P3 and P4, respectively.

4.5.4 The Specirometer Magnet (SCM105)

A large 214 x 84cm? aperture nagnet was used to momentum analyze the recoil
proton. This magnet weighed approximately 110tons and was shipped from Argonne
National Laboratory to LAMPF. The coil assemblies consisted of two-layer pancake
wound coils combined in sets of six to make one upper or lower coil assembly. Each
coil had 240 turns having a resistance of 0.08940hms. The magnet was operated at

214volts D.C. and a current of 2000 Amps.
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Figure 4.19: Typical residual distributions for both large drift chambers, P3 and P4.
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The maxinmm field strength attainable was 16.0K G; however, the magnet was
operated at lower fields during the experiment. For all energies (484,634, 788MeV)

where the spectrometer angle was 10° or 35°, the SCM105 was operated at 2000Amps

which gave a field of ~ 15KG.

4.6 Beam Monitoring

Three monitors were used to measure the relative beam intensity at various locations
— FMON, TMON, and BMON. Each monitor will be discussed in detail below. The
positions of these monitors with respect to the rest of the experimental setup can be
seen in Fig. 4.3.

FMON was the front beam intensity monitor. 1t was located hetween the exit hole
of the neutron beam collimator and the entrance aperture of LORRAINE. Figure 4.20
is a schematic diagram of its detector configuration. It consisted of a charged particle
veto scintillator (A), a C'H; block target which was used to produce charged secondary
particles, and various scintillator coincidence planes (M1,M2,M3). The block target
degraded the neutron beam intensity by ~ 10%.

Figure 4.21 shows the logic diagram for FMON. A bar above an expression indicates
the complement signal. The signals from all the individual detectors were discriminated
and sent to scalers. Various combinations of an anticoincidence in A (neutral particle)

and the other planes were also scaled. For instance, a quantity MTOT = MLT+MRT,
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Figure 4.20: Schematic diagram of the detector configuration for the front heam moni-
tor, FMON.
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which is an OR of both the left and right coincidences in M1, M2, and M3, was scaled.
M LT was defined tobe MLT = A- M1-M2L-M3 and MRT tobe MRT = A- M1-
M2R - M3. Accidental rates were also scaled. These were produced by introducing a
60ns delay in the M1 output. The scintillator, A, had a resolving time of 30ns, whereas
M1-M3 had 10ns resolving times.

The target monitor, TMON consisted of five scintillators arranged as shown in Fig.
4.22 TMON was located directly behind the PPT, along the beam line. This monitor
measured the Aux of charged particles produced in the target and scattered in the
forward direction, which should be proportional to the incident neutron flux on the
polarized target. Again, as for FMON, the signals from T, TL, TR, TU, and TD were
discriminated and scaled individually. Additionally, coincidences of TL, TR, TU, and
TD with T were scaled. For TMON, accidental rates were produced by introducing a
64ns delay in the output signal from T. Coincidences between TU-TD and this delayed
signal were also scaled. For an S-type beamn there was a measurable I/ D-asymmetry in
this monitor, as expected.

Unlike the other two beam intensity monitors, which measured a secondary charged
particle flux using relatively thin (~ lem) scintillator detectors, the hack monitor
(BMON) measured the relative neutron flux directly. The detector configuration and
logic diagram for BMON is shown in Fig. 4.23. A thin scintillator veto counter (V) was

used to reject events triggered by charged particles. The other two detectors (B1,B2)
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were 60.96 x 25.4 x 11.43cm3 polystyrene scintillators with the 25.4cm thick edge facing
the incoming beam. Photomultiplier tubes were mounted at hoth ends of each scintilla-
tor (B1,B2). The signals from the two ends were discriminated before being combined.
An AND between BLL, B1R, and V was required to give a coincidence in B1. A similar
AND was required for B2. The two outputs from these coincidences (VILR,V2LR) were
then OR’ed together to give the final BMON output, BLR. This output was then scaled.
Accidental rates were produced by taking the OR of VILR and V2LR delayed by 60ns.
The neutron detection efficiency of BMON was calculated to be approximately 27% at

800MeV.

4.7 Data Acquisition

The data acquisition was accomplished by using a CAMAC system: interfaced to a
PDP 11/60 computer via a microprogrammable branch driver (MBD). The software to
control the MBD and computer was written using the LAMPF “Q-Systemn” [LA-85], a
general data analysis and acquisition system. The particular version of the “Q"” which
was used was based on the DEC RSX11-M operating systemn. A special CAMAC unit
called the LAMPF trigger module (LTM) was used to signal the MBD that a certain
type of event had occurred. The MBD read in a specific set of CAMAC registers and

transferred the data to the computer when a signal for a particular event type was

received. The raw data were then written to tape. The computer was operated in the
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“may process” mode during data taking. This meant that first priority was given to
writing the raw data to tape, and during any computer idle tilme some data would be
processed. For the off-line analysis, the analyzer program was rin in the “must process”

mode, requiring all events to be procesed. A description of the event trigger logic is

given helow.

4.7.1 Event Trigger Logic

The event trigger logic was used to define and trigger LTM events. It was separated
into two parts, the spin gated run control logic (SGRC) and the EVENT 9 logic.

The SGRC logic was needed to trigger LTM EVENTS 7 and 9, as well as to monitor
the status of the run and heam, and to define a number of CAMAC scaler inhibits. These
signals were provided by a pair of LAMPF gate generators (LGG1, LGG2). EVENT 7
read in and cleared the CAMAC scalers at every beam spin change or at the end of a
run. EVENT 8 read the target polarization every 10 minutes, as the signal was sent
from the polarized target monitor/control comnputer. A schematic diagram of the SGRC
logic is given in Fig. 4.24. The beam gate (BG) signal, sent from the central control
room (CCR), was held true throughout the duration of each accelerator macropulse.
The polarized heam gate (POL) was held “true”’ for polarized heam and “false” when
the proton heam was in the quench mode. This signal came from the ion source. The

LGGL1 run gate (RG) was set true by a signal sent from the data acquisition computer
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at the start of a run and set false at the end. LGG2 was also reset at this time. Two
additional siganls, N and R, were also sent from the ion source to indicate whether the
polarization was normal (N ) or reverse (R) with respect to the direction of the heam
momentum. Both N and R were false when a spin change was in progress. It should be
noted that when the N and R signals changed, during a spin change, a noise signal was
generated. A 10sec monostable (oneshot) pulse was added in order to prevent multiple
EVENT 7 triggers by this noise. After being inverted several times, The N and R
signals were routed to the LGG2 start and stop inputs, respectively. These states were
read through a Kinetic Systems 3420 input gate and used to identify the spin state of
an event. In addition, these signals were also used to determine which buffer to add the
scaler values to. N and R were : 'so AND’ed together with a [0K H z clock to generate
normal and reverse clock signals.

Various scaler inhibit signals were generated hy the SGRC logic. The P inhibit was
used by the EVENT 9 trigger logic which will be discussed in the next section. The

master inhibit, F = P + EVTi busy, was used to control data taking.

4.7.2 The EVENT 9 Logic

The EVENT 9 logic was used to trigger an LM EVENT 9 whenever a [ast coincidence
hetween the trigger scintillator (S§1) and the hodoscope (52) occurred. A logic diagram

for the EVENT 9 logic is shown in Fig. 4.25. An OR of elements 1-14 of $2 was taken
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using an LRS 429A fan-in. This signal was combined with the left side of S1 as a logical
AND. The S1LU (up) and S1LD (down) signals were discriminated and time-averaged
before being combined in a logical AND with $2. A similar situation existed for elements
11-25 of S2 and the right side of S1. A fast trigger (FST RG} signal was produced by
the coincidence of S1L (S1R} and HL (IR). This trigger was inhibited when the beam
was undergoing a spin change (P = POL - BG - RG - 5C). The FSTRG signal was
fanned out and used to trigger TDC statts for the drift chambers P1, P3 and P4, and
the hodoscope. The FSTRG signal was also used in the fast trigger latch.

The fast trigger latch consisted of an LRS 364 4-fold coincidence logic gate with veto.
This module was operated in the standard 2 of 2 voter coincidence mode. The veto was
used to inhibit, or “latch”, the reading out of the MWPC (P0,P2) information during
a computer busy state or during a TDC/ADC fast clear. Additionally, if the MWPC,
P2, did not fire and a FSTRG signal was received, the output would be latched. In this
respect, P2 was part of the fast coincidence trigger discussed at the beginning of this
section.

A master trigger, MTEG, was used to signal an EVENT 9 and to set the MWPC
gate to read out the PO and P2 information. MTRG consisted of an AND of the
MWPC fast OR and the FSTRG. It should he noted that the FSTRG, FSTRG latch,

and MTRG signals were also scaled for diagnostic purposes.
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CHAPTER 5 DATA ANALYSIS

5.1 Introduction

Both the data acquisition and analysis were carried out using the LAMPF standard
data acquisition and analysis package, as discussed in the last chapter. It is a flexible
system which allows the user to incox:porate analysis subroutines which are aniquely
required by a particular experiment. It also allows the user to set up multi-dimensional
histograms and dot-plots, in addition to allowing logical tests on the data.

The analyzer software used for this experiment (E770) was a modified version of
that used for experiment E665, which is discussed in the thesis of M.W. Rawool [Ra-
88]. Only changes in the software for E770, including those required to accoomnodate
the additional chambers — PO and P3, will be discussed in this chapter. For detailed
explanations of other software subroutines, see the aforementioned thesis.

This chapter will discuss the particular analyzer subroutines used to de¢ particle
tracking and dat.a reduction, kinematical and other constraints required, and the back-

ground subtraction techniques used before an asymmetry was calculated. Corrections

104



of the data for systematic effects will he discussed along with a treatment of both

statistical and systematic errors.

5.2 Particle Tracking

For this experiment, the E665 set-up was modified by adding two additional chambers
to the spectrometer. An additional MWPC, PO, was added in the front close to P1,
and P3, another large drift chamber, was added in the rear, as shown in Fig. 5.1. This
combination produced a redundancy in the number of chambers required to determine a
track both in'ff;ﬁt of and hehind the SCM105 magnet. As a result, it was not necessary
for all chambers to fire in order to produce an event that could be reconstructed.

Table 5.1 shows the possible chammber combinations used to determine the bend
angle in the spectrometer. For the case where there was not enough P2 information to
construct a coordinate, the two chambers in the rear were used to project to a point
at the center-plane of the spectrometer magnet (see Fig. 5.1). This point and the

coordinate in either PO or P1 were then used to construct a track in the front.

Table 5.1: The allowed chamber combinations for reconstruction of a particle track.

Front. Rear

Chambers Chambers
Poor P1, P2 | P3, P4
| POor 'l | P3, P4
PO or P1, P2 P1
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Figure 5.1: Typical reconstructed track using a point projected to the center-plane of
the spectrometer magnet from the slope calculated in P3 and P4.



When there was not enough information in P3 to construct a coordinate, . he tracking
scheme incorporated in E665 was used: the front chambers PQ or P1, and P2 were used
to construct a track in the front and to project to a point at the center-plane of the
magnet. This point and the coordinate in P4 were then used to construct a track in
the rear. If there was “good” chamber information in all three chambers in the front,
then a least-squares fit to the three points was done to determine the slopes. What is
meant here by a “good” chamber is that there was enough information to determine an
z- and y-position in that chamber. A “good” chamber jn the rear meant that at least
three of the four planes in P3 or P4 fired.

The z and y tracking were done independently in the front. This meant that different
chamber combinations were used to determmine the zz- and yz-sluopes. The tracking in
the rear was a bit more complicated.

The tracking scheme in the rear used wire position and drift-time information from
P3 and P4 to determine a track for a given event. This information was used to extract
the position of the particle as it passed through each plane of a chamber. For the
case where both P3 and P4 were “good”, the information in these two chambers was
sufficient to determine both the rear zz- and yz-slopes as well as the position at the
midpoint of each chamber. Because of the construction of these drift chambers, it was
necessary to have information in both the U- and V-planes in each chamber in order

to be able to determine a y-position (see Chapt. 4, Sec. 4.5.3). However, if there was
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a “good” event in both the X and X’ planes as well as in one of the others (U or '},
then a y-position could be reconstructed. It was for this reason that at least three of
the four planes in a chamber were required in order to determine a track in the rear.

The algorithm used to determine the positions at each plane in P3 and P4 was as
follows: First, several least-squares fits to determine the combination of wires which
would give the best fit to a straight line were done. This was accomplished by looping
over all possible combinations of wires which fired and choosing the fit with the smallest
r.m.s. deviation. It was required that this r.m.s. deviation,y, be less than or equal to
( 2.0mm2)'/ 2. The choice for this cut-off was determined hy observing the x distribution
for a set of runs. The cut-off point was chosen so as to eliminate the fits in the tail of
the distribution. Because it was possible for a plane to “misfire”, occasionally it was
not possible to get a x < (2.0mm2)1/ 2 by including all planes. In this event, a plane
was discarded and the fitting procedure repeated until a good x value was obtained. It
should he mentioned that a maximum of four hits per plane was allowed. Finally, this
interative least-squares fitting procedure, using the previously determined wire position
information together with the drift-titne information, was repeated to resolve the left-
right ambiguity associated with a hit and to obtain the slope.

The procedure described ahove was also used in the event that there was no good
information in P3. In this case however, a point at the center plane of the magnet (as

described earlier) was used to constrain the fit in P4.




109

In the event that a chamber was not used in either the front or the rear due to lack
of chamber information, the coordinates for that chamnber were mocked-up either by
interpolation or extrapolation. This was done primarily because certain chamber com-
binations were required to calculate the target and magnet-center projections. Addi-
tionally, these coordinates were required for the [ B,dl parameterization of the SCM105
magnet, as described below, and for diagnostic purposes.

These tracks in the front and rear were used to calculate the bend angle in the
spectrometer and hence the particle momentum. The motion of a charged particle in a
uniform magnetic field is given by

0.3 [ B,dl

s (5.1)

pcosiA=

where X is the pitch angle out of the zz-plane. Here 6, and @, are the projections in
the zz-plane in front of and hehind the SCM 105, respectively. And of course, 82 — 8, is

the bend angle. The front slopes are given by the following expressions, for example:

T, — &
tanfy = 2= m (5.2)
Zpz ~ %py
tana, = 22" (5.3)
2p; — %py

where tana; is the yz-slope. The rear slopes are given similarly by the following:

Ty, — T
tan, = -P"P (5.4)
2ps ~ Zpy
tana; = Yps = Ypa (5.5)

Zpy ~ Zpy
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The quantity pcos A is the projection of p in the xz-plane, where cos A is given by

+ tan? 4
cos,\:\/rl Litam by (5.6)

+ tan? @y tan® o

The [ B,dl for the SCM 105 magnet was determined event-by-event using a polynomial
parameterization of the SCM105 magnelic field. Details of this parameterization are
discussed by M.W. Rawool [Ra-88].

With the allowed chamber redundancies it was possible to attain a typical recon-
struction efliciency of about 75%, as compared to about 40% for E665. By allowing

additional chamber combinations the overall resolution of the spectrometer was also

improved.

5.3 The Data Summary Tape (DST)

Because of the extensive computer CPU time required to decode all the raw chamber
information and de the particle tracking, the data analysis was carried out in two stages.
The first stage consisted of making a data sutumary tape (DST) from a raw data tape.

In order to make a DST, the raw chamber inforination was decoded and the particle
tracking done. The beam and target polarizations, TOF, chamber coordinates, and the
front and rear slopes were then written to the DST event-by-event. Figure 5.2 shows
a flow diagram for the analyzer program used to make a DST. No kinemnatic or other

cuts were required to be passed in order for an event to be written to the DST, other
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than the y requirement discussed earlier, and the requirement that enough information
exist such that the bend angle, scattering angle, etc. could he determined.

For each run which was replayed, an output file was produced which listed the
beam and target polarizations, the scaler outputs, various scaler ratios, the nmnber of
particles which passed each analyzer software test, and a list of chamber and reconstruc-
tion efficiencies. Additionally, a histogram file was produced and stored on magnetic
tape which contained histograms of raw chamber information such as wire positions,
drift-time distributions, various residuals related to chamber resolutions, etc. These
histograms were saved for diagnostic purposes in the event that it was necessary to
determine whether or not a particular chamber was operating properly during that run.
Histograms of calculated quantities such as TOF, particle mass, momentum, etc., were
also saved.

The ~hamber efficiencies were calculated by taking the following ratio for each cham-

ber:

N -
E—E (51)

where N, is the number of events analyzed for that chamber and N is the number of
events with enough information to allow reconstruction of a position in that chamber. A
software test was applied which required hoth good front and rear tracking in addition
to good TOF information. The reconstruction efliciency was calculated by taking the

ratio of the number of events passing this test to the total number analyzed.
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By pre-analyzing the raw data and producing a DST, it was then possible to replay a
run which normally would have taken about 30 CPU minutes in about 30 CPU seconds.
This then made it reasonable to replay a run or set of runs several times under various
conditions in a manageable amount of time. In the final data analysis stage, cuts were
placed on various kinematic and other qnantities for a replay of a run. These cuts were
then varied and the replay of that run repeated. Without the DST, this would have
been extremely time consuming and impractical, particularly since each raw data tape

contained three or four runs and there were several hundred data tapes.

5.4 Kinematics and Time-of-Flight

After calculating the momentum of a particle, various other kinematic quantities
were calculated by the analyzer program and histogramumed. Because only the recoil
particle was detected, the missing-mass of the scattered neutron was calculated assuming
np elastic-scattering kinematics. This quantity was used to determine the spin-spin
correlation parameters.

If the incoming neutron kinetic energy, the scattering angle of the recoil proton, and
the recoil proton monientum are known, then it is possible to calculate the neutron
missing-mass. From conservation of energy, the total energy of the two-body system is
given by

Etor = Ep + Epearm (5.8)
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where

Epeam = Tp + my (5.9)

and E, = m,, for a target proton at rest in the laboratory frame. Tj, is the heam neutron
kinetic energy and m, is the neutron rest mass. Note that for this discussion, ¢ = 1.

The total energy of the recoil proton is given by
E' = (m} + pZ)'/? (5.10)

where p, is the measured recoil momentum. Knowing E;,; and E’, it is possible to

determine the total energy of the scattered neutron by taking the difference:
Eacatt = Etot - B (511)

From momentum conservation, the square of the momentuin of the scattered neutron,

pscatt! is given by

Pfcatt = (ﬁb“ﬁr)z (5.12)

il

P} + P}~ 2psp, cosd (5.13)

where @ is the angle between the incident neutron momentum and the recoil proton
momentum. Since & and p, were measured, p,cqir could be calculated. The peak heam
niomentum was used fof P» to calculate the missing-mass. Neutrons originating from
the Jow-momentum tail of the neutron bean distribution had a shifted missing-mass

value and were therefore a source of backgronnd for our measurements. Additionally,
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charged particles other than an elastically scatiered proton which were momentum-
analyzed in the spectrometer would have a smeared missing-mass distribution. This
will be discussed in greater detail in the next section. Once the scattered neutron

momentum is known, the missing-mass is determined by

2 _ p2 2
m- = Ly.q10 — Pscatt -

(5.14)
Figure 5.3 shows the kinematics as defined in both the laboratory and center-of-momentum

(c.m.) frames.
In order to be able to bin the missing-mass by c.m. angle, it was necessary to

calculate the c.m. angle event-hy-event for the recoil proton. This angle is given by
Oem = tan_l(pl/p”—cm) (5.15)

where p||_c,, = 7(p) — BE’) is the Lorentz transformed parallel component of the recoil
proton momentum in the laboratory frame. Beta (3) is the c.m. velocity given by

B = py/ Etor and 7 = (1 ~ B2)7!, as usual. The parallel and perpendicular components
of the momentum are given by
pL = p. sind (5.16)
P = pr cost (5.17)
where @ is the scattering angle discussed earlier. In the final analysis, which will be

discussed in detail later, the missing-mass was binned in 5° c.m. angle bins to determine

each (';; data point. The neutron c.m. angle was given by 180° — 8,,,.
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Figure 5.3: a) np kinematics in the laboratory frame. b) Kinematics in the cen-

ter-of-momentwin frame.
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In addition to the missing-mass and the scattering angle, the z-, y-, and z-target

projections were calculated. The 2-target projection was calculated as follows:

N (Tp1 ~ zp2)(2t ~ 2p2) (5.18)

Ttarget = Tp2 .

Zp1 — Zp2
where z; is the target z-position in a coordinate systemn whose origin is at the SCM105
magnet center and z,; is the Pl z-position, etc. The y-target projection was calculated
in the same way by replacing the a-coordinates by y. The z-target projection was

calculated by

Zp2{2p1 — 2p2) (5.19)
il'pl — .'l'Pz

Ztarget = Zp2 —
Figure 5.4 shows typical target projections. Cuts were made on these projections in the
final data analysis.

Because of the redundant chamber combinations, it was possible to calculate a dif-
ference (DXTT, DYTT) between the point projected from the front chambers to the
magnet center-plane and the point projected from the rear. This difference was an
indication of how good the matching of the two trajectories was at the center-plane of
the magnet. Figure 5.5 shows typical DXTT and DYTT distributions. The distribu-
tions were (Gaussian, as expected, with typical standard deviations of 2mm and 3mm
for DXT'T and DYTT, respectively. For an event having only one chamber in the front

or the rear, and where the magnet center-plane point was used to calculate the slope,

DXTT or DYTT was set identically to zero, which produced the spike at DXTT=0 in



—2000

A)

~1000

~2000 -1000 -500

C)

1000 2000

118

Figure 5.4: Typical target projections. Units are in tenths of a millimeter. a) z-target
projection. b) y-target projection. ¢) z-target projection.
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Fig. 5.5a.

The TOF method was used for particle identification. The g of a charged parti-
cle passing through the spectrometer could he determined if the TOF and the mean
pathlength travelled were known, by the following expression:

g1 8 (5.20)

As mentioned earlier, the TOF was measured between the trigger scintillator, S1, and
the scintillator hodoscope, S2. The mean pathlength Al was calculated by knowing
the front trajectory and which hodoscope element was hit. The front pathlength, Alp,
was determined by projecting a line from the target to the center-plane of the SCM105

using the known P2 coordinates. The front pathlength was then calculated as follows:

Alp = \/(Az)? + (By)? + (Az)? (5.21)
where Az = T,em ~ Tiarget, etc. The rear pathlength, Alg, was calculated similarly
using the SCM105 center-plane position and the position of the hit hodoscope element.
The total mean pathlength Al was given by the sum of Alp and Alg.  The particle
mass was calculated using the measured momentum from

m = L (5.22)

I
3
N
|
X2
|
—
S—
-
S~
[ )

Figure 5.6 shows a typical particle mass spectrum. As is obvious, only protons and

deuterons are seen in the spectrum. Since pions have much higher values of 8 and
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Figure 5.5: a) Magnet center-plane matching in z. Units are in tenths of a millimeter.
b) Magnet center-plane matching in y.
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therefore have a much smaller TOF, it was possible to cut out this source of hackground

by an appropriate choice of hardware timing. The FWIIM of the proton peak for that

2

particular set of data typically ranged from 35 to 45M£Y. The TOF resolution can be
inferred from the mass resolution and was found to be better than +2nsec.

The momentum resolution, éf, can bhe estimmated from the missing-tnass hy the

expression:

_ ée)_r;[ 4 | ]
Jm—(p —~ E'm“(mp+Ebmm) Py cos @ (5.23)

As an example, for a particlar 634 M eV, 5° c.n., angle bin with §m = +12 ‘-‘—'C%K s Ebeam =

15T4M eV, P, = 1262M=Y. apd = 11005':", the above expression gives % = +1.25%.

[

Using Eqn. 5.22 one finds épz ~ ‘%:—:i which is consistent with the expression ahove.

5.5 Background Contributions

If one looks at Fig. 5.7a, which is a typical missing-mass distribution integated
over the entire acceptance of the spectrometer, one clearly sees that the data were
hackground-dominated. One sees a small peak near the neutron rest mass and a large
continum hackground. Figure 5.7b shows the missing-mass distribution for a pure car-
hon target. It should be noted that there is no neutron peak.

There were several sources of background for our experiment. First, because the
target material was not pure hydrogen, but consisted of other elements such as boron,

nitrogen, and carbon, quasielastic scattering from bound nucleons in these effectively
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Figure 5.6: A typical particle mass spectrum determined from the measured particle
mowmnentum and TOF showing both a proton and deuteron peak.
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Figure 5.7: a) Neutron missing-mass for the polarized target integrated over the entire
spectrometer acceptance. b) Missing-mass distribution for a carbon target.
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unpolarized nuclei contributed to the background. These quasielastic events originated
from bhoth peak-energy and low-energy neutrons in the beam. Another contribution
cante from the elastically scattered low-energy neutrons. Additionally, protons origi-
nating from various inelastic processes such as np —— ppr~ also contributed.

A Monte-Carlo study was done to determine gualitatively where in the missing-mass
distribution each of these contributions would lie. Figure 5.8 shows the results of this
sturdy for a fixed beam energy and scattering angle. As expected, the peak energy
quasielastics lie centered at the neutron mass, but with the distribution smeared by the
Fermi-motion of the hound nucleons. The low energy heam neutrons are shifted to high
missing-mass. Protons produced via the opening of an inelastic channel would have the
lowest scattered neutron energy and therefore would give the highest missing-inass.

The Monte-Carlo program assuined elastic-scattering kinematics. A gquadratic form
was assuined for the low energy neutron beam distribution and a peak for the full
energy neutrons. The momentum of the outgoing recoil proton was smeared with the
spectrometer resolution, but no multiple scattering effects in the spectrometer or target
were modeled. To model the gnasiclastics, the target proton was given an arbitrary
momentum. The maximum proton energy and momentum at a fixed ;53 was calculated

for the inelastic reaction np —— ppr~.
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Figure 5.8: Results of the Monte-Carlo study showing the various modeled background
contributions.
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5.6 Final Pass Data Analysis

After having initially reduced the raw data to DST form, the final pass analysis was
done to calculate the spin-spin correlation parameters. The procedure used will be
discussed in its various stages in the next few sections. Figure 5.9 shows a flow diagram
for the analyzer program used at this stage of the data analysis. The program was
a modified version of that used for the first stage analysis, with calls to the chamber
decoding subroutines removed.

Using the “Q” test package, software tests were set up to allow binning of the data
by both c.m. scattering angle and spin orientation of the target and beam. Figure 5.10
shows a c.m. scattering angle distribution of the recoil protons for some 634Mel data
taken with the spectrometer set at 35° in the laboratory. The data were binned in 5°
c.m. bins. The “hole” in the distribution is caused by the overlap region of the two
halves of the detector P2. It should be noted that the calculated laboratory scattering
angle was corrected for the target inagnetic field effects, as is discussed in detail in
Chapt.G, before the c.m. angle was calcnlated.

A software test which required beam and target spins to be either parallel (1] or |])
or antiparallel (1] or ||) was made on tle data. Histograms for events parallel or an-
tiparallel were made for each angle bin and these were added or subtracted appropriately

to calculate C';;.
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Figure 5.9: Flow diagram for the analyzer program used to replay the DST tapes.
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Figure 5.10: A typical center-of-momentuim scattering angle distribution for a 35° spec-
trometer setting. Each channel corresponds to 0.1 degree.
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5.7 Cuts on the Data

Cuts were placed on various calculated quantities for the final pass data analysis.
These gnantities included the z- and y-target projections, the magnet center-plane
matching (DXTT, DYTT), and the particle mass. The cuts were varied within each
data set and the final cuts were chosen such that the smallest statistical error bars were
achieved.

The purpose of placing cuts on the target projections was to reject events which did
not originate from the target. It was found that using a cut on the z-target projection
had no effect and was therefore not used. Figure 5.11 shows the final cut placed on the
z-target projection for 634MeV, Cpp and C'sy, data. Events outside the markers were
rejected.

For the C'ss data where the target was rotated by 37.5° with respect to the incident
beam, the target projections were even more important. Figure 5.12a shows the z-target
projection for the 634 MeV, Csgs dala, for a 35° spectrometer angle. Events originating
from the magnet coils and cryostat can easily he picked out as the smaller peak on t.he'
right side of the large peak near # = 0. The final cuts which were used are also shown.

For the case of a rotated target and a 10” spectrometer angle (Fig.5.12b) the »-target
projection looked somewhat different. Rather than having events which originated fromn

the magnet coils (or cryostat) clearly separated from those originating in the target, the
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Figure 5.11: The z-target projection cuts used for the 634 M eV data.
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distribution was continuous with a long tail on the large-z side of the peak. Additionally,
at the 10° spectrometer setting, because the angnlar acceptance of the spectrometer was
so large, the unscattered portion of the beam went through the spectrometer. I'he heam
therefore also coutributed to the tail in the distribution.

In order to separate the two sets of events, a pair of two-dimensional histograms
were set up. Figure 5.13a shows one of these two-dimensional histograms where the
z-target projection is plotted against the #-position in PL. It can be seen that there is
a large band of uncorrelated events (zero slope), which are assumed to originate from
or near the target. There is also a. hand of events with large non-zero slope. These
events were assumed to come primarily from the unscattered part of the beam. Shown
in the figure are boxes which are two-dimensional cuts on the data. Events outside the
hoxes were rejected. A similar “box-cut” was made for the z-target projection and the
PO z-position. A logical OR between the two sets of box-cuts was required so as not to
eliminate an event which missed the P0 acceptance but was reconstructed using only
P1.

Figure 5.13b shows the z-target projection after the PO and P1 box-cuts have been
passed. An ordinary cut was then made on this distribution. These cuts are also shown
in the figure.

Cuts on the magnet center-plane matching were made in a fashion identical to that

discussed for the target projections. Figure 5.14 shows the cuts used for the 484 eV,



132

A)

-2000 1000 O 1000 2000
X ( 001 mm )
8)
-2000 -1000 O 1000 2000

X ( Oetmm)

Figure 5.12: a) The z-target projection for a rotated target and 35° spectrometer angle.
b) The z-target projection for a rotated target and a 10° spectrometer angle.



133

(wwi*Qx) OHV L X

1000

llllllllllllllllllllllllllll

e
or .
. -
»
- e e
v e et mvar——g .
sesesn ooe compaptorsee - '”
e Gpae—em) e + ¢ o euimm, - el
o v ey e B e oo - -
PN~y s VRIS ¢ e . oo
R A S L eatee P —
R T e v avany, . — -
) oo o RIS . ¢ © ¢ Sl
o0 ¢ e m evemann- * @ o0 n ARt o & Sap -
T eee vren curm— o ey e ——- - . S
o saee s amasen . P
o v ete merene 10 oo .
e - - e v u e
CERTER o G B o ot o ¥ - e
trraeres e b e
- -~ - . e

s
H
precovenscctemsme
l...' - H '.:
i d
f}. H
Tl H
HHHBHTHHHD
. Tei. . Tela..-
it
1

camsesevesccccesonscanencsncsacens

-150 =50 50 150 250 300
. P2X (mm)

=250

A)

-300

2000

8)

( Ot mm )

X

Fignre 5.13: a) Two-dimensional histogram of the P1 z-position vs. the z-target pro-
jection b) The z-target projection for only the events passing the hox-cuts.



134

Css data with a spectremeter angle of 10°.

The cuts on the particle mass were very loose. The limits for these were placed with
a minimum at 500Mev/c? and a maximum at 1500 M ev/c? for all sets of data analyzed.
These values were chosen so as to eliminate the deuteron hackground, but keep all

protons (hackground included). Figure 5.15 shows the particle mass distribution with

cuts.

5.8 Calculation of the Correlation Parameters

The spin-spin correlation parameters were calculated bin-by-bin as follows:

1 P

Cos = e BTy AT 30 (5.24)

where P’ is the total counts, elastic and hackground, in the missing-mass for parallel
spins. A’ is the total counts for antiparallel beam and target spins, normalized by
the beam current so as to eliminate any artificial asymmetry. C' is the normalized
carbon background described below. pg and pr are the beam and target polarizations,

respectively. The statistical error for C;; is given by

[ 1 P~ A 2
§Ci;)2 = (84") ]~ _ ]
( CJ) ( ) ] I)I+AI_2CU (P’—A'——z(:")z
[ 1 P _ A 2
/2 _
+ (6P ) _P' + At =20 (Pl — A~ 2(1”)2] (525)
[ 2([)' _ AI) 2
AV Bl S S
e e

where §4' = VA', 6P' = VP’ and §C' = VaC, where a is discussed helow.
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Figure 5.14: a) Typical z magnet center-plane matching with cuts. b) The y magnet
center-plane natching with cuts.
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Figure 5.15: The particle mass distribution with loose cuts used to eliminate the
deuteron background.



The background was subtracted in two steps. Figure 5.16a shows the missing-mass
distribution for a particular 5° c.m. angle bin. Fignure 5.16b shows the missing-mass
distribution for scattering off a carhon target for the same angle bin. If one overlays Fig.
5.16a and Fig. 5.1Gb, as is shown in Fig. 5.17, it can be seen that there is good matching
of the background, however only on one side of the elastic peak. Because of this the
carbon was normalized such that P' — ' = 0 (or A’ ~ C’ = 0) in the wings of the elastic
| peak. Therefore, C' = aC where C is the measured carbon and a = (P' + A')/2C.
Figure 5.18a shows the missing-mass distribution after the normalized carbon has heen
subtracted.

The final step of the hackground subiraction consisted of fitting either a linear or
quadratic shape to the remaining residual background. Figure 5.18b shows a typical
quadratic fit. The events between markers 1-2 and 3-4 were used to define the hack-
ground shape for the fit. A study was done which compared the values of C;; hin-by-bin
and their statistical errors to determine the systematic error introduced by using a lin-
ear [it as compared to a quadratic fit. It was found that both the centroid of C;; and
the statistical error varied by no more than 1 — 2% hetween the two orders of fitting.
It should be mentioned also that a study of the 1-2-3-4 marker positions for the fit for
each angle bin was done. The marker positions which gave the smallest statistical error

bars were chosen.

The spin-spin correlation paraineters were calcnlated by two methods. The first
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Figure 5.16: a) Missing-mass distribution for a 5° c.m. angle bin. b) Missing-mass for
scattering of & carbon target for the same bin.
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Figure 5.17: Overlayed polarised and carhon background data. The dashed line is the
carhon data. There is good matching in the low missing-mass side of the peak.
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Figure 5.18: a) Missing-mass distrihution after the normalized carhon background sub-

traction. b) Subtraction of the residual background by fitting of a polynowial shape
determined by the background in the wings near the peak.
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method consisted of calculating C;; for each individual run and taking an average
weighted by the statistical errors of all the runs. This method was used to find “bad”
runs from a set of several runs where data were taken under identical experimental
conditions. The individual y? with respect to the weighted average for each run was
calculated in addition to the x2/ degree of freedom (\2/df) for the entire set of runs.
If a particular angle bin had a \2/df of low confidence level, then the individual ruus
in that set were examined for irregularities such as poor detector performance. If a run
was suspect, usually indicated by an individual y? of low confilence level, a x? with
respect to the average over all angle bins for that run was calculated. This x? value
was then compared to the y? distribution for all other runs in that set. Less than 1%
of the total runs were rejected on this Dasis.

The second method of determining C;; consisted of summing all the events of the
individual runs for each hin, with the “bad” runs removed, and then calculating the
parameter. This method was used to calculated all the C;; values guoted in this disser-
tation.

The two methods discussed above should in principle be statistically identical and
yield identical results. It was found that the two methods agreed i.o within one standard

deviation for all the angle bins.
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5.9 Corrections for Systematic Effects

It was necessary to correct the data for various known sources of systematic error.
Perhaps the most important of these was the presence of undesirable spin components
in both the beam and the target.

A detailed study of the neutron heain spin as measured by the polarimeter JPAN was
done by H. Spinka of Argonne National Laboratory [Sp-88b]. By making polynomial
fits to the magnet sweeps used to set the spin precession magnets, it was possible to
determine the heam spin components to within £1%. As a result of this study it was
found that hoth the C'rp and C's; measurements were actually a linear combination of
the two. From this study it was also possible to determine the proton spin components
Just upstream of the LD, target. These components were used to determine the heam
polarization from Eqn. 4.8, using the measured Ky and Knn values.

The actual measured quantities, C',f, and ("5, are then given as linear combinations

of C'yr and Cgp by
Cor = aCr + bCst (5.26)
Crp =dCpp + eCst (5.27)
where a = cosfy, b = sinf,, d = cosf;, and € = sinfy. lHere 8, and &, are the angles

of the heam spin with respect to the L-clirection for the two cases, respectively. Table

5.2 shows the values of a, b, ¢, and d used. These equations can he inverted to give the
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pure Csy and Cpy in terms of the measured quantities where

) b . e
Cor = - ((‘AL - I;C.,L) (5.28)
and
Csp = i —ea (dCot — aCir) . (5.29)

Therefore, in order to determine the pure spin-spin correlation parameters these equa-
tions were solved simultaneously.

Table 5.2: Spin component adiixiure coeflicients for the Crp and Csg data.

Energy a b e d
634MeV | 0.1891 | -0.9820 | 0.9983 | 0.0576

The error in Cg is given in quadrature by

6('1,[,) 6CLL)2
2 2 it 27 2
oL = (6(’,1, oLt (60“ AL (5.30)

JCLL)z 2 (JCLL)z 2

( sa ) %t o ) B

where 0,7 and o, are the statistical errors of Cyz and ('y1, respectively. A similar
expression holds for ¢%,. The errors in the coefficients (angles) a, b, d, and e are given

by @4, 05, etc. and are of order +1%. Since a? abed < ”,\ L Or 01, then to lowest order

1
o} = = acp ae)z(bzou +e02;) (5.31)

and

1
0k, = e )2(aza§L +d%a2,) . (5.32)
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For the Cs; measurement, there was an additional correction which needed to he
made due to the precession of the neutron heam spin by the HERA field (as discussed
in Appendix D). The § component of the neutron beam spin was precessed in the +N-
direction. Additionally, the scattering plane was rotated because the outgoing proton
trajectory was changed by the field.

A computer program was written which calculated the net rotation/precession angle,
ONet, using a measured field map for the HERA magnet. This angle was calculated to
be the difference between the precession angle, #,, and the scattering plane rotation
angle, g, where Oy = 6, — Og. Once Oy, was known, the true value of Cs could he
determined from

(Csp)eorrected = CsL cosOner + Cnp sinfyg (5.33)

where (Csg)corrected i8 the value corrected for an admixture of Crr. Iowever, from

symmetry arguments C g is zero, giving

((’SL )corrcctcd
= — —— . . ’l
Cs <03 Over (5.34)

o

The angle 0. was typically on the order of 10 — 15°. The errors on Csz were also
scaled by 1/ cosfn.; to give the final quoted errors.

For the Cgs ineasurements, the situation was complicated further because the target
was rotated by 37.5° with respect tu the 4 L-direction. Appendix E gives a detailed

derivation of the correction equation for the C'ss measurements. Only the final expres-



sion will be given here. The measured gnantity, C,,, was a linear combination of many
other pure spin-spin correlation parameters dne to the effects of the HIERA maguetic
field. An expression for C,, can be written in a fashion similar to that used earlier in

Eqns. 5.26-5.27 where
Coo = al'ss + bCyN + dCrr + eCsy (5.35)
and

a = ~—sinfrcosfp[— cosbpcos b, cosfrsin{ép — 1)
~ cosfpsinfrcos(fp — 0r) -+ sinOp sin 0, sin(6p — 6r)]
b = ~sinfrsinfg[-sinfgcosb,cosfrsin(fg — 0r)
~ sinfpsin @t cos(dp — 01) — cos@p sin b, sin(6p — 6r)]
d = cosfr[— cosf,sinfrsin(6g — O1) + cosbr cos(fp ~ 6r)]

~ sin @7 cos Op{— cos O, sin 07 sin(fp — 67) + cos b1 cos(6p — O7)]

[y}
i

4 cos O7[— cos Op cos b, cos O sin(fp ~ 1) — cos O sin O cos(6p — O7)

+ sinfgsind, sin(6g — 01)] .

The subscripts on the angles are as follows: T for target rotation angle, R for rotation
angle of the scattering plane due to HIERA, p for the neutron spin precesssion angle, and
B for the initial angle of the beam spin with respect to the L-direction. This equation

was then solved for C'sg. Table 5.3, below, gives the average spin component admixtnre
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coefficients used for the C'ss data at the three energies:

Table 5.3: Spin component admixture coefficients for the Css data.

Energy a b d e

484MeV | 0.475 | 0.088 | 0.139 | -0.744 |
634MeV | 0.506 | 0.064 | 0.163 | -0.809 |
“788MeV | 0.528 | 0.050 | 0.178 | -0.824

To lowest order the error in (Uss was calculated as for Eqn.5.30 above by taking

partial derivatives with respect to C,,, Cnn, CrL, and Crs. The error is given by
1
os = ~3(07, + bofn + ol + e®ols) . (5.36)

It should be noted, although it is obvious from Egn. 5.35 above, that in order to have
been able to extract a pure Cgs value, it was necessary to have the values of the other
pure spin-spin parameters and their statistical errors at the same scattering angles.
Therefore, to extract the pure ("ss values, 'y and ('f s values from the thesis of M.W.
Rawool were used. The values predicted from the single-energy phase-shift solutions
(€500, €650, and C800) of the SAID program [Ar-87] were used for Cnn, since no Cyy

data were yet availahle at the energies and angles where we measured Cgs.




CHAPTER 6 THE MONTE-CARLO SIMULATION

6.1 Program Description

A Monte-Carlo program was written in order to reduce the systematic errors caused
by the analyzer program. Development of this program was started by C. Luchini of
New Mexico State University.

The analyzer assumes, for example, that the interaction always occurs at the center
of the target and makes no correction for the cifects of the polarized target magnetic
field. In addition, the quality of its parameterization of the magnetic field of the spec-
trometer was not known.

These systematic errors manifested themselves in many ways, one being reduced
resolution of the neutron missing-mass peak. The Monte-Carlo program was used to
determine quantities to use to correct the proton scattering angle and to check the
parameterization of the magnetic field of the spectrometer. The determination of these
correction factors will be discussed later.

The Monte-Carlo program, DICE, siinulates the entire target-spectrometer system.
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The target-spectrometer system, as discussed earlier, consisted of the polarized tar-
get and magnet (HERA), 19 detector planes, and the spectrometer magnet. Random
elastic-scattering events are generated one hy one, and the recoil proton is traced first
through the HERA magnetic field and then through the spectrometer system. The
initial momentum, target interaction point, detector-plane positions, and time of flight
(TOF) for each event which makes it through the entire spectrometer system, is written
to an output file. A listing of the program and subroutines can be found in Appendix
C. The details of this program are as follows:

A Gaussian distribution for the scalar momentnm of the neutron heam is generated
in the subroutine INIT_P. The full-width-at-half-maximum (FWIIM) of the actual heam
is energy-dependent, and the experiinentally measured values as determined by Bjork
[Bj-75] are used as the limits for the generated distributions at the three measurement
energies: 484, 634, and 788 MeV. The distributions are generated out to one standard
deviation only. Figure €.1 shows examples of the generated distributions.

In order to determine the z, y, and : components of the beam momentum, 8 is
generated as a Gaussian distribution and ¢ is generai.ed uniformly (so, for example, p..
and p, have the same distributions). The limits for 8, and ¢, were determined hy the
known solid angle of the neutron beam collimator. These generated values of 8, and ¢,

are then used to calculate the beam particle momentum components in the laboratory
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frame in the usual fashion:

Pz = psinfycosdy
Py = psinfysing, (6.1)
p: = pcosty.

The components are then written to an internal record.

The interaction point in the target is also generated randoily in the subroutine
INIT _P. Since the target is cylindrical, p;, 6;, and z; are generated and then converted
to Cartesian coordinates. The radius, p,, is generated as a Gaussian distribution {with
cutoff at p = R). This is done to model the reduced interaction probability near the edge
of the target as compared to the target center, since the actual heam was approximately
Gaussian. Theta is generated uniformly from 0 to 27 radians, and 2, is generated over
the range — L < z; < L, where L is half the target length.

Once the components of the neutron momentum are determined, the proton mo-
mentum is determined in the subroutine TARGET. If the scattering angles ¢ and ¢ are
known, then the proton momentum is determined simply from kinematics. In order
to maximize the efficiency of the overall Monte-Carlo program, only scattering angles
in a predetermined range are generated. The angles generated are similar to “gun-
ner’s angles” (elevation and azimuth), where 8 is the angle with respect to the z-axis

in the zz-plane ( see Fig. 6.2 ) and ¢’ is the angle above or below that plane. The
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transformation equations relating ' and ¢’ to the usual spherical coordinates are as

follows:

cos§ = cos@ cos¢’ (6.2)
: !

sing = né (6.3)
sin 6

These coordinates were chosen because of the ease with which they allow one to define
the solid angle for scattering to a rectangular plane. However, because of the presence
of the polarized target magnetic field and the fact that not all scattering occurs at the
target center, not all events generated within the chosen 6 and ¢’ limits hit the first
detector plane (51).

The effect of the HERA magnet is to cause the particles to spiral cut of the target.
For a uniform distribution in ¢ and ¢’, this produces a distorted distribution in 2
and y at S1 rather than the otherwise expected rectangular distribution for a zero
field. Scattering from a point other than the target center also leads to a spread in =
and y. When the Monte-Carlo program was run, a particular range of 8’ and ¢' was
chosen for each energy-spectrometer angle combination and read from an input data
file. Diagnostic dut-plots of the proton zy-position in S1 were then made to be sure
that a uniform distribution was being generated over the entire plane (Fig. 6.3a). From
the above transformation equations, one obtains & and ¢.

In order to reduce the computer processing tine, it is also possible to choose the
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Figur~ 6.2: “Gunner’s” angles coordinate system used to generate event distributions.
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upper and lower angle-slopes (3%) for the scattering distribution. These slope limits are

also read in from the input file. A test on the randunly generated ¢’ is perforined for

the upper boundary, where if

d
¢I > ¢:na:r 4' Ez(a - omin)» (64)

the angle is rejected and a new angle is generated. A similar test is performed on the
lower boundary. Figure 6.3b shows a generated distribution where the proper choice of
upper and lower angle slopes has be made.

The proton momentuin is next determined by the kinematics subroutine RECOIL_KIN.
The proton mass, the beam momentum (p = 0 for the target), and the proton scattering
angle (8) are passed to RECOIL_KIN and the final proton momentum is then passed
back. The proton momentum is then passed to the subroutine P_TRACE, via a COM-
MON block, which then calls the ray-tracing subroutines, THERA2 and MANETR,
and determines the position of the proton in each detector plane.

The subroutine which traces the proton through the HERA field was supplied with
the magnet and is called, THERA2. It was modified specifically for our experiment.
Changes were made to allow for an energy loss calculation using the Bethe-Bloch equa-

tion [Fr-74)

2
dE.  Np _, e? mec? I 2m, 232 2
EJ,T =4r A'Z (17?,!,('2) ("HT llll 1( li— /32) - ﬂ Zmed (65)

where



Zmeda = 6 for Carbon

N = 6.0225 x 10?* atoms/mole

p = 2.265 gm/cm? ;density of Carbon
A =12.01 gm/mole

Z = 1 for the proton

( e ) =rg = 2.8178 x 10713 cm ,m, is the electron rest mass.

m.c?

myc? = 0.511 MeV

@ = 2 -ratio for the ionizing particle, 8 = (I + %'21'2‘-)"/2

my, is the proton rest mass and p,, is the proton scalar momentum.

I=91Z(1+1.927°%7) x 10-¢ MeV.

To correct for energy loss, the position where the proton leaves the target is cal-
culated. Using this, and the position of the target interaction point, a distance Az
travelled in the target material is calculated (it is assumed the particle travels in a

straight line in the target). Therefore, the energy loss in the target is simply given by
dE
AFE = HAT . (6.6)
A new total energy E' for the proton is calculated by
E'=E - AE (6.7)
where E = pf, + mf, is in natural units (A = ¢ = 1). And a new scalar momentum p’ by

PP B m?. (6.8)



The direction (# and ¢) of the proton momentum at the point of leaving the target is

determined (rom the momentnm components at that point in the usual manner:

# = arccos (%) (6.9)
¢ = arctan (Zf) . (6.10)

New components of momentum are calculated using p’, 8 and ¢. These are used in the
ray tracing.

Additionally, the first two points along the trajectory are used to project back to
the z = 0 plane to determine the r and y-target projections, and the z = 0 plane for
the z-target projection. These projections are calculated by a call to the subroutine
PROJECT IT. These projected z,y,z values are also written to an internal record.

THERA2 was also modified to determine il the proton passes through a detector
plane, since for small spectrometer angles some detectors are in the fringe field of the
HERA magnet. THERA2 was writlen initially for ray-tracing in a polarized target
where the polarization direction is always along the beam direction (z-axis). In our
experiment, the HERA magnet was rotated to dilferent orientations with respect to the
heam. As a result, it is necessary, for each orientation, to first rotate the lahoratory
coordinate system so that the target polarization is along the z-axis before calling the
subroutine THERA2 (the original coordinate system could be used and the HERA

field niap rotated for each particular orientation, but since the field map was measured
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in cylindrical coordinates it seemed easier to do the ray tracing in this new reference
frame and leave the field map unaltered). The origin of this coordinate system is at the
target center with # pointing np and y pointing to the right. Both the position and
the momentum of the proton are transfortned. These coordinate transformations are
accomplished by the subroutine HERA_ROT. After the proton is traced through the
HERA field, the coordinates are rotated back.

THERA2 uses the initial proton momentum and a data file, IIERA.DAT, containing
the measured magnetic field map of the polarizing magnet, to find a new postion and
momentum for a fixed interval of distance traveled: dl = 2.0 centimeters. TIIERA2
traces the proton out to a radins of 180 cm, the limit of the measured field map. In
this subroutine, a check is made on the z-position of the proton with respect to the
SCM105 magnet center. Before this check can he made, however, the coordinates must
he rotated back to the laboratory system. Then the position must be transformed to the
coordinate system nsed by the analyzer, whose origin lies at the center of the SCM105
magnet with the z-axis pointing downstream along the magnet axis, the z-axis pointing
to the left, and the y-axis pointing up. This coordinate transformation is done in the
subroutine HERASCM. The transformation consists of a clockwise rotation about the
y-axis through the spectrometer angle, followed by a small translation along z' (see
Fig. 6.4}, and finally, by another small rotation ahout the y-axis. The translation and

second rotation are small corrections for the fact that the spectrometer system was



158

never perpendicular to the proton recoil-angle, as marked on the floor by surveying in
the experimental area. The amounl of translation and second rotation are determined
by the survey constants found for the particular setup used.

If the check shows that the z-position of the proton is greater than that of a detector
plane, an interpolation subroutine, INTERP, is called. It interpolates back to the
detector plane as follows: The proton position for z less than that of the plane is saved
and used as one of the interpolation points. The other point used is at z greater than
the plane. Then a subroutine CHKXY is called which checks to see if the zy-position
lies within the limits for that particular detector. If the particle misses any plane, a
flag, HIT, is set to “true” and the event is rejected. In this case, the program will start
over again, generating a new beam momentum, etc. If the event is “good”, the position
in that plane is written to an internal record.

Should the particle make it through the the IIERA field, control is then returned
to the calling subroutine ' TRACE. A counter IPLANE keeps track of which detector
planes have been encountered while in the HERA field. The counter also determines the
next detector pl'anes to be encountered outside of this field. After leaving the target,
the proton position and momentum are transformed to the SCM105 coordinate system
as described earlier. The rest of the ray-tracing calcnlations are done in this coordinate

system.

The subroutine used to ray-trace outside of the target is called MANETR and was
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Figure 6.4: Diagram showing the relationship between the laboratory system and the
rotated spectrometer system.
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written by H. Spinka of Argonne National Laboratory [SP-85]. It uses a Runge-Kutta-
Predictor-Corrector scheme to solve the problem of the motion of a charged particle
through a magnetic field. MANETR uses magnetic field values for the SCM105 magnet,
obtained by calling the subroutine SCM HF3.

SCM_HF3 determines the magnetic field at an arbitrary point in space by doing a
3-dimensional least-squares fit and interpolation of the measured field map values. This
fitting procedure will be discussed in the next section.

The proton time of flight (TOF) is also calculated. To do so, a short subroutine,
TOFINC, is called. It calculates a time increment, df, using a calculated distance

interval, dl, given by

dl = \Jdz? + dy? 4 d2? (6.11)
where
de = 19— 14
dy = y2-n
dz = 3 -3

The initial position is (z1,y;,21) and (x3,yz2,22) is the newly determined position.

Therefore, dt = dl/v where v is the proton velocity, determined by

-1/2

v=e [1 + (T—;—B)Z} (6.12)
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in units of cm/sec. Here p is the magnitude of the proton momentum determined after
the energy-loss calculation and ¢ is the velocity of light. The proton mass (m,) is in
units of MeV and the momentum is in nnits of MeV/c. The total TOTF is determined
by swmming all the tiine intervals for the positions calculated between S1 and the
hodoscope (52).

As the proton trajectory is determined, checks on the z-position are made as dis-
cussed earlier. In similar fashion, the positions in all the remaining detector planes are
determined by interpolation. As discussed earlier, the internal record containing the
initial momentum, target interaction point, detector plane positions, and TOF is writ-
ten to an output file only if an event makes it through the entire spectrometer system.
Control is then returned to the main program and the next event is generated.

The final stage of the Monte-Carlo simulation incorporates the detector resolulions.
The program, DICE, assumes the dctectors have perfect resolution. The output file
produced by DICE is read by another program called CHMBR _RES. CHMBR _RES ad-
Justs the previously determined zy positions in each detector plane for the corresponding
resolution of that detector. For the wire proportional chambers (P0,P2), the positions
are made discrete; the position of the nearest wire is chosen. For the drift chambers
(P1,P3,P4), a random error in the drift distance is introduced. A function, GAUSS,
is called which uses a random nunber generator to calculate a drift distance. GAUSS

generates a Gaussian distribution peaked al the 2 or y position ( whichever is being
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determined) in that plane and returns a distance within 20 of that position. Sigma
is the resolution of that detector. It should be noted that the program CHMBR_RES
also calculates slopes and other quantities from the new detector positions, which would
otherwise be determined in the analyzer subroutine HTRACK for real measured events.
An output file is written in the Q-formmat by CIIMBR RES. This file is read into the

analyzer to determine the correction factors first discussed at the beginning of this

section.

6.2 Magnetic Field Fitting Procedure

The main subroutine called to determine the magnetic field components for an arhi-
trary point (2,y, z) within the SCM 105 field map is SCM_HF3. When SCM_IF3 is first
called, a check is made to determine where the particle is. There are four possibilities
allowed:

1. The particle is in the field inap. The ficld value will be determined in this case.

2. The particle is omiside the field map region. The value B = 0 will be passed back
and the trajectory determined for that increment will be a siraight line.

3. The particle is in the region of the poles or yoke material. This event is rejected.

4. The particle is in the magnet gap between the measured field map region and the
pole or yoke. Here, the magnetic field is extrapolated.

The actual procedure followed for deterniining the field when the particle is in the field
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map is discussed next.

The measured field map for the SCM105 magnet consists of a set of discrete points
in space for which all three components of the magnetic field are known. As the particle
is ray-traced through the SCM105 ficld, it is generally true that the endpoint for a
given increment, dl, along the trajectory will not correspond to a measured point in the
field map. Therefore, it is necessary to determine the value of the field at that point.
A least-squares fit to the measured values with a one-point constraint, followed by a

3-dimensional interpolation, is used

It is assumed that each component of the field can be expressed as a truncated

Taylor-series exy ansion of the form:

BJ('T'a )= Bu_,‘(d‘n, Yoy, zn) + A a5,

*e (T B I”) + D'l

(y—w)+ %lll (z = z0)
Yn Zo

Py o ap. n p,
P08 o4 30 (o4 35E| -2 (623)
ru 7 Ay In

Above, j = 1,2,3 for the components B, B,, B, respectively. The point (29, ¥o, z0) is
the field map point nearest the point in space where the field is to be determined. By; is
the value of the field at this nearest point and is the zeroth-order term in the expansion
above. It should be noted thai second-order cross-terms involving, for example, {2 —
20){y — yo) have been omitted. Least-squares fits are done separately along each of the

tlhiree directions (z,y, z) to determine the higher order terms. To do so, it is assumed



that each component can be written as the following polynoinial expression:

2
Bj(z) = D (ana") j=1,2,3.
n:=:0

Similar expressions are used for Bj(y) and Bj(z):

2
> (bay™)

n=0

2
Z(cnz").
n=0

Therefore, the derivatives of B; are given by
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(6.14)

(6.15)

(6.16)

(6.17)

To determine the a,,'s, for example, the following expression for chi-square is minimized:

M N 2
C:X B,‘j—ZanT,”] 4 AF
i=1 n=0

(6.18)

where F = [Bkj - oa,,:c;:] . The second term in Eqn. 6.18 is the constraint term,

Ltz

which causes the fitted curve to pass through the kth point, taken to be ihe middle of
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the five fitted points. Two fits for #, y, and > are made for each point where B is to be
found. Each fit is a fit to five points, the middle point in each case being the one lying
to either side of the point where the field is to be determined. A weighted average of
these fits is taken, as described helow. In Egqn. 6.18, M is the number of points to fit,
which was taken to be, five. N is the highest order of the polynomial (N = 2}. And,
the fit is constrained to go through the kth point. For a five-point fit, k£ = 3 (the middle
point). Therefore, the coeflicients are determined by solving a set of linear equations in
N + 2 unknowns. The details of the solution can be found in Appendix C.

Once the two sets of coeflicients for the fit are obtained, a weighted average of these
is taken to determine the final coeflicients. Should the error for any coefficient, a; etc.,
in the two sets he zero, then the average would be weighted by the distance from the

constrained points to the point of interest:
(@;) = aa(l — d) + aiz(d) . (6.19)

Ilere, the distance hetween known field map points is taken to be one unit. Generally,
the error is not zero and Lhe average is weighted by both the distance to the nearest
known field map points and the error in the coellicients. The expression used is

A,,,, (1 = d) + 57252 (d)

, (6.20)
Gap(l-d)+ Gy (@)

(@) =

The same procedure, as outlined above, is used to determine the b;’s and ¢;'s

Once all the coeflicients have been calculated, Eqn. 6.17 is used to determine the
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field component derivatives., These are then summed, along with the value for By;, in

the Taylor-series expansion to give the fitted value of that component of the field (B;).

8.3 Analyzer Corrections

The Monte-Carlo events, after having been written to a file in the Q-format, were read
into the analyzer and processed as if they were real events. A modified version of the
Data Summary (DST) analyzer was used. This analyzer processes data where the raw
chamber information has already been decoded into zyz-positions in the coordinate
system, as discussed hefore, with its origin at the SCM105 magnet center. 1t also
requires the TOF information.

The DST analyzer uses the 2yz-positions and only calls the subroutines which cal-
culate the target projections, the momentwn, the particle mass (using the momentum
and TOF), and the scattering angles, in that order. Modifications were made to allow
the Monte-Carlo data to be read. In particular, the data word was shortened since
there was no spin information to be read fuor the Monte-Carlo data. Additionally, mod-
ifications were made to calculate various difference quantities. The following discussion
describes the procedure which was used to correct the scattering angles (8, ¢), and the
momentum (p). The basic correction procedure was as follows:

1. The difference (A.X) between the known Monte-Carlo value and the value which

the analyzer determines, using the chamber positions, was calculated for earh event. A
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histogram of this distribution was made along with histograms of each quantity to he
corrected. Figure 6.5 shows histograms of the scattering angle ¢. The upper histogram is
a distribution of the Monte-Carlo generated angles, whereas the lower is the distribution
calculated by the analyzer for the sanie events, using the generated chamber positions.
The objective was to correct the analyzer events such that their distribution would he
identical to the Monte-Carlo distribution.

2. The difference quantity, AX, is expressed as follows:
AX = Xpe ~ Xan (6.21)

where X,,. is the known Monte-Carlo or “true” value and X,,, the analyzer calculated
value.

3. Dotplots were made of AX as a function of the chamber positions in order to
determine whether any correlations with chamber position existed. Figures 6.6 and 6.7
show the dotplots of Af, and A¢ as a function of the chamber positions.

4. If a correlation was found, the 3000 generated events were then fit by a least-
sqtlare; method to a polynoriial. This polynomial is an expression of AX as a function
of the chamber position.

5. Using the polynomial determined above, it is then possible to obtain an expres-

sion for the “true” value in terms of the analyzer calculated value and the polynomial
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Figure 6.5: Monte-Carlo generated distributions of the scattering angle ¢: The upper
histogram shows the “true” distribution whereas the lower one shows the angles as
calculated by the analyzer. The analyzer determined angles, of course, contain an error
introduced by the HERA magnetic field.
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Figure 6.6: Dotplot of the difference hetween the Monte-Carlo values of § and those
given by the analyzer as a function of the P2 z- and y-positions.



170

200

AP

-0
T T -~200
-600 -100 400
P2X
200
L e e

A

=200

T T
-300 -100 100 300
P2y

Figure 6.7: Dotplot of the difference between the Monte-Carlo values of ¢ and those
given by the analyser as a function of the P2 z- and y-positions.
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function:

Xirve = Xan + Flzi,4:) - (6.22)

Here 2; and y; are the particular chamber ry coordinates.

6. The correction coefficients were read into a COMMON block in the analyzer
from an input file. The analyzer subroutines which calculate the momentum (PCALC),
and the scattering angles (KINEM) were modified to include the corrections. Fach
subroutine was modified to correct that quautity event by event.

It can be seen from the dotplots that there was a strong correlation with chamber
position. In all cases except for the momentum difference, a linear fit to the z-position
in the front chamber P2, gave the best chi-square. Another indication of “goodness of
fit” was the width of the peak in the difference histogram. In general, the narrower the
difference peak was when centered ahout zero, the better the fit. Ideally, one would
have wanted a delta function at zero difference. The fitting procedure to correct the
momentum was not as straightforward and is discussed in greater detail next.

If one examines the momentum difference dotplot (Fig. 6.8) closely, it can be seen
that there are events whose Ap does not follow the general trend of the correlation.
These events generally had a Ap greater than +25MeV/c. It was guessed, and later
confirined, that these events passed near the pole faces or yoke of the spectrometer,
where the { B L dl parameterization would be the worst. Figure 6.9 shows histograms

of the P2 zy-positions for a typical run, the limits of which define the spectrometer
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Figure 6.8: Dotplot of the difference between the Monte-Carlo values of the momentun
and those given by the analyzer as a function of the P2 z- and y-positions.
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Figure 6.9: P2 zy-positions for a typical run.
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acceptance. Figure 6.10 shows a doiplet of all events with Ap > £25MeV/c. It can
he seen that these events roughly define a box whose ry dimensions correspond to the
limits of the spectrometer acceptance. Figure 6.11 further shows where the events with
Ap > +257 eV /c and where those with Ap < —25M el /¢ originated from. It was never
possible to achieve a good fit to all points using the procedure outlined earlier when
trying to determine the correction coefficients for the moruentuin. It was discovered
that by eliminating the events with Ap > £25Mel’/c, a better fit to the majority of
events could be achieved.

An attempt to improve the parameterization of the [ B, dl for the SCM105 field
was made. A look-up table of [ By dl values as a function of the zy-position at the
center-plane of the magnet was created.

To create the look-up table, events were generated as described above. The po-
sition at the center-plane of the SCM105 and the bend-angle was calculated for each
event. Since the momentum and bend angle were known, an [ B dl value could be
calculated by inverting Eqn. 5.1 for the momentum. Since the events were generated at
random SCM105 center-plane positions, it was necessary to simooth the [ B, dl values
to produce a uniformly distibuted look-up table. Figure 6.12 shows a comparison of the
polynomial [ B, dl parameterization and the Monte-Carlo look-up table. It can be seen
that qualitatively, the two are different.

Several sets of data were analyzed using both [ B, dl parameterizations. It was
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Figure 6.12: Three-dimesional plots of the [ B, dl parameterizations. The vertical axis
is in units of KG — ¢cm and the other two axes are in units of cm at the SCM105

center-plane. a) The polynomial parameterization. b) The Monte-Carlo.
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found that there was no marked improvement in the missing-mass resolution or signal-
to-background ratio when the look-up table method was used. Therefore, in this respect,

the look-up table method was a check of the quality of the polynomial parameterization.



CHAPTER 7 RESULTS

The results of the spin-spin correlation measurements are presented here. Further
discussion is given in Chapter 8. The data are tabulated in Tables 7.1-7.5 as a func-
tion of the neutron c.m. scattering angle. The uncorrected values of Cgs (C,,) are
plotted in Figs. 7.1-7.3. Recall, that C',, is given by Eqn. 5.35, which can he written

approximately as

Coo = Cgssin37.5° — Cgp cos37.5° (7.1)

= (05)Css—(0.8)Csyt .

Both the tabulated and plotted C,, values include only the statistical uncertainty in the
measurement. In these five tables, a few points in the angular distribution are omitted
due to low statistics in these bins, so that their errors are too large to he useful. These
values are compared to the phase shift predictions of Arndt, the Basque group, and
Hoshizaki as found in the SAID database [Ar-87].

The phase shift predictions were obtained by taking the phase shift predictions for

pure C'ss, Cnn, Crr, and Csg, at the desired scattering angles and energies. Equation
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5.35 was used, along with the spin component admixture coefficients of Table 5.2, to
calculate each phase shift prediction for the spin-mixed parameter. This was done so
as to be able to use the small experimental error bars on the C,, values to distinguish
between the quality of the various phase shift predictions.

Figures 7.4-7.6 show the values of C'ss corrected for other spin components. The
errors associated with these data are dominated by the errors on the various other
spin components in particular, C'sr, as can be seen by comparing the magnitudes of
the coefficients in Table 5.2. The Cg; values were obtained from the thesis of M.R.
Rawool as described on p.147. Here the error bar reflects the statistical uncertainty in
the measurements. Figures 7.7-7.8 show a comparison hbetween the values of Cyy and
Csr, as measured in our experiment and the previous LAMPF experiment, E665. For
the ('t and Cgy values, both the statistical and systematic uncertainties have been
included. The data are also plotted along with various phase-shift and Bonn meson-
exchange model predictions [El-88] for comparison. The corrections were also performed
as discussed in Chapt. 5, Sec. 9.

The Crr and Cgp data were found to agree to within one standard deviation with
the earlier data. An average, weighted by the errors, was calculated for Csg over the
cant. angle range 80° < 8., < 125°. The weighted average for our data (E770) was
found to be < Cgp >= 0.027 with a standard deviation of 0.182. For the earlier E665

data, the average value was < Csy >= 0.097 with a standard deviation of 0.127. Both
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sets of data are consistent with < C'sy >= 0 as predicted by the phase shifts of Arndt,
Basque, and Hoshizaki, and the Bonn meson-exchange model.

Equation 2.50 was used to check the overall normalization of the experimentally
determined C'gs values at #.,,. = 90°. Table 7.6 contains the Crz np, CNN.pps CLL.pps
(g—%)”, and ( g%)"p values used. These data were chosen from the SAID database
because they corresponded most closely to car measurement energies, although other
(g—a)pp data exist. Table 7.7 shows the results of the calculation, along with the exper-
imentally determined values for commparison. The errors for the calulated Css values
were determined by summing the errors of the values in Table 7.6 in quadrature. As
can be seen, there is agreement to within one standard deviation for both 634 MeV and
788 MeV. The 484 MeV results differ by about two combined standard deviations. It
is unclear as to what the cause of this discrepancy may be or whether the difference
is just a statistical fluctuation. The uncertainties in the beam and target polarizations
are estimated to be ~ 7% [Ch-85] and ~ 3.3% [Hi-88], respectively. Combining these in
quadrature gives a total systematic uncertainty of ~ 8% in the overall normalization of

all the measured values. Perhaps, it is this normalization error which can account for

the discrepancy in the 484 MeV data.



Table 7.1: The 484 MeV Css data.
ou.cm + 0.45 Cna CSS
(deg) (uncorrected) | (corrected)
180.0 -0.498+0.076 { -0.912+0.256
175.0 -0.405+0.040 | -0.68340.187
170.0 -0.4014:0.041 { -0.691+0.151
165.0 -0.3224+0.042 | -0.42310.168
160.0 -0.195+0.055 | -0.43810.234
155.0 -0.001+0.106 | -0.11410.340
150.0 0.02740.054 | -0.1461+0.184
145.0 -0.030+0.047 | -0.4531+0.211
140.0 -0.007+0.040 | -0.52910.206
135.0 -0.038+0.059 | -0.41740.256
130.0 0.02640.131 | -0.3151+0.288
125.0 0.069+0.116 | -0.06810.284
120.0 0.06210.059 | -0.5161+0.181
115.0 0.02540.070 | -0.24440.213
110.0 -0.0214:0.073 | -0.33740.231
100.0 -0.155+0.130 | -0.604+0.413
95.0 -0.18730.079 | -0.66240.232
90.0 -0.064+0.073 | -0.60610.260
85.0 -0.00210.085 | -0.180+0.330
80.0 0.05940.068 | 0.1311+0.144
75.0 -0.006+0.135 | -0.027+0.285
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Table 7.2: The 634 MeV Cgs data.
on.cm, +0.45 Cao CSS

(deg) {uncorrected) | (corrected)
180.0 -0.7384+0.119 | -1.12140.305
175.0 -0.504+0.063 | -0.97110.166
170.0 -0.5024+0.058 | -0.8534:0.151
165.0 -0.39240.059 | -0.94410.198
160.6 -0.167+0.076 | 0.034+40.295
155.0 -0.1054+0.217 | 0.3411+0.508
150.0 0.0741+0.084 | 0.006+0.211
145.0 0.056+0.069 | -0.227+0.239
140.0 0.076+0.088 | -0.64810.246
135.0 0.085+0.109 | 0.080+0.291
130.0 0.3414+0.248 | 0.446+0.520
125.0 -0.106+0.105 | -0.25340.283
120.0 -0.1744+0.076 | -0.18140.188
115.0 -0.29740.079 | -0.69240.188
110.0 -0.1524:0.078 | -0.5634-0.212
105.0 -0.16540.105 | -0.40540.283
100.0 -0.21740.143 | -0.85440.326
95.0 0.01310.078 | 0.005:+0.219
90.0 0.089+0.074 | 0.188+0.239
85.0 0.143+0.061 | 0.29440.203
80.0 0.1214+0.069 | 0.074+0.144
75.0 0.146+0.113 | 0.19510.236
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Table 7.3: The 788 MeV Csg data.
gu.c'm + 0.45 Caa CSS
(deg) {uncorrected) | (corrected)
180.0 -0.60810.148 | -6.689+0.343
175.0 -0.57340.108 | -0.506+£0.245
170.0 -0.7814-0.129 | -1.284+0.269
165.0 -0.29340.124 | -0.380+0.275
160.0 -0.201£0.293 | -0.03440.643
150.0 0.231140.146 | -0.1454-0.356
145.0 0.3844-0.327 | 0.73740.657
140.0 0.36240.142 | 0.40640.375
135.0 0.443+0.206 | 0.660+0.438
130.0 -0.268+0.258 | -0.6711+0.490
125.0 -0.15540.153 | -0.43040.307
120.0 0.11840.114 | 0.06310.280
115.0 -0.042+0.114 | 0.0361.0.266
110.0 0.178+0.124 | 0.28510.296
105.0 0.161+0.142 | 0.15140.320
95.0 0.276+0.148 | 0.298+0.358
90.0 0.085+0.125 | 0.030+0.298
85.0 0.10940.164 | -0.08240.435
80.0 0.077+0.128 | -0.080+0.313
75.0 0.21740.133 | 0.45740.266
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Table 7.4: The uncorrected 634 MeV Cr; and Cgj, data.

0,.cm £ 0.45 Crt Cst,
(deg) (uncorrected) | (uncorrected)
125.0 0.345£0.123 | -0.427:+0.195
120.0 0.5321+0.100 | -0.245+0.132
115.0 0.434+0.108 | -0.13140.148
110.0 0.55410.128 0.146+0.159
105.0 0.597+0.091 0.26040.124
95.0 0.461+0.108 | 0.2851:0.147
90.0 0.389:+0.107 | 0.052+0.131
85.0 0.3941+0.110 { 0.002+0.144
80.0 -0.03110.164 | -0.06540.236

Table 7.5: The corrected 634 MeV Cprr and Cgy, data.

By.cm £ 0.45 CrLL Cs1
(deg) {corrected) (corrected)
125.0 0.317+0.123 | 0.356:+0.198
120.0 0.513+0.099 | 0.20410.134
115.0 0.42240.107 | 0.10940.151
110.0 0.557+0.127 | -0.12210.162
105.0 0.6061+0.090 | -0.216+-0.126
95.0 0.47310.108 | -0.237+0.150
90.0 0.388+0.106 | -0.044£0.133
85.0 0.391+£0.110 | -0.002+0.147
80.0 -0.0344+0.163 | 0.054-0.240
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Table 7.6: Spin parameter data used to calculate Css from Eqn. 2.50.

186

Parameter 484MeV 634MeV 788MeV
Crrnp 0.367+0.121 [Ra-88] | 0.27140.099 [Ra-88] | 0.508+0.129 [Ra-88
CNN.pp 0.497+0.005 [Bh-82] | 0.67240.007 [Bh-82] | 0.684-+0.004 [Bh-82
CLipp -0.011+0.059 [St-82] | 0.181+0.046[St-82] | 0.19840.040 [St-82

(E)ﬂ, (mb) | 3.57+0.21 [Ry-71 2.30+40.15 [Na-54 0.6510.13 [Ry-71]

_(Esgz)'ﬂ’ {mb) | 1.21+0.03 [Bu-82] 0.8610.04 [Ev-82 0.43::0.03 [Ev-76]

Table 7.7: Comparison of measured values of Css at 8. ,, = 90° with those determined

from Eqn. 2.50.

634MeV 788MeV

Parameter 484 MeV
Css (measured) | -0.606+0.260 | 0.188+0.239 | 0.030+0.298
Cgss (calculated) | 0.01240.123 | 0.190+0.099 | 0.24040.129
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Figure 7.1: The uncorrected Css (C,o) data for an incident neutron beam energy of
484 MeV, compared with phase shift predictions.
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Figure 7.2: The uncorrected C'ss (Co,) data for an incident neutron beam energy of
634M eV, compared with phase shift predictions.
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Figure 7.3: The uncorrected Css (Coo) data for an incident neutron heam energy of
788MeV, compared with phase shift predictions.
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Figure 7.5: The Css data for an incident neutron beam energy of 634 MeV.
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Figure 7.6: The Css data for an incident neutron beam energy of 788MeV.
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Figure 7.7: Comparison between C'r as measured by LAMPF experiment E770 in 1985,

and experiment

E665 in 1983.
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Figure 7.8: Comparison between Cs;, as measured by LAMPF experiment E770 in 1985,
and experiment E665 in 1983.



CHAPTER 8 SUMMARY AND CONCLUSIONS

The spin-spin correlation parameter Cgsg for np elastic-scattering was measured for
the incident neutron kinetic energies 484, 634, and 788MeV. Additionally, the pa-
rameters Czr and Cgy were measured at 634Mel” as a cross-check with previously
measured data [Ra-88]. The Cpp and Cs; data were found to agree to within one
standard deviation with the earlier data.

The ('ss data presented in this dissertation are the first of this type ever measured.

These results will most certaiuly affect. the phase shifts and the isospin-0 aplitude de-

termination. The extent to which the phase shifts will change remains tc be determined
by the various phase shift groups. It is, however, possible to make some qualitative
comnents about the various phase shift predictions.

It is apparent from Fig. 7.1 that all three of the phase shift predictions shown over-
predict 'y, by ~ 10% for 8., > 145° at 4843 V. Many measurements of other spin
observables near this energy, mainly from TRIUMF, exist for np elastic-scattering. The

fact that the phase shift predictions do not agree well with our data may indicate that

our results are incompatible with their results at some level. The 634MeV (5, data
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(Fig. 7.2) compare well with the most recent phase shift prediction, that of Arndt, et al.
For 788 ¢V, the C,, data (Fig. 7.3) tends to follow the trend predicted by Arndt, but
deviates significantly hetween 130° < 8., < 150°. In fact, there clearly is significant
peaking of (';, in this angular region as predicted by the 1978 phase shifts of Hoshizaki.
This peaking is also noticable in the 788 M ¢V pure ('ss as shown in Fig. 7.6. There is
also significant energy variation in this angular region. Figure 8.1 shows this variation
for the four angle bins centered at 6., = 135°, 140”, 145°, and 150°, respectively.

In order to determine quanlitatively how well the three phase shift predictions fit

the data, the reduced chi-square for each prediction was calculated as follows:

1 (Coo observed C redictcd)2
2 v=~— ,0bs oa,p 8.1
A / v Z (6Cao,obnrued)z ( )

where v = N — 1 is the number of degrees of freedom for the fit. T.'f;ble 8.1 shows the
x%/v results. It is clear that at 484 MeV none of the predictions fit the data well. For
634 McV, Arndt and Basque do a somewhat hetter job than Hoshizaki. At 788MeV,
Basque has the hest fit overall. All predictions, at all energies, however, agree with the
data only at the 2-3 standard deviation level. Clearly, a better fit. to the ', data could
be obtained.

In order to determine which isospin-0 partial waves will be the most sensitive to
our data, the SAID program was run using the “GO8” option. This option allows

experimenters to input their data into the prograin data base and have the change in



Figure 8.1: Energy variation of C,, for 135° < 8.m < 150°.
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Table 8.1: The x2/v values calculated for each phase shift prediction to the C,, data.

Energy | Phase Shift | Degrees of | x°/v | Probability

Prediction Freedom

Arndt 7.26 < 0.001

484 MeV Basque 10 7.95 < 0.001

Hoshizaki 11.81 < 0.001

Armndt 1.93 ~ 0.035

634MeV Basque 10 3.03 < 0.001

Hoshizaki 8.76 < 0.901

Arndt 2.51 ~ 0.010

788MeV Basque 9 2.33 ~ 0.015

Hoshizaki 4.03 < 0.001

the phase shifts calculated. Table 8.2 shows the results of this exercise for the three
measurement energies. The single-energy solutions used were C500, C650, and C800.
The most current global energy-independent solution was SM88.

It is clear from Table 8.2 that both spin-singlet and spin-triplet partial waves will be
affected in the phase shift analysis by the Css results at all three measurement energies.
Since Css is a complicated mixture of amplitudes which contain both spin-singlet and
spin-triplet partial waves, it is difficult to determine precisely which amplitudes will be
affected and to what extent.

For 484 and 634MeV, the experimental uncertainties of the pure Css values ex-
tracted from the measured C,, are dominated primarily by the uncertainties of the
other component spin-spin correlation parameters. In this respect, the measured values

of C,, must in some way constrain the other spin-spin correlation rarameters. How-
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Table 8.2: The isospin-0 partial waves affected by the Css data.

Partial Phase shift change (deg)

Wave | 484 MeV [ 634MeV l 788 MeV
TS, -0.01 0.01 0.0
ip -0.13 0.21 0.44
35y 0.09 -0.16 -0.35
€1 -0.11 -0.08 0.20
3Dy -0.05 -0.17 -0.18
D, -0.06 0.01 -0.35
TF, 0.02 -0.03 0.03
Dy -0.01 -0.07 -0.09
€3 0.04 -0.02 -0.04
3G; 0.03 0.03 -0.04
3Gy -0.08 -0.02 0.14
1H, - = -0.04 -0.09
LI A -0.01 0.01 0.01

ever, it is presently unclear what effect this will have on the accuracy of the final I =0
amplitude determination. The uncertainties of the 788 M eV, Css values are dominated
by the rather large statistical uncertainties in C,,. These data were taken over a much
shorter period due to time constraints. Therefore, the uncertainties »re dominated by
poorer statistics, not by decreased experimental accuracy. The experimental uncertain-
ties of the measured C,, for all three energies are smaller than for any other previously
measured two-spin parameter for np elastic-scattering above ~ 500MeV .

Presently, the isospin-0 elastic-scattering amplitudes are undeterinined. It has been
estimated [Sp-84) that by including the data presented here, along with the LAMPF

E665 data (Crz and Csgz), and earlier P, C'yy, and g—‘?,- data, that these amplitudes
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could be determined to about the 40 — 50% level in the future in a model-independent
fashion. Some amplitudes will without doubt be known better, and others worse, than
expected. Our group expects to do a model-independent amplitude analysis. However,
before it will be carried out, there is some additional smaller c.m. angle data which
must be analyzed. By including these additional data in the amplitude analysis, it will
be possible to determine the amplitudes over a wider angular range. Additionally, the
raw data (C,,) will be used in the analysis in order to take advantage of the smaller

experimental uncertainties; which should hetier constrain the amplitudes.
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Appendix A Bound Nucleon Polarization

The following is the contents of an internal memorandum sent to each member of the
E770 collaboration discussing the effective bound nucleon polarization of the background

nuclei in the polarized target.

205



206

ARGONNE NATIONAL LABORATORY

9700 South Cass Averes, Ancoree, Hinors 60439 09 January 1985 E€PHON 312/972.

To: 2-770 Collabdorattion

D¢ M
From: 0. Hill, H, Splinka -

Estimates of Effective Nucleom Pelarisatien Arisisg fros the
elarised Backgrouad Nuclei eof the Polerised Terget

Subjece:

This note summarizes the current state of our thinking and knowledge on
this subject. Please be avare that we have obtained the essential "physics”
taput, that is, the nucleer wave fuanction estisates, from Diater Kursth (ANL-
Physice). Ve ars writing this decument {a erder to disssuinmate the informa-
tiea that we have, end to serve ss a frameverk for (we hepa) further discus-
siot end refingments. Altheugh eur calculetions have the sppsarance of
complaetenass, in that ve arrive at & "result”, great uncertainty remains in
what we have called the "selectivity” paremeter. 1t would be desireble to
reduce that macertainty, or, at least, te gquentify the degree of uucertsinty.

Estimates of palerized "backgreund” effects require at lesst four diffe-
rent types of imformation:

1) Nucleer Wave Functiens

II) MNuclear Polerisstieas

I11) Terget Compesition

IV)  Selectivity eof the scattering experiment ("Glsuber™ effects, kine-

satical bles, etc.)

Ye here comcern eurselves with scsttering experiments In which the
somentun transfer is large, so that the dackground nuclei can be vieved as
collections of quesi-free nucleens. In this case ve must estimate the effec-
Ve will cast our

tive polarized nucleon content of the dackground nuclel.

estimate (n the form
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Py(ty) = tf ny E,(ty) ’151“3)]’f a N (2,), (1)

where PB(tJ) ifs the effective polarization for background nucleons of isospin
projection ty, Ny ls the number density in che target of nuclel of type
ladbeled "1", Ej(t4) 1s the (maximal) expectation value of the nucleon polari-
zation operator for nuclef of type "1", P, is the nuclear polarization, S5;(t3)
is a "selectivity" paremeter, and Ny(t3) is the number of relevant nucleons
"o" "a" {ndicate

per nucleus, {.e., Ny{p) = Z; and Ny(n) = A;-Z,, vhere "p" aund "a

protons or neutrons, respectively.

I. Rstimates of E,(t,)

Dr. Kurath has suggested two largely independent aspprosches to estimating
E(ty) = max. [<S 2ty >/S]):

A, The first approach uses transition amplitude estimates from Ref, 1|,
which rely on a pure lp-shell model for nuclei with 4<A<l6, and which reflect
information about excited nuclear states in addition to ground-state proper-

ties. In Tadle I we list the seplitudes taken from Ref. 1 and the results,

including values for some nuclei that are of more general interest. Specifi-
cally, we have taken
gnd. st.
<szt3 max. = /2 ( ) ¢ A1(01): ’ @

where J is the total angular momentums of the ground-state nucleus and the
spin-dependent amplitude is written in the notation of Ref. 1. For complete-
ness, ve note that the corresponding “orbital™ contribution is estimated a3
l,
4 3 ) - “gnd. st. 1)

(49 > = . N

zty max. 4 1(10)e
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and we include these values in Table I in order to make it clear that
<J:t > = <Szt > 4+ <th3>, as a check on internal consistency. Dr. Kurath
thinks that these estimates are generally trustworthy at around the 10%Z level,
perhaps a little better for some nuclel and somewhat worse for others.
Incidentally, a striking datum of Table I is the nearly total dominance
of p+ in 7114, This would seem to indicate that 'LiH would be an excellent
polarized proton target material for certain experiments (e.g., inclusive),
comtrary to what some of us (D.H.!) have thought.
B. The second approach uses ouly the observed totsl angular somentus
and magnetic soment y of the ground state, plus somes more-or-less pleusible

assusptions. The first assusption {s that the magnetic moments of the bound

nucleons are aqual to their free values:

we 2“P<s">-x. * Zun<$,n>..x. * <L'P>-nx. (42

vhere = 2,793, Up = =1.913 wuclear msgnetons. The second assumption is

u
P
that {-spin {s e good quantus number. For the even-A, T=0 nuclei, one then

has

Lyp> = <Lyp?,

S = <Szp>,

and for the total avngular momentum,

<'L= > + <5, > - J/2 . (5)
™max, max.
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Equations (&) and (5) have unique solutions,

<Szp>-“. = {u = J/2)/[2(up + uy)-1]
- 1.32(“ - JIZ).
(6)
<sz)nax. - (J(up + unJ-HI/(Z(Hp + un)-ll

1.12(0.880J-y) .

Por the odd-A nuclei, the constraint on y only reduces the total degrees

of freedom to two., However, if one considera the observed moment, ug, of the

"airror” auclel in the same spirit, the degrees of freedom can be further

reduced by one:
voe 2“”(5‘?)-:. + zu“(s’“)ux. * <L‘p)ux. *

+ <L_ > v 7

Ya © lup<5‘n>.‘x. * zu“<s‘9)llx. 0 max.

+ <S> 4+ <L, > + <Ly,> .

J = «§
z N gax. ZP max. max.

>
P max.
and the solution can be expressed as

<s:p>."‘ + <sm>.“' © (u+uy = IV(2, +uy)-1]

(8)

=132 (uw+y, -J).

Unfortunately, one degree of freedom remains, but the result may still give us

some guldance,



Table IT lists the results of Eqs. (6) and (8). Under comparison, Tables
I and [I are seen to be in fair agrcement, except for the nitrogen Lsotopes.

Although the above two approaches are not entirely independent in that
they both assume constituent nucleons having "free" moments, perhaps it i{s not
unreasonable to use the results as an indicatf{on of the possible uncertain-

ties. Ve have done this in Table III, for the nuclei of specific interest for

E-770, Essentially, these limits correspond to the mean of the Table I and
Table II values + A, where 4 i3 the difference between the results of Tables I

and II, Obviously, {n the case of 11!, some further “guesstimating” has been

donae.
II. Rstimate of Py
Table IV lists the vector polarizations of the various nuclei that are to

be expected in an “equal spim tesperature” (EST) situation. EST is known to

be valid in several of the older target materials, end has been (roughly)

verified for the new "ethylamine” material in the case of 1y this assump-

tion is apparently invalid for scme other materials, notably radiolytically-
dopad NHjy.
LII. Rastimate of s,

Table ¥ lists the target composition for "ethylamine” target material.

The number densitites are normslized to ny = 1. The contributions of the

matal and plastic parts of the target refrigerator are not included.

IV. Rstimate of S,(t,)

The "selectivity" parameter is perhaps the greatest source of uncertainty

in chis calculation. Roughly speaking, it is a measure of the extent to which

the effects of "valence” nucleons are amplified in the scattering experiment.

As such, it must depend hoth upon the exact type of nucleus, and on the type
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-be

of scattering experiment, and may even vary over the dynamic range of a given
experiment. It seems likely to us that S > 1 for most medium-energy experi-
ments, For some high-energy experiments which see "anomalous" A-dependence

effects, one could have S < 1. VWith a degree of confidence that only the

deeply ignorant can muster, we shall decree that S;(t3) = 2, uniformly for E-

770,

v. Results

For the "ethylamine" material, Eq. (1) then becomes

"upper limit": P (p) = 0.0035P(1%) + o.0118p¢}!s) - 0.0164r( 4N),
(9)

"lover ltatt™: P (p) = 0.00330(1%) + 0.00832(!s) - 0.03352(Mm),

vheres ve have conservatively applied the upper and lower limits of Table III
conspiratorially for all three nuclsar species.
Table VI lists the reswlts es & function of P(lW).

It is worth noting thst the potential bdackground polarization could be

significantly reduced by enriching to 1002 103, rFor that case Zqs. (9) bacome

“upper limit™: P (p) = 0.0177p(1%8) - o0.0164p(}%W)
(10)

“lover ltatt™: P (p) = 0.01652('%) - 0.0555p( 14N)

For example, for P(lu) = 70X, Py(p) = + 0.0029, -0.0006.

Please let us have your comments.

l. T.-S.H. Lee and D, Kurath, Phys. Rev. €21, 293 (1980).
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Nucleus

J

Table I

Results for <5_> Based on the Model of Reference !

t3

g-8.
A
1(o01)

g. 3.
A
1(10)

<8g>

<Lgd

<Sp> + <L,>

104

11,

13¢

Loy

15y

3/2

/2

/2

1/2

p or n !

porn

0.507

0.523
0.003

0.387

0.329
0.006

-0.003
-0.233

~0.257

-0.236

0.043

0.262
0.381

0.629

0.390
0.174

0.113
0.464

0.511

0.577

0.439

-0.002
-0.166

-0.22)

-0.167

0.061

0.406
0.390

1.089

0.914
0.270

0.133
0.336

0.72)

0.666

0.500

0.904
0.595

1.499

1.226
0.276

0.131
0.370

0.500

0.499




213

TABLE ©IX

Results for <S5,> Based on Observed Moments

Nucleus u <Szp> <sz> <szp> + <sm>

6p¢ 0.822 0.424 0.076 .-

;Ll 3.256 - .- ?

Be 1

10y 1.801 0.397 1.103 .e=

11, 2.688 —— c—- 0.295

l1¢ -0.964

13¢ 0.702 - - -0.158

13y (-)0.322

Léy 0.404 ~0.126 0.626 -.-

{:u ~0.283 - --- -0.084
0 0.719
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Taste 11r

“Limits" on ‘szpl

“Lower “Upper
Nucleus Lisit" Limit"
105 + 0.3 + 0.42
1y + 0.2 +0.35

Loy - 0,27 - 0.08

214
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Table IV

Nuclear Vector Polarization at Equal Spin Temperature

0.600
0.650
0.700
0.750
0.800
0.850
0.900
0.930
0.960
0.980
0.990
0.9950
0.9980
0.9990
0.9995
0.99990

0.999990

0.0206
0.0415
0.0613
0.08635
0,112
0.141
0.137
0.176
0.196
0.221
0.251
0.292
0.326
0.376
0.433
0.490
0.340
0.600
0.641
0.678
0.752

0.829

0.0182
0.03%0
0.0602
0.0825
0.107
0.135
0.151
0.168
0.188
0.212
0.241
0.280
0.313
0.362
0.419
0.473
0.523
0.582
0.623
0.660
0,735

0.915

0.0649
0.130
0.197
0.266
0.338
0.416
0.457
0.500
0.546
0.3596
0.652
0.716
0.762
0.818
0.868
0.903
0.928
0.951
0.963
0.972
0.986

0.99%

0.0288
0.0580
0.0884
0.l121
0.136
0.193
0.217
0.242
0.269
0.301
0.340
0.390
0.431
0.4%0
0.354
0.609
0.657
0.710
0.744
0.773
0.826

0.827

0.0536
0.1l08
0.164
0.222
0.284
0.351
0,388
0.427
0.470
0.518
0.572
0.638
0.687
0.750
0.309
0.834
0.887
0.919
0.936
0.9350
0.971

0.986

0.0253
0.0509
0.0777
0.106
0.137
0.173
0.192
0.215
0.240
0.269
0.306
0.354
0.394
0.454
0.3521
0.582
0.637
0.701
0.742
0.779
0.847

0.911

0.00967
0.019%
0.0298
0.0408
0.0528
0.0667
0.0745
0.0833
0.0934
0.105
0.120
0.141
0.158
0.185
0.217
0.249
0.280
0.320
0.349
0.377
0.441

n.522

-0.0120
-0.0215
-0.0320
-0.0433
-0.0559
-0.0704
-0.0786
-0.0879
-0.0984
-0.111
-0.127
-0.148
-0.167
-0.19%
-0.229
-0.262
-0.295
-0.337
-0.367
-0.397
=0.464

=N.550
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TABLE V

Target Composition of EA(.85)BA(.15), Immersed in LHe*,

Nc.lcctlnl the Dopant, Packing fraction = 0.65.

Densi

Wucleus (g/cm”) n/oy
y 0.0887 1.000
“He 0.049 0.139
10y 0.00532 0.00604
1y 0.0234 0.0242
12¢ 0.247 0.l .4

14y 0.181 0.147
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TABLE VI

Background Proton Polarization vs. P("H)

Pylp)
P( 1K) “Lower Limit" “Upper Limit"
0.100 0.00001 0.0006
0.300 0.00002 0.0018
0.500 ~0.00001 0.0030
0.700 -0.0002 0.004$
0.800 ~0.0005 0.0055
0.900 -0.0011 0.0066
0.930 <0.0015 0.0070
0.960 -0.0023 0.0076
0.980 ~0.0034 0.0080
0.990 <0.0046 0.0082
0.995 <0.0059 0.0082
0.9990 -0.0090 0.0080
0.99990 -0.014 0.0072
0.999990 -0.018 0.0062

1. =0.044 -0.0011




Appendix B Least-Squares Fit With One-Point Constraint

The equations which are solved, by least-squares fitting, to determine each compe-
nent of the magnetic field are discussed below. The equations are obtained by taking

derivatives of the function C with respect to the coefficients and the constraint:

aC 5 2
- = Y (-z]") [st -3 anz?] -Xzl=0 m=0,1,2 (B.1)
aam i=1 n=0

ac 2

= F =Bij- ) anzp=0. (B.2)

n=0

Rewriting the ahove expressions gives

2 5 5
E an E z}‘*""] Az = E Bijz (m — equations) (B.3)
n=0 i=1 i=1

2
Z anzy = Byi;. (1 — equation) (B.4)

n=0

Therefore the system of equations to be solved is

r Tiz} Tizi Tizl -2l a0 \ i Bij
Tizi Tizl Tiz} -ue a L Bijzi
Tiz} Tizl Tiz! -z} e T Bijz}

\ 5 Ty z? 0 /\) \ By; )
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where { = 1,2,3,4,5. This system of equations is solved by a subroutine which was

written at ANL and uses the Crout algorithmn.

The error in the coefficients is given by the diagenal elements in the error matrix
» for the fit {Or-58]:

( (Aao)z

(Day)?

\ (Aan)2 )
The error matrix is simply the inverted weight matrix. The elements of the weight

matrix are given by

1 6%C 1 nim
Wom = 280,8m 5;'1" (B:5)

Therefore, for N = 2:
P, -'0? iz X -T.?

1
W= 2 Tizi Tie? T2}
iz} Tie} ¥z}
This matrix is inverted to give the error matrix. It should be noted that W is just a

submatrix of the solution matrix.



Appendix C The Monte-Carlo Program

On the following pages is a listing of the Monte-Carlo program used to check the mag-
netic figdd parameterization of our spectrometer. It was also used to correct the scat-
tering angle of the recoil proton for the effects of the polarized target magnetic field.

The main program is listed first, followed by the various subroutines.

220
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PROGRAM DICE

MOWTE CARLO PROGRAM TO GENERATE np~ ELASTIC SCATTERING EVENTS AND n,p GORS
TO PI,D EVENTS FOR EXPERIMENTS E665/770. B.GARNETT

annan

IMPLICIT NONE
INTEGER RUNNO, EXPNO

INTEGER NUM_PART,CASE, IPLANE
INTEGER I,3,K,II,J3,KK,IPER,ICNT
INTEGER MAXEVT

LOGICAL HIT,HERA,FIRST,GOOD_MOMENTUM
CHARACTER REC*80,ANS*1,WHICHSEELD*L
REAL*S NUT MAS,PI,FRAC,TANG SCM Z
PARAMETER {NUT_MAS=939.6D0)
PARAMETER (TARG SCM Z=335.28D0)
COMMON /COUNT/ICNT, TPER

COMMON /POSZ/POS(23)

REAL*S POS

COMMON /SCM/Z1,D1,D2

REAL*S L1,%1,D1,D2,T

COMMON /OUTPT/RDAT ,WICOPFS , XYINCT
REAL*S BDAT(3,7,4),WICOFFS(3,7),XYZNOT(3)
COMMON /RELA/GAMMA, VELOC, C, ENEUTRON
REAL*S GAMMA,VELOC,C, ENEUTRON
COMMON /MON P 1/ P_P,HERA_ANG,SCM_ANG, PHICOTH, KPERIM
INTEGER*2 XPERIM 1FLAG CONTAOLLING LVENT GENEZRATION
REAL*S P_P,HERA_ANG,SCM ANG,PHICOTH(S) ! PHICOTH(PHI MIN.,PHI MAX.,THETA MIN.,THETA MAX.)
REAL*S UDPMI,LDPHI IPHICOTH( 5 )=UDPHI , PHICOTH (6 ) mLDPHI
COMMON /NON V_1/ P,P_TOT
REAL*S P(7),P_TOT ! P(X,Y,2,Px,Py,Pz,t),P_TOT
COMMON /SEED/ ISEED, IENERNGY,V{98),IDUM
INTEGER*4 ISCED,IENENGY,MAP, IDUM
REAL*4 V
COMMON /ANGLE/THETA, PHI ,ALPHA
REAL*S ENERGY,EBEAM,ALPHA,THETA, PHI
COMMON /GUN/GTHETA, GPHI
REAL*S GTHETA,GPHI
REAL*S PX,PY,PZ,PT
COMMON /DEUT/DODEUT , INDEX
INTEGER*2 INDEX
LOGICAL DODEUT
LOGICAL STAT,LIBSINIT TIMER,LIBSSHOW TIMIR
EQUIVALENCE (P(4),PX),(F(5),PY), (P(6),P2)
EQUIVALENCE(P(7),T)
DATA ISEED/-28677519/
DATA HERA_ANG/0.0/
DATA €/29.979246D0/
DATA L1/247.9/
DATA PI/3.14159265358D0/
c* STAT =LIB$INIT TIMER{) !START CPU TIMER
c* IF(.NOT. STAT) THEN
c* CALL LIBS$STOP(AVAL{STAT))
c* END IF
FIRST=.TRUE.
HITs FALSE,
PODEUT=. FALSE.
HERA=.TRUE.
IDUMsISEED IRANO NEEDS THIS TO INITIALIZE
INDEX=1
1ST2.: w0
T=0 . 0D0
OPLN(19,NAME=’ POSZ . DAT' , STATUS= ' OLD’ )
DO Is1,23
READ(19,*)POS(I)
ENDDO
CLOSE(19)
OPEN{20, MAME=* PHICOTH.DAT’ , STATUS= ' OLD' }
DO Iwl,6



READ(20, * ) PHICOTH(I}

ENDDC

READ(20, *)KPERIM

CLOSE(20)

WRITE(6,*)’'CHOOSE SCM FIELD MAP (HIGH FIELDwl,LOWw2):’
READ(S, * )MAP

* READ IN APPROPRIATE FIELD MAP

30

1218

7
11
13
100
200

o0

CALL SCM_MAP_READ(MAP)
WRITE(6,2)

READ(S, * ) NUM_PART

WRITE(6,4)

PORMAT(1X, 'ENTER NUMBER OF GOOD EVENTS:'$)
READ(S, * )MAXEVT

WRITE(6,7)

READ(S5,1001) ANS

IP((ANS.EQ.'Y’).OR. (ANS.Q.’y’)) THEN
DODEUT=. TRUE.

WRITE(6,11)

READ(5,1001)An8

IF((ANS.EQ.'N’).OR. (ANS.FQ.'n’)) INDEX=2
ENDIF

WRITE(6,1)

READ(S, *) IENERGY

WRITEZ (6, *)'ENTER THE SPECTAOMETER ANGLE (DEG.):'
READ(S, *)SCH_ANG

WRITE(6,*) 'ENTER EXPERIMENT NUMEZR (665 OR 770):’
READ(S, * ) EXPNO

WRITE(6,*) 'ENTER RUN NUMBER (WILL DETERMINE WHICH
* SURVEY COMSTANTS AREK USED) :'
READ(S, * )RUNNO

WRITE(6,*) 'READING IN THE SURVEY CONSTANTS’
CALL SURVEY (XXPNO,RUNNO)
WRITE(6,*)'HERA ON (Y/N) ? 3’
READ(S,1001)ANS

IP((ANS.EQ. K’ ).OR. (ANS.EQ.’n’)) THEN
HERA= . PALSE .

GoTO 30

ZNDIF

WRITE(6,*) 'ENTER TANGET POLARIZATION ANGLE (DEG.-RELATIVE TO BEAM

YL
READ(S, * ) ALPHA
WRITE(6,3)

READ(S,13)REC

WRITE(6,*)’1IS THIS THE FIRST RUN WITH THESE PARAMETERS (Y/N) ? :/

READ(S5,1001) WMICHSEED
IF((WHICHSEED.EQ.’N’).OR. (WHICHSEED.EQ.'n’)) THEN
OPEN(21,NAME=’SEED.DAT’ , STATUSa’OLD’ )
READ(21,1200)ISRED

IDUM=1 ITO REENTER RANO W/0 REINITIALIZING NEED IDUM>O

DO 1215 1=1,98

READ(21,1210)V(2)

CONTINUE

CLOSE(21)

ENDIF
PORMAT (1X, ENTER ENERGY (1,2,0R ) ~ 500MeV=l,650MeVm2
*,800MeVe3 : )
FORMAT(1X, 'ENTER NUMBER OF TRACKS TO RUN:’$)
FORMAT (1X, 'ENTER THE NAME OF THE FILE TO WRITE
*THE DATA TO:(1 TO 80 CHARS)’S$)

FORMAT (1X,’'DO YOU WISH 70 DO DEUTENON KINEMATICS (Y/N) ?')

FORMAT (1X, ‘DO YOU WANT FORWARD/CM ANGLES (Y/N) ?¢)
FORMAT (1A80)

GOTO (100,200,300 ) IZENENGY

ENERGY=493.0D0

coTo 400

ENENGY=641.0D0

GOTO 400

ENENGY=793.0D0

C ANGLES ARE IN RAD

400

SCM_ANGeSCM_ANG*P1,/180.0D0
ALPHASALPHATPI,/180 . DO

EREAM=ENEAGY

ENTUTRON=EBEAN

ENERGY= (ENERGY+NUT_MAS)
ENERGY=ENENGY *ENERGY

F_P=DSQRT (ENERGY~ (NUT_MAS*NUT_MAS ) )

222



*tds CREATE THE SEED FILE FOR THE RANDOM NUMBER GENERATOR

OPEN({ 39, MAME=’SEED.DAT’ , STATUSs ' NEW’ )

*ast OPEN AN OUTPUT FILE TO WRITE S1 POSITIONS IN — FOR DIAGNOSTICS *#***
OPEN{61,MAME='S1XY.DAT’ , STATUS='NEW’ ,DISPw’KEEP' , SHARED)

425

[

CaesassasOPRN PILE TO STORE X,Y IN S1 FOR GOOD CVENTS*#ssssnsnse

[

450
451

1212

C COMMENT

annon

OPEN({90 , NAME=REC, STATUS='NEW’ ,DISP=’KEEP’ , RECORDSIZE=1300,

*BLOCKSIZE=8000,SHARED)

OPEN(90,STATUS='NEW’ ,DISP='KELP’ , RECORDSIZE=1300,

*BLOCKSIZE=$000, SHARED)

WRITE(61,425)
FORMAT(’DO IT’)
WRITE(61,451)
WRITE(61,%)°-30.48,-13.97"
WRITE(61,*)’-30.48,13.97’
WRITE(61,*)’30.48,13.97°
WRITE(61,*)°30.48,-13.97"
WRITE(61,*)’~30.48,-13.97"

IF(NUM _PART.LE.2000) THEN

WRITE (81,450 )NUM_PART

ELSE

I=2000

WRITE(61,450)2

ENDIF

OPEN(62,KAME=’GS1XY .DAT' , STATUS=' NEW’ ,DISPw’KEEP’ , SHARED)

WRITE(62,425)
WRITE(62,451)
WRITE(62,*)’-30.48,-13.97"
WRITE(62,%)'~30.48,13.97
WRITE(62,%)30.48,13.97°
WRITE(62,%)’30.48,-13.97/
WRITE(62,*)’-30.48,-13,97/

IF(MAXEVT.LE.2000) THEN

WRITE (62,450 )MAXEVT

ELBE

I=2000

WRITE(62,450)1

ENDIF

FOMMAT( *PLOT IT(’,15,',~1,8,0,')
FORMAT( PLOT IT(5,0,16,0°)

OPEN AN OUTPUT FILE TO WRITE THETA AND PHI FOR THE GOOD EVENTS
OPEN(69,MAMEs’ PHITHETA. DAT' , STATUS=/NEW’ ,DISP=’ KEEP’ , SHARED)

WRITE(69,425)
WRITE(69,450 ) NUN_PART
IPER=0
DO 1000 Iwl, MM _PART
STAT «~LIB$SHOW TIMER()
WRITE(6,*) TIME AT MAIN DO LOOP’
IF(.NOT.STAT) THEN
CALL LIB$STOF(VVAL(STAT))
o 1P
IPLANE=2
1CNT=I
IF(HIT) CALL RES_PUT
HIT=,FALSE.
CALL INI_MANETR
GOOD_MOMENTUM = .FALSE.
DO WHILE {.NOT.GOOD_MOMENTUM)
CALL INIT P
CALL TANET(GOOD_MOMENTUM)
£¥D DO
1F(IIT) GOTO 1000

CALL PUT P(.TRUE..l)

THE LENGTH,P(7) IS THE TIME THE PARTICLE SPENT IN THL TARGET
INC (1) ==> PLANE NUMBIR
{2} s=) LOGICAL: PLAG SET IF PARTICLE HIT SOMETHING

IF (.NOT. HERA) THEN
PT=DSQRT (PX*PX+PY*PY+PT*PE)
CALL EXTR_PAMMS (PT)

GoTO 40

ENDIF

CALL P_TRACE(1, IPLANE HIT,FIRST)
IF(HIT) GOTO 1000

CALL TO PUT_P OUT IF CALCULATING FROJECTIONS IN THERA2.SUB

223
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C TRARSLATE AND NOTATE X,%,Px,Px 70 THE SCM COORD. SYSTEN.
40  CALL NERASCM(P(1),P(3),.FALSE.)
CALL NERASCM(P(4),P(6),.TRUE.)
IF(P{6).LE.0.0D0) GOTO 1000
IF((IPLANE.GE.3).AND. (IPLANE.LX.5)) QOTO 60
IF{(IPLANE.GE.6) .AND. (IPLANE.LE.8)) GOTO 70
IF(IPLANE.GE.9) GOTO 80
(1217
50  CALL P_TRACK(2, IPLAWE,HIT,FIRST)
IF(NIT) GOTO 1000
IPLANE=3
60  CALL P TRACK(3,IPLANE,NIT,FIRST)
IP(NIT) QOTO 1000
IPLANE=Y
70  CALL P TRACE(4,IPLANE,NIT,FIRST)
IP(NIT) QOTO 1000
IPLANR=S
80  CALL P TRACE(S,IPLANE,NIT,FIRST)
IP(NIT) QOTO 1000
IPLANE=6
CALL P_TRACE(6, IPLAME,NIT,FIRST)
IF({NIT) QOTO 1000
IPLANE=7
CALL P TRACE(7,IPLANE,NIT,FIRST)
IF(RIT) GOTO 1000
IPLANE=S
CALL P TRACE(S,IPLANE,NIT,FIRST)
TF{RIT] QOTO 1000
CALL PUT_P(.FALSE.,2) | A RECORD IS WRITTEN WNEN FUT P IS CALLED WITH THE ARGe.FALSE.
WRITE(69, 990 ) @TNETA,GPNT
999 PFORMT(F6.2,',’,r6.2)
IPES=IPER+]
IP(IPER.BQ.MAXEVT) GOTO 1010
1000 CONTTNUE
1010 CONTINUE

c* STAT =LIBSSNOW TIMER()
c* WRITE(6,*)'TIME AT END OF MAIN DO LOOP’
c* IF(.NOT.STAT) THEN
c* CALL LIB$STOP(AVAL(STAT))
Ce D 1r
WRITE(6,*) 'TOTAL NO. EVENTS,NO. GOOD EVENTS,% QOOD EVENTS:'
FRAC=FLOAT (IPER),/FLOAT ( ICNT)

WRITE(6,*) ICWT,IPER,100.0°FRAC
1001 FORMAT(AL)
1160 CLOSE(%0)
ettt UNIT 61 IS THR S1XY POSITION FILE
WRITR(61,*) 'RETUMI’
WRITE(61,*) 'END’
CLOBE(61)
setd UNIT 62 IS THR GOOD S1XY POSITION FILE
WRITE(62, *) ' DETURN’
WRITE(62,*) ' END’
CLOSE(62)
sett UNIT 69 IS THE GOOD THETA,PMI FILE
CLOSE(69)
*ett UNIT 39 IS THR SEED FILE
WRITE(39,1200)15E8D
DO 1220 J=1,98
WRITE(39,1210)V(J)
1210 FORMAT(F11.8)
1220 CONTINUE
1200 FORMAT (015)
CLOSE{(]9)
STOP ' NOMMAL END’
D

SUBROUTINE WRITER(I)
* USED POR DIAGNOSTICS TO FRINT FOSITION AND MOMENTUM TO TNE SCREEN.
COMEN /OB V¥ _1/XP,P_TOT
rxAL*s xp(77,F ToT
WRITE(6,*)'In 7,1
WRITE(6,*)'X,Y,3:
WRITE(6, *)XP(1),XP(2) ,XP(3)
WRITE(G,*) 'PX,PY,PE:’
WRITE(G, *)XP(4),XP(S) ,XP(6)
rETURN
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* THIS SUBROUTINE GENERATES THE WEUTROM BEAM MOMENTUM. IT IS CHOSEN AT RANDOM
* AND GENERATED AS A GAUSSIAN DISTRIBUTION WITN AN ENERGY DEPENDENT FWeM AS
* DETERMINED BY BJORK. TNE INTERACTION FOINT IN THE TARGET IS ALSO GENERATED HERE
IMPLICIT NOWE
EXTEMNAL GAUS_S,IN_TARG,GAUS M,RANO
REAL*4 RANO
REAL*S GAUS _S,GAUS M

PARAMETER WUT MASe:39.6D0

PARAMETER CONST=2.354D0 t FWHM=2 . 354 *SIGMA

! DIAGOMAL +.1 OF THE TARGET
1 .5 OF COLLIMATOR SOLID ANGLE, BJORK TMESIS, FPP. 155

COMMON NMOM P 1/ P_P,MERA_ANG,SCHM_ANG, PRICOTH, KPERIM
INTEGER2

BREAL*S P _P,NERA_ANG,5CH ANG, PHICOTN(6)

comeon Alow v_ 17 »,P

REAL*S P(7),¥ TOT t P(X,Y,2,Px,Py, Ps,L)

REAL*S Y08 x,ioa Y, 208 :.m b 3 t POSITION VALUEA
REAL*S P iz, » THA,T Ao 1 MONKWTIN VALUZS
pEAL*s sTan —

COMMON /TOT_PT/708_X,708_Y, 708 %
comon /38xD/ 18EED, 1EMERGY,V(F8), TDUM
INTEGER*4 ISEED, 1ENERGY, IDUM
REAL*4 V
REAL'S TOW
INTEGER*4 II
INTEGER I
LOGICAL IN

QoTO (10,20,30) IENERGY
i0 SIGMA=WIDTNH] /CORST

QoTO 40
20 SIGMMMWIDIN2 /CONST
QoTo 40
3 SIGMA=MWIDTNI/CONST
IGAUSSIAN MOMENTUM DISTRIBUTION OUT 70 FWOM

*40 P TOIT=GAVS l(ltﬂ,’ | 2 267)

sesnseesigy MONOENENGETIC NEUTRONS

40 P TOT=P P

[
TEMP=RANO ( IDUM, XSEED,V)
P_THASDACOS (1 .0~-COLL,_ANG*TRMP)
!_]Ilt-l O0DO*PI*RANO(IDUM, ISEED,V)
ENEUTRON=DSQRT (P_TOT*P_TOTHIUT_NAS*NUT_MAS)
P(4)=P_TOT*COS (¥_PHI)*SIN(P_THA)
P(5)=P_TOT*SIN(F_PHI)*SIN(P_THA)
P(‘)-P TOT*CO8(P '.I.'IA)
»08 m n(m m,rm RAD)

*100 T_ANG=2.0D0*PI*IAN(ISEED)

» FOS_X=POS_R*DCOS (T _ANG)
* POS_YeJOS_R*DSIN(T_ANG)
. POS_SeTANG pmt(-!—m(um))
* INTERACTION PT. NOW AT TARGEIT CENTER
FOS_X=0.0D0
FOS_Y=0.0D0
FOB_I=0.020
» IN=IN_TARG(POS_X,P08_Y, P08 I)
. IF(.NOT.IN) GOTO 100
ru)-m_x
»(2)=PO8
m)-m_s
P(7)=0.0D0
RETURN
=0
c

SUBROUTINE TARGET{GOOD MOMENTUM)
* THIS SURBOUTINE DETERMINES THE PROTON (OR DEUTERON) INITIAL MOMEWTUM FROM THE
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* GENTRATED NEUTRON MOMENTUM AND np - KINEMATICS.
EXTERNAL RANO
INTEGER NFLAG
REAL*8 PRO HM,NUT MAS,PI
REAL*S DU'I.' MAS, PIM MAS
REAL*8 GN
REAL*4 RANO
PARAMETER (PRO_MAS=938.236D0)
PARAMETER (NUT_MAS=$39.6D0)
PARAMETER (DUT_MAS=1875.587D0)
PARAMETER (PINOT MAS=]134.963D0)
PARMETER (PI=).T415926535000)
PARAMETER (GN=S.0DO)
COMMON /RELA/GAMMA, VELOC, C, ENEUTROM
REAL*S GAMMA,VELOC,C, ENEUTRON
COMMON /MOM_P_1/ P_P,HERA_ANG,SCM _ANG, PHICOTH, KPERIM
INTEGER*2 XPLRIM TPLAG CONTROLLING EVENT GENERATION
REAL*S P_P,HERA ANG,SCM _ANG,PHICOTH(6)  !PHICOTH(PHI MIN.,PHI MAX.,THETA MIN.,THETA MAX. - IN CM COORD
REAL*S UDPHI,TOPHI

COMMON /NON V_1/ P,P_TOT
COMMON /ANGLE/THETA, PHI , ALPHA
COMMON /GUN/GTHETA,, GPHI
REAL*S GTHETA,GPHI
COMMON /BEAM/TBEAN
REAL*S EBEAM,SPECANG
REAL*S P(7),P_TOT t P(X,Y,2,Px,Py,Pz,L)
REAL*S P1(3),F2(3),COTH,PHI, THETA, SINPHI ,COSPHI ,ALPHA
COMMON /SEED/ ISEED, IENERGY,V(98),IDUM
INTTGER*4 ISEED,IDUM
REAL*4 V
COMMON /DEUT /DODEUT , INDEX
INTEGER*2 INDEX,NSOLN

. LOGICAL DODEUT
REAL*S M3,M4,CMTHETA(2)
REAL*S XT,YT
LOGICAL SIGN,GO0D MOMENTUM

SIGHN=. FALSE.

IF (DODEUT) THEW
M3=DUT_MAS
MA=PINOT_MAS
£LsE

MI=PRO_MAS
MASNUT_MAS
EwoIr

P1(1)=p(4)
?1(2)=p(5)
P1(3)wP(6)
P2(1)=0.0D0
P2(2)=0.0D0
P2(3)=0.0D0
* HERE THE ANGLE THETA IS THE ANGLE WITH RESPECT TO THE I-AXIS IN THE
* X2-PLANE. PHI IS THE ANGLE ABOVE(PHI>O) OR BELOW(PHI<O) THIS PLAME.
[
UDPHI=PHICOTH(S)
LDPHI=PHICOTH(6)
IFr (KPEZRIM.EQ.0) THEN
222 GTHETMRANO{IDUM,ISEED,V)*{PHICOTH(4)~PHICOTH(3))+PHICOTH(3)
GPHI=RANO(IDUM,ISEED,V)* (PHICOTH(2)-PHICOTH(1) }+PHICOTH(1)
IF(GPHI.GT. (PHICOTH(2)+UDPHI* (GTHETA-PHICOTH(3)))) THEN
QoTO 222
ELSE IF(GPHI.LT.(PHICOTH(1)+LDPHI*(PHICOTH(4)-GTHETA)))THEN
GOTO 222
o Ir
ELSE IF (KPERIM.LT.9) THEN
GTHETAPHICOTH(3)
OPHISPHICOTN(L )+ (PICOTH(2)~-PHICOTH (1) ) *DFLOAT (KPERIN-1)/GN
KPERIM=KPERIM+1
ELSE IF (KPERIM.LT.17) THEN
QTHETASPHICOTH(4)
GPHI=PHICOTH(1)+(PHICOTH(2)~PHICOTH(1) ) *DPLOAT (XPERIM-9 ) /GN
KPERIMsKPERIM+L

ELSE IF (KPERIM.LT.25) THEN
QTHETA=PHICOTH (3 )+ (PHICOTH(4)~-PHICOTH(3) ) *DPLOAT (KPERIM-17)/GN
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GPHI=PHICOTH(1)+LDPHI* (PHICOTH(4)-GTHETA)
KPERIM=KPERIM+1
ELSE IF (KPERIM.LT.33) THEN
GTHETA=PHYCOTH( 3 )+ (PHICOTH(4 )=PHICOTH( 3 ) ) *DFLOAT ( KPERIM-25) /GN
GPHI=PNICOTH(2) +UDPHI* (QTHETA-PHICOTH(3))
KPERIM=KPERIM+1
ELSE IF (XPERIM.GT.32) THEN
KFERIM=0 1GO BACK TO RANDOM ANGLE GENERATION
END IF
[of
* THETA AND PHI DETERMINED HERE ARE THE USUAL POLAR COORDINATES.
PHI=GPHI*PI/180.0D0 1CONVERT TO RADIANS FOR TUBORG
THETAGTHETA*P1/160.0D0
XTw -DCOS(PHX ) *DSIN(THETA)
YT= DSIN(PHI)
* TRANSFORM TO POLAR COORDINATES
IF((THETA.EQ.0.0DO).AND. (PHI.EQ.0.0D0)) GOTO 100
IF((THETA.ZQ.0.0D0) .AND. (PHI.GT.0.0D0)) THEN
THETA=DABS ( PHI )
PHI=PI/2.0D0
GQOTO 100
ENDIF
IF((THETA.2Q.0.0D0) ,AND. (PHI.LT.0.0D0)) THEN
THETA=DABS ( PHI )
PHI=(3.0D0/2.0D0) *PI
GOTO 100
ENDIF
IF((PHI.EQ.0.0D0).AND. (THETA.GT.0.0D0)) THEM
PHI=PI
GOTO 100
ENDIF
COTH=DCOS ( PHI ) *DCOS (THETA)
THETA=DACOS ( COTH)
IF(THETA.2Q.0.0D0) THEN
PHI=0.0D0
GOTO 100
ENDIF
STPNI=DSIN(PNI ) /DSIN(THETA)
PHIDASIN(SINPHI)
* DETENMIINE WHICH QUADRANT (XY-PLANE) THE PARTICLE WILL LIE IN
IF ((XT.LT.0.0D0).AND.(YT.GT.0.0D0)) PHI=PI-PHI !2nd QUADRANT
IF ((XT.LT.0.0DO0).AND.(YT.LT.0.0D0)) PHInPI-PMI 13rd QUADRANT
I
100  CALL RECOIL KIN(P1,THETA,PHI,EBEAM,GOOD MOMENTUM)
I
P(4)=P1(1)
P(5)=pP1(2)
P(6)mwP1(3)
RETURN
|- o)

SUBROUTINE HERA TRACE(X,Y,Z,X2,Y2,22, IPLANE HIT)
* TRANSFORMS COORDIMATES TO THE SCM10S FRAME AND CHECKS IF PARTICLE IS IN A
* DETECTOR PLNME.

IMPLICIT REAL*$ (A-H,0-Z)

LOGICAL HIT,FIRST,MEXT

COMMON /SCM/CASE,L1,21,D1,D2

INTEGER CASE, IPLANE

COMMON /PRINT/XI,YI,Z1

COMMON /ANGLE /THETA, PHI , ALPHA

COMMION /¥ON_V_1/P,P_TOT

COMMON /POSZ/POS

DIMENSION F(7),P0S(23)

EQUIVALENCE (P{7),T)

FIRST=.TRUS.

XO=X

Y0uY

20=Z

XPaX2

YPeY2

Th=22

CALL X_WOT(X0,Y0,Z0,ALPHA,1.0D0)

CALL X_"NXP,!P,IP,M.I.ODO)

CALL HERA WOT(X0,Y0,20,ALPHA,~1.0D0)

CALL HERA NOT(XP,YP,ZIP,ALPHA,~1.0D0)

CALL HERASCM(X0,Z0, .FALSE. )
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CALL HERASCM(XP,ZP,.FALSE.)
100 IF(ZP.GT.POS({IPLANE)) THEM
CALL INTERP(POS{IPLAME),X0,X0,20,XP,YP,3F, NEXT)
* INCREMENT TIME ~ OF — FLIGHNT. TOF IS IN NANOSECONDS.
IF (XP.OT. POB{2)) TIEN
CALL TOF_INC(DT,X0,Y0,%0,XP,YP,ZP)
TwT+DT

SUBROUTINE P TRACE(I PP,IP,NIT,FIRST)

* IS SUBROUTINE DeTeRMINES TME POSITIONS OF TNE PARTICLE IN TNE 22 DETECTOR PLANCS.
IMPLICIT WONE
EXTENIAL IN TANG

PARNETRR §_praMEe23
PARAMETER SCM_DIVe100.0D0
PARNMETER DIV STEPe10.0D0
PARNETER INT_STEP=100.0D0
PARNMETER SCM_F_S=-124.0D0
PARAMETER SCM R P=124.000
PARAMETER F $ TOL=1.0DO

REAL*S P V(7),DL,D T,P TOT,T,DT
REAL*S X,Y,%,PX,PY.PS
REAL®S X2,Y2,32,PX2,PY2,P52,R
REAL*S TOL(N PLANE),POS(N PLAME),I,J X
INTEGER I_PP,I_PLAME,IC,II,LIMIT,IP, VRRE
LOGICAL MIT,LFLAG,FIRST,LPOO2, NEXT
BQUIVALENCE (P V(1),X),(P V(2),Y),(P V(3),3)
EQUIVALENCE (P V(4),PX),(F V(5),PY),TP_V(6),2Z), (P V(7),T)
DATA TOL/23*.01/
NIT=.FALSE.
LFLAGw . TRUE.
MEXT=.FALSE.
I_PLANE=IF
IWERE=]_PP
QoTO (10,20,30,40,50,60,70,80) VRS
WRITE(6,*) ‘I_WMERE TOO LARGE IN P_TRACE'
STOP 162

C THIS IS THE TARGET IN NERA

10  CALL NERA_ROT(X,Y,3,ALPHA,1.0D0)
CALL RERA ROT(FX,PY,PZ,ALPHA,1.0D0)
CALL X _WOT(X,Y,3,ALPNA,-1.0D0)
CALL X WOT(PX,PY,PES,ALPNA,-1.0D0)
CALL THERA2(I PLANE,HIT)
IF(NIT) RETURN
CALL X BOT(X,Y,3,ALPHA,1.0D0)
CALL X BOT(PX,PY,PS,ALMA,1.0D0)
CALL NERA ROT(X,Y,Z,ALPNA,-1.0D0)
CALL ERERA ROT(PX,PY,PZ,ALPHMA,-1.0D0)

INCREMENTING FROM TNE TARGET TO THE SCINTILLATOR -~ S1:

[ X e

21 CALL MANTR(P_TOT,X,Y,%,PX,PY,PZ,D T,X2,Y2,32,PX2,PY2,P52,NIT)
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IF(HIT) RETURN

IF(%2.0T.POS(I_PLANE)) TWMEN

CALL INTERP(POS(I_PLMME) X,Y,3,X2,Y2,%2,NEXT)
* CORRECT TOF POR OVERSHOOTING FIRST PLANE

CALL TOF INC(DT, XTI, YI, %I, X2,6Y2,32)

TwrsDT

QoTO 29

ENDIF

Qoro 21
29  CALL QMKXY(I_PLANE,NIT,FIRST,1)

IP(BIT)

CALL PUT_P{.TMX.,2)

C THE NEXT IS A MULTI PLANE DETECTOR{PO), ==>3 PLANES.
C 90...
30 FIRST=.PALSE.
DL~0 . 500
D_TwDLy/( VELOC*GAMMA)
31  CALL MNNETR(P_TOT.X,Y,I,PX,PY,PS,D T,X2,Y2,32,PX2,PY2,P52,NIT)
IF(32.GT.P08(2)) THEN
CALL TOF_INC(DT,X,Y,3,X2,Y2,32)
TwreDr
ENDIF

IF (BIT) RETURN

IF(%2.GT.POS(I_PLANE)) THEN

CALL INTERP(POS(I _PLAME) ,X,Y,8,X2,Y2,52,MEXT)
Q010 39

sDIr

A=X2
Yo¥2
=22
FX=pPx2
P=pPY2
PY=PY2
9010 31

39 CALL OOXY(I_PLANE,NIT,FIRST,1)
IF(NIT) RETURN
CALL JUT_P(.TRE.,2)
I_PLANE=T_PLANE+L
IF(I_PLANE.LE.5) GOTO 30

41 CKLL MANETR(P_TOT,X,Y,.3,PX,PY,P5,D T.X2,Y2,32,PX2,PY2,P52,NIT)
IF(32.0T.POS(2)) THEN
CALL TOF_INC(DT,X,Y,3,X2,Y2,52)
ToT4Dr
ENDIF
IF(RIT) RETURN
IF(%2.GT.POS(I_PLANE)) THEN
CALL INTERP(POS(I_PLANE),X,Y,Z%,X2,Y2,52,NEXT)
QoTO 49
eoIr
XmK2
YuY2
T=32
PX=PX2
PY=PY2
PIepI2
QoTO 41
49  CALL CHEXY(I PLANE,NIT,FIRST,1)
IP{NIT)
CALL PUT_P(.TRE.,2)
I_PLAMEST PLANE+L
IF(I_PLANE.LE.8) GOTO 41
RETURN
€ DETECTOR PLANES P2R(X<0) FIRST, P2L{X>0) WEXT:
50 I _PLANEsS
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Dim=0.5D0 230
D_TeDL/(VELOC*GAMMA)
CALL MANETR(P TOT,X,Y,Z,PX,PY,PZ,D T,X2,Y2,%2,PX2,PY2,P22,HIT)
IF(Z2.07.905(2)) THEW
CALL TOF_INC(DT.X,Y,Z,X2,Y2,22)
TwT+DT
ENDIP
IF(HIT) RETURM
IF(22.GT.POS(I_PLANE)) THEN
CALL INTERP(POS(I_PLANE) X,Y,Z,X2,¥2,22,NEXT)
GOTO 88
ENDIF
XuX2
Y=y2
Tuz2
PXuPX2
PY=PY2
PZuPz2
GOTO 51

C DETERMINE IF IN P2R OR P2L

IF (I_PLANE.NE.9) GOTO 59 INEMEMBER TO REPLACE 58 HERE
CALL THIOCY(I_PLANE,MIT,FIRST,1) ICHECK IF IN PLANE P2RX
IF(.NOT.HIT) THEM

CALL PUT P{.TRUE.,2)

I_PLANE=I0

LIMIT=12

GoTo 51

oIr

HIT=.FALSE.

I_PLANE=12

LimrTels

GoTO 51

CALL CHIXY(I_PLANE,HIT,FIRST,1)

IF(HIT) RETURN

CALL PUT_P(.TRUE.,2)

I_PLANE=T_PLANE+1

IF(I_PLANE.LE. (LIMIT-1)) GOTO S1

RETURN

€ IN 60-69 TRACE TO P3 THROUGH THE SCM10S FIELD:

60

61

I_ml!
Dimd .0DO
D_‘!’-W(Vlwc‘m)
CALL HANI!'R(P_M.X,Y,B,PX,W,PI,D_T,X?.!Z,BZ,FXZ,I’!Z,PZZ,H!T)
IF(22.QT.PO8(2)) THEN
CALL TOF_INC(DT,X,Y.Z,X2,Y2,22)
TwT+DT
ENDIF
IF(HIT) RETURN
II‘(!Z.G!'.PO.(I_P!MI)) THEN
CALL INTERP(POS(I_PLANE),X,Y,Z,X2,Y2,%2,MEXT)
QoTO 69
ENDIF
A=X2
TuY2
Zuz2
PXuPX2
PY=PY2
PL=pPL2
goTo 61
CALL GMY(I_PM,HIT,PI”T,I)
IF(HIT) RETURN
CALL PUT_P(.TRUE.,2)
x_ruﬂn—r_m.msu
1F(1_vLANE.LE.18) GOTO 61
RETURN

C DETECTOR P4:

70

n

1_PLANE=19
DL=0.5D0

D_TwDLy/(VELOC*GAMMA)

CALL MANETR(P 7OT.X,Y,%,PX,PY,PE,D T,X2,Y2,22,PX2,PY2,PE2,HIT)
IF(22.0T.POS(2)) THEN

CALL TOF_INC(DT,X,Y¥,Z,X2,¥2,22)

TwT+DT

oeorr

IF (HIT) RETURN

1F(22.0T.POS(I_PLANE)) THEN



CALL INTERP(POS(I PLANE),X,Y,Z,X2,Y2,22,NEXT)
GOTO 79
ENDIF
XuX2
Y=y2
Zng2
PX=PX2
PYmpPY2
PZwP22
GoTo 71
79 CALL CHKXY(I_PLANE,HIT,FIRST,1)
IF(HIT) RETURN
CALL PUT_P(.TRUE.,2)
I_PLANE=I PLANEZ+1
IF(I_PLANE.LE.22) GOTO n
RETURN

C DETECTOR S2:
80 I_PLANE=23
DL=0.5D0
D_T=DL/{VELOC*GAMMA)
81 CALL HM!TR(P_M,X,Y,Z,PX,P!,PZ,D_T,XZ,YZ,ZZ,PXZ,HZ,PZZ,HI‘!’)
IF(22.GT.P0S(2)) THEN
CALL TOF_INC(DT,X,Y,2,X2,Y2,22)
TwT+DT
ENDIF
IF(HIT) RETURN
IF(22.G7.POS(I_PLANE)) THEN
CALL INTERP(POS{I_PLANE),X,Y,Z,X2,Y2,L2,NEXT)
* CORRECT TOF FOR OVERSHOOTING THE LAST DETRECTOR PLANE
CALL TOF_INC(DT,XI,YI,21,X2,Y2,22)
TvT-DT
GoTO 89
ENDIPF
XuX2
YuY2
Z=22
PX=PX2
PY=PpY2
PZeP22
GoTO 81
89 CALL CHKXY(I_PLANE, HIT,FIRST, 1)
RETURN
END

SUBROUTINE HERA_ROT(X,¥, %, ALPHA,SI)
* THIS SUBROUTINE ROTATES THE LABORATORY COORD. SYSTEM TO THE HERA MAGNET
COORD. SYSTEM {POLARIZATION ALMAYS ALONG THE Z-AXIS).
IMPLICIT NONE
REAL*S X,Y,2,XX,YY,22,ALPHA,SI
REAL*8 CH,SH
* STw+l.0D0 COUNTERCLOCKWISE ROT., SI=-1.0D0 CLOCKWISE ROT.
ROTATE ABOUT Z-AXIS BY 950 DEGREES
XX=Y*SI
YY=u-X*SI
HeXX
Yu¥YY
RETURN
ENTRY X ROT(X,Y¥,Z,ALPHA,SI)
* ROTATE ABOUT X-AXIS BY ANGLE ALPHA
CH=DCOS (ALPHA)
SH=DSIN(ALPHA)
YYm (CH*Y j+(SH*Z*S1)
ZZw(CH %)~ (SHOY*ST )
¥=YY
ImZ2
RETURN
END

»

»

LOGICAL FUNCTION IN TARG(X,Y,%)

* CHECKS IF THE PARTICLE IS IN THE TARGET.
IMPLICIT NOWE
REAL*S H_TARG_LEN,TARG RAD
PARAMETER (H_TARG_LEM=5.0D0)
PARAMETER (TARG_RAD=1.85D0)
REAL*S X,Y,%,%2,R
ReDSQRT (XAX4Y*Y )

231
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Z2=DABS(Z)
IF(32.GT.H_TARG_LEN/2.0D0) THEN
IN_TARG=.FALSE.
RETURN

morr

IP(R.GT.TARG RAD) THEN
IN_TARGe. FALsE.
RETURN

ENDIF

IN_TARG=.TRUE.

RETURN

™o
c
LOGICAL FUNCTION IN HERA(X,Y,Z)
* CHECKS IF THE PARTICLE I$ STILL IN THE TARGET WHILE IN THE HERA FIELD.
IMPLICIT NOME
REAL*S M TANG LEN,TARG RAD
PARAMETER (N TARG LEW=S.0D0)
PARNTER (TARG_RAD=1.85D0)
REAL*S X,Y,Z,22.,R
REAL*S XP,YP,ZP
COMMON /ANGLE /TRETA, PHI , ALPRA
REAL*S THETA,PNI,ALPMA
XPuX
Yy
P
CALL X_NOT(XP,YP,ZP, ALPHA,1.0D0)
CALL MERA_ROT(XP,YP,ZP,ALPHA,-1.0D0)
PeDEQIT (XPAXP+YPAYP)
22=DABS (3P)
1F(22.GT.H_TANG_LEN/2.0D0) THEN
IN_HERM= FALSE.
RETURM

ENOIF
IF(R.GT.TARG_RAD) THEN
IN_HERM=.FALSE.
RETURN
moIr
IN NERA=.TRUL.
RETUS
o
[+
DOUBLE PRECISION FUNCTION GAUS S(SIG,MJ,N _SD)
* GENTRATES THE GAUSSIAN BEAM MOMENTUM DISTRIBDUTION.
IMPLICIT NONE
C SIG IS VARIANCE,MU IS CENTNOID
C RETURNS A VALUE WITHIN N SD OF STARDARD DEVIATIONS.
PARAMETER 3Q 2 PI=2.5066282746200
REAL*S $IG,MU,XV,P,BP,S P
REAL*S N_SD
COMMON /SEEL/ISEED, IENERGY ,V(98), IDUM
INTEGER*4 ISEED,IDUM,IENERGY
REAL*4 V
S_Pe8Q 2 PI*SIG
1 BP=RAN{I3RED)/S_P
XVaMH (N_SD*SIGH (1.0-2.0*RAN(ISERD}})
Pu( (XV-MJ)/91G)**2
PuEXP(-.5%P) /3 P
1P(P.LT.BP) GOTO 1
GAUS_S=XV
RETURN
END
L4
DOUMLE PRECISION FUNCTION GAUS M{SIG,RMAX)
* GENERATES A GAUSSIAN TARGET RADIUS — INTERACTION POINT IN THE TARGET.
REAL*S 3IG,MMAX,SMIN,R
C SIG IS VARIANCE,MU IS CENTROID.
€ VALUE RETURNED IS X_MINCGAUS MCX MAX (INCLUSIVE)
COMMON /SEED/ISEED, TENENGY, ¥T98),ITDUM
INTEGER*4 ISEED, IDUM, IENENGY
REAL*4 V
SHIN=— (RMAX*RMAX )/ (SIG*SIG)*2
SMIN=EXP{ SMIN)
10 B=1.0D0-SMIN
PmBMINH-(R*RAN{ISEED) }
W=DSQRT (-2 .. 0D0* {SIG*$IG) *DLOG(R) )
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IF (R.GT.RMAX) GOTO 10
GAUS_Meit

PARAMMETER PRO_MAS=9348.256D0
PARAMETER DUT MAS«=1875.58 D0

COMMON /MON_P_1/ P_P,NERA_NNG,9CH_ANG, MIICOTH, KPERIM
INTEGER*2 KPERIM IFLAG CONTROLLING EVENT GENERATION
REAL*S P_P,NERA_ANG,SCH_ANG, PRICOTH(6)
REAL*8 DF00,DG0D
DPOO=PRO_MAS/P_TOT
IF(DODEUT) DPOC=DUT_MAS/P_TOT
DroO=}.0D0,/( DFO0*DF00 +1.300)
VELOO=DSQRT{ DFO0)
GATA=] . 0D0/DEGRT (1 . 0DO-VELOC*VELOC)
VELOCWVELOC*C
rRETUN
)
C
SUBROUTINE PUT_P(ARG, INTARG)
* WRITES THE PARTICLE POSITICN AND MOMENTUM TO AN INTERMAL RECORD. 1F THE EVENT
* MAKES IT THROUGH THE ENTIRE SPECTACHEIER, THE MECORD 13 WRITTEN TO AN OUTPUT FILE.
IMPLICIT MOWE
COMMON/S1SAVE/S1X, S1Y
COMMON /PRINT/XI,YI,SX
REAL*S 31X,31Y
REAL*S XI,YI,ZI,IN(?)
COMMON /MON V_1/ P,P_TOT
REAL*$ P(7),Q(7),P 10T 1 P{X,Y,%,Px,Py,P8,L)
LOGICAL ARG, FIRST
CUARACTER LREC*$000
INTEGER 1PTR,J,1,K
INTEGER INTANG
EQUIVALENCE (IP(1),XXI),{IP(2),YI),{IP(3),3)
DATA FIRST,IPTR/.TRUE.,1/
IP(4)=0.0D0
1P(S)=0.0D0
1P(6)=0.0D0
IP(7)=P(7)
C FILE 30 IS OPENED IN THME CALLING PROGRAM.
IF(INTAMG.EQ.2) THEN
WRITE (LRRC(IPTR:IPTR4S5),1) IP
ELSE
20 WRITE(LREC(IPTR:IPTM+SS),1) P
mo1r
1 PONMAT(7AS )
IP(.MOT.ANG) THEN
DO 9 1w1,1120,56
READ(LREC(I:1+455),1) @
WRITE(90,*) (Q(K),Ksl,3}
WRITE(90,*) (Q(K),K=d,6)
WRITE(90,*) Q(7)
CoNTINUE
WRITE(30,*) '%’
WRITE(90,2) LREC(1:IPTR+5S) ! AND RESKT POINTERS
PORMAT(1X,7D10.4)
FORMAT(1344A1)
IPTR=l

| WRITE TO INTIRNAL RECORD
! WRITE TO INTERNAL RECORD

! IF ARG THEN WRITE TO FILE

NwH L J

sasseatIHRITE X,Y COORD OF 31 FOR GOOD EVENT

ana

WRITE(62,100})81X,31Y
100 FORMAT (F8.2,',',P8.2)
RETURN
oI
IPTR=IPTR+56 1 SET POINTER
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RETURN
ENTRY RES_PUT
IPTI=1

RETURN

0

SUBROUTINE MANETR (P,X1,Y1,Z1,PX1,PY1,PZ1,D,X2,Y2,22,
1PX2,PY2,PL2,HIT)
C USES RUNGE-KUTTA AND PREDICTOR-CORRECTOR ROUTINES,
c
€ PREDICTOR - CORRECTOR ROUTINE FOR NUMERICAL INTEGRATION
€ OF A PARTICLE TRAJECTORY THROUGH A MAGNETIC FIELD.
C WRITTEN BY HAL SPINKA.
IMPLICIT REAL*8 (A-H,0-Z%)
LOGICAL HIT
COMMON /DEUT,/DODEUT , INDEX
INTEGEIR*2 INDEX
LOGICAL DODEUT
COMMON/ZNMINT /TAU, XN, YN, SN, XNP, YNP, ENP , CMASS
COMMON,/BLOCK2 /TSTART , KK
DIMENSION X(9,8),XP(9,8),DIF(9),PRED(18),COR(9)
Ir{DODEUT) THEN
CMASS = 1875.587D0
ELSE
CMASS = 938.256 DO
ENDIF
C w 29.979246 DO
C INITIALIZE FOR ISTART®) OR Kk=1,2,3
XN = X1
W= Yl
IN = 21
XNP = PX1/CMASS
YNP = PY1/CHMASS
NP = PT . /CMASS
IF (ISTAXT.NE.O0) GO 70 2
X(1,4) = XM/C
X(2,4) = YN/C
X(3,4) = SN/C
X(4,4) = XNP
x(s.‘) =- YNP
X(6,4) = INP
XP(1,4) = XNP
XP(2,4) = YWP
XP(3,4) = NP
D01 1=-1,9
DIF(L) = 0.0
1 CONTINUE
XK = O
ISTART = 1
CALL XPPYPP(XN,YN,ZM,XNP,YNP, SNP XP(4,4) ,XP(5,4),XP(6,4) ,HIT)
IF{HIT) RETURN
2 IF (KK.GE.3) @O TO 3
CALL RUWGE (D,P, HIT)
IF(HIT) RETURN
KK = KK + 1
Lew KK + 4
CALL XPPYPP (XN, YN, 2N, XNP,YNP,INP, XP(4,L),XP(5,L),XP(6,L) HIT)
IF(HIT) RETURN
X(1,L) = XN/C
X{2,L) = YN/C
X(3,L) = ZN/C
X(4,L) = XNP
X(S,L) = ¥YNP
X{6,L) = ZNP
XP{1,L) = X¥p
XP(2,L) = YNP
XP(3,L) = ZNP
a0 T0 7
C FORMAL ENTRY INTO PREDICTOR -~ CORRECTOR MOUTINE
3 TAU « TAU + D
DO 4 Jwl,6
X{J,1) = ((2.0 DO)*X{2,6) + X(2,5))/(3.0 DO)
PRED(7) = X(J,1) + (D/{72.0 DO))*((191.0 DO)*XP(2,7) -
1(107.0 DO)*XP(J,6) + (109.0 DO)*XP(J,5) ~
2{25.0 DO)*XP(J,4))
PRED(J+%) = PRED(J) - (707.0 DO)*DIF(J)
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4 CONTINUE
COR(1) = PRED(13)
COR(2) = PRED(14)
COR(3) = PRED(15)
PRED(10) = C*PRED(10)
PRED(11) = C*PRED(11)
PRED(12) = C*PRED(12)
CALL XPPYPP(PRED(10),PRED(11),PRED(12),PRED(13),PRED(14),
1PRED(13),COR(4),COR(5),COR(6) ,HIT)
IF(HIT) RETURM
DO S Jml,6
COR(J) = X(J,1) + (D/(72.0 DO))}*((25.0 DO)*COR(JI) +
1(91.0 DO)*XP(3,7) + {(43.0 DO)*XP(J,6) + (9.0 DO)*XR(J,5))
DIF(J) = (PRED(J) ~ COR(J))}/(750.0 DO)
COR(J) = COR(J) + (43.0 DO)*DIF(J)
X(J,8) = COR(J)
S CONTINUE
XP(1,8) = COR(4)
XP(2,8) = COR(S)
XP(3,8) = COR(6)
XN = COR(1)*C
YN = COR(2)*C
IN = COR(3)*C
XNP = COR(4)
YNP = COR(5)
INP = COR(6)
CALL XPPYPP (XN, YN,IN,6XNP,YNP,LNP,XP(4,8),XP(5,8),XP(6,8) HIT)
IF(MIT) RETURN
P = CMASS*DSQRT (XNP*XNP + YNP*YNP + ZNP*INP)
DO 6 Im1,6
DO 6 Jm=l,?7
X(L,J) = X(L,J+1)
XP(L,J) = XP(L,J+1)
[ CONTINUE
7 X2 = XN
Y2 = YN
Z2 = IN
PX2 = XNP*CMASS
PY2 = YNP*CMASS
PZ2 = INP*CMASS
RETURN
ENTRY INI_MANETR
ISTART=0
RETURN
END
c
SUBROUTINE RUNGE (D,P,HIT)
€ SUBROUTINE FOR RUNGE~KUTTA NUMERICAL INTEGRATION.
IMPLICIT REAL*S (A-N,0-Z)
LOGICAL HIT
COMMON/SNMINT /TAU, XN, YN, EN , XNP , YNP, ZNP , CMASS
HALF = 0.5
SIXTH = (1.0 D0)/(6.0 DO)
EIGHTH = 0.125
C = 29.979246 DO
20 CALL XPPYPP(XN,YN,IN,XNP,YNP,IZNP, XK1, ¥YK], K1 ,HIT)
IF(RIT) RETURN
CFIRST STEP TAUL = TAU + HALF*D
YNL = YN +(HALF*D*YNP + EIGHTH*D*D*YKl)*C
XNl = XN +(HALF*D*XNP + EIGHTH*D*D*XKl)*C
IN1 = 2N +(HALF*D*INP + EIGHTH*D*D*ZK1)*C
XNPl = XNP + HALF*D*XK1
YNPl = YNP + HALP*D*YK1
ZNF1 = ZNP + NALF*D*2K1
40 CALL XPPYPP(XN1,YN1,IN1,XNP1,YNP1,ZNPl,XK2,6YK2,6ZK2,HIT)
IF(HIT) RETURN
C SECOND STEP TAU2 = TAU + HALF*D
XN2 = XN +(HALF*D*XNP + EIGHTH*D*D*XK1)*C
YN2 = YN +(MALF*D*YNP + EIGHNTH*D*D*YK1)*C
ZN2 = 28 +({HALF*D*SNP + EIGHTH*D*D*IK1)*C
XNP2 = XNP + HALF*D*XK2
YNP2 = YNP + HALFAD*YK2
ZNP2 = INP + HALF*D*IK2
60 CALL XPPYPP(XN2,YN2,IZN2,XNP2,YNP2,IZNP2 ,XK3,YK3,ZK3,HIT)
IF(HIT) RETURN
C THIRD STEP TAUI = TAU + D
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XN3 = XM +{D*XNP + HALFD*D*XK3)*C
YN3 = YN +{D*YNP + HALF*D*D*YK3)*C
IZN3 = IN +(D*INP + MHALF*D*D*IX3)*C
XNP) = XNP + D*XK3
YNPS = YNP + D*YK3
INP) = INP + D*IK}
80 CALL XPPYPP(XN3,YN3,ZN3 XNP3,YNP3,SNP3,XK4,YK4,ZK4,RIT)
IF(HIT) RETURN
C FOURTH STEP
TAU = TAU + D
XN = XN +{D*XNP + SIXTH*D*D*(XK1+XK2+XK3))*C
YN = YN +(D*YNP + SIXTH*D*D*®(YK1+YK2+¥YK3))*C
IN = IN +(D*SNP + SIXTH*D*D*(SK1+3K2+EK3))*C
XNP = XNP + SIXTH*D*(XK1+XK2+XKZ+XK3+XKI+XK4)
YNP = YNP + SIXTHM*D*{YKI+YK2+YK2+YKI+YKI+YKS)
INP = INP + SIXTHN*D*({ZK1+IK2+IK2+ZK3I+IKI+IKS)
= CMASS*DOQRT(XNP*XNP + YNP*YRP + ZNP*INP)

BE‘

[
SUBROUTINE XPPYPP (X,Y,Z,XP,YP,ZP, XPP,YPP, EPP NIT)
C SUBROUTINE TO EVALUATE DERIVATIVES OF P
IMPLICIT REAL®S (A-H,0-5)
COMMON /DEUT /DODEUT, INDEX
INTEGER®2 INDEX
REAL*S BX,BY,88,X,Y,3
LOGICAL HIT,DODEUT
c'
PARNMETER DUT_MAS=1875.537D0
FPANAMETER PRO_MAS~$38.256D0
PARNMETER CONTw).57076D~6
CONST1=CONST
C THIS PARAMETER IS K/M FOR PROTONS IN UMITS OF 1/(NSEC GAUSS)
CALL SCM NP3 (X,Y,3,3%,5¢,98,NIT)
IF(EIT) RETURE
IP(DODEUT) CONST1=CONST1*PRO_MAS/DUT_MAS
10  XPP = CONST1*(YP*BZ - IP*BY)
YPP = COMST1*(ZP*BX — XP*B%)
PP = COMST1*(XP*BY - YP*EX)
20 RETURN
END

SUBROUTINE TOF INC(DT,X1,Y1,31,X2,Y2,82)
IMPLICIT REAL*Y (A-N,0-3)
COMMON /RELA/GNMA, VELOC , C, ENEUTRON

DiteX2-X1
DY=Y2-Y1

Di=22-31
DL~DSQRT { DK * DIt+DY *DY+D2 * DR )
DTwDL/VELOC

AETURN

™0

DOUBLE PRECISION FUNCTION GAUS $(S1G,MJ,N_SD)
IMPLICIT NOWE

€ SIG IS VARIANCE,MU IS CENTAOID

C RETURNS A VALUE WITHIN N SD OF STARDARD DEVIATIONS.
PARNMETER 8Q_2_PI=2.5066202746200
REAL*S $1G,M0,XV,P,BP,8 P

INTBGER M_SD
s PasQ 2 F1°s10

1 sP=pAN{15EED) /8 P
XVap+(N_SD*SIG*(1.0-2.0*RAN(ISERD)))
Pu((xv-MD)/81G)**2
PeEXP(~.5%P) /8 _P
IF(P.LT.BP) GOTO 1
GAUS_S=XV
RETURN
o



SUBROUTINE RECOIL KIN(P1,THETA,PHI,EBEAM,GOOD ) MOMENTUM) 237
COMPONENTS

CALCULATE RECOIL MOMENTUM
IMPLICIT REAL*S (A-H,0-%)
REAL*S NUT_MASS

DIMENSION P1(3),PKI(2)
COMMON /DEUT,/DODEUT , INDEX
LOGICAL DODEUT,GOOD_MOMENTUM
INTEGER*2 INDEX,NSOLN
PARAMETER (WUT_MASS=939.6D0)
PARAMETER (PRO_MASS=938.26D0)
PARAMETER (DUT_MASS=1378.59D0)
PARMMETER (PI_FASS=134.96D0)

1F(DODRUT) THEN
AMYeDUT_MASS

AM4=PI_FASS

g

NG=FRO_MASS

AMA=NUT_MASS

ENOIF

CALL KIN(NUT MASS,PRO_MASS,AM3,AN{, EBEAM, THETA, THICH, PK3 , N3OLN)
IF{RSOLN.ME.D) GOOD MGMENTUM=.TRUE. INSOLN=0 IS BAD MOMENTUM
IP(INDRX.BQ.1) THEN

PI=pR3(1)

ELSE

PI=PK3I(2)

ENDIF

P1(1)=PI*DEIN(THETA) *DCOS(PHI )
P1{2)=P3I*DEIN{THETA) *DSIN(PHI)
P1(3)=P3*DCOS (TNETA)

SUBROUTINE LABCM(THETA)
-

* THIS SUBROUTINE TRANSFOMIS THE PROTON LAR SCATTERING ANGLE TO THE C.M. FRAME. IT WILL OMLY
* WORK FOR SCATTERING ANGLES LESS THAN 90 DEGREES. B. GARNETT.
[ ]

REAL*S THETA,GAMMA,BETA,ECM,A,B,C

REAL*S PPCM,S,T1,T2,T3,008TH

REAL®*S NGAMMA, VELOC, SPOLONT , ENEUTRON

COMMON/MON_P_1/ P_N,NERA_ANG ,$CI_MIG, PHICOTH, KPERIM

INTEGER*2 KPERIM ~{FLAG TowTROLLING EVENT GENERATION

REAL*S P_N,NERA_ANG,SCM_ANG,PNICOTH{6)

PARNETER (PRO_FAS=938 Issno)

PANVETER (WUT_1MAS=93%.6D0)

BETA=P_N/(ENEUTRORIPRO_MAS)
S (WUT_HAS*WUT_MAS ) +(FRO_MAS*PRO_MAS ) +(2.0DO*ENEUTRON*PIO_MAS)
PPCM=F_N*PRO_MAS/DOQRT (ST

ECM=DEGRT (PRCM*PPOHIRO_MAS*PRO MAS)

GANUW] . 0D0,/DEQRT (1 . ODO=BETA*BETA)

A=GAMMA * PPOI*TAN(THETA )

BeGAMMA*SETAECH*TAN { THETA)

CnPPCH

Ti=A’D

T2mA*ALCHC

TIeT2-(B*B)

COSTH=(—~T14+C*DOQRT(T3) } /T2

THETA=DACOS ( COSTH)

RETURM

=0
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SUBROUTINE CHIXXY(PLANENO,NIT, FIRST, INTARG)

CHECKS WHETHER X OR Y OF THE PROTON IS WITHIN
THE DETECTOR PLANE. REQUIRES DATA FILES CHMBRXY.DAT
AND OFFSETS.DAT . B. GARNETT

INTEGER PLANENO, INTARG
LOGICAL HIT,FIRST
REAL*S CHMBRXY(88)
COMMON/NON_V_1/PV,PTOT
REAL*3 pv(T),PTOT
COMMON /PRINT/XI,YI,Z1
REAL*S$ XI,YI,ZI

HITw=.FALSE.

FIRSTw . FALSE.
ENDIF

IYMAK= ( PLANENO-1 ) *4
IYMIN=IYMAX-1
IXMAX=IYMIN-1
IXMIN=IXMAX-1

YMAX=CHMBRXY ( IYMAX )
YMINaCHMBRXY ( IYMIN)
AMAX=CHMBRXY ( IXMAX )
IMI NaCHMBRXY ( IXMIN)

IF(INTANG.EQ.2) THEN
IF ((XI.LT.XMIN) .OR. (XI.QT.XMAX)) THEN
HIT=.TRUE.
RETURN
ENDIF
IF ((YI.LT.YMIN) .OR. (YI.OGT.YMAX)) THEN
HIT=.TRUE.
RETURN
zNDIF
ILSE
IF ((PV(1).LT.XMIN) .OR. (FV(1).GT.XMAX)) THEN
HIT=.TRUE.
RETURN
ENDIF
IF ((PV(2).LT.YMIN) .OR. (PV{2).GT.YMAX)) THEN
HIT=.TRUE.
RETURN
EIr
ENDIF
RETURN
END

SUBROUTINE XYREAD( CHMBRXY)

REAL*S CHMBRXY(88),XOFF,YOFF

OPEN( 60, NAME=’ CHMBRXY . DAT’ , STATUS='OLD"’ }
OPEN{ 64, NAME="OFFSETS . DAT’ , STATUS='OLD’ }
Jed

Do 10 Is1,22

READ(60, *) CHMBRXY (J-3 ) , CHMBRXY ( J-2) , CHMPRXY { J-1) , CHMBRXY {J)
READ(64, * ) XOPFF, YOFF

CHMBRXY (J-1 ) »CHMBRXY { J-1 } +XOFF

CHMPRXY ( 1-2 ) =CHMBRXY (-2 ) +XOF P

CHMBPRXY { J-1)=CHMBRXY ( J~-1)+YOFP
CHMBRXY (J )=CHMBRXY (J ) +YOFP

Jul+4

CONTINUE

CLOSE{(60)

CLOBE{(64)

RETURN

END




SUBROUTINE CROUT(A,N,B,M,DETERM, NMAX ) 239
AmCOEFF. MATRIX,N=HO. OF COLUMMS IN A,BeSOLN. MATRIX,

M=NO., COLUMNE IN 3,DETERMsQUTMUT FRAOM CROUT,MMAX=NO. OF

ROWS IN A AND B.

SOLUTION OF LINEAR EQUATIONS BY THE CROUT METHOD

NNOHBODND

REAL*8 A,B,DETERM, DOTP,V,AMAX, TEMP
DIMENSION A{4.4),B{4,1)
COMMON /F454/ V(100)

DETERMm=1.

DO 1000 K=l,N
KPleK+1
KMisK-1

TEMP=0 .
DO 20 I=K,N
DO 2 Ims1,K
2 V{L)=A{I,L)
A{I,K)=A{I,K)~-DOTP(V,A(1,K),KML)
IF (ABS(A(I,K)).LT.TEMP) GO TO 20
3 TEMP=ABS(A(I,K))
IMAX=I
20  CONTINUE
AMAXs=A{ IMAX, K)
DETERM=AMAX *DETERM

IF (DETERM.EQ.0.) RETURN

IF (IMAX.EQ.K) GO TO 600
DETERM=-DETERM
DO 50 J=1,N
TEMPwA(K,J)
A(K,J)=A(IMAX,J)
A(IMAX,J)=TEMP

S0 CONTINUE
IFr (M.LE.O) GO TO 600
DO 400 J=1,M
TEMP=B(K,J)
B(K,J)=B(IMAX,J)
B{IMAX,J)=TEMP

400 CoNTINUE

600 DO 666 L=],K
666 V(L)=A(K,L)

IF (K.EQ.N) GO TO 830
DO 700 I=KP1,N
700  A(I,K}=mA(I,K)/AMAX

DO 800 J=kPl,N
800  A(K,J)=A(K,J)-DOTP(V,A(1,3),MML)

€.

850 IF (M.LE.O) GO TO 1000

DO $00 J=1.,M
900 B(K,J)-’(xn’)‘m(vv'(ir!,,lm)
[~
1000 CONTINUE
[o

IF (M.LE.O0) GO TO 3000

DO 8000 Isi,N

K41~

DO 6666 L=K,N
6666 V(L)wA{K,L)

DO 7000 Jwi,M
7000 B(K,J)m(B{K,J)~DOTP{V(K+1),B(X+1,T),I-1) ) /A(K,K)
3000 CONTINUE

RETURM

END

FUNCTION DOTP(A,B,N)
REAL*S A,D,DOTP
DIMENSION A(1),B(1)
DOTP=0 .
IF (N.EQ.0) RETURN
DO 100 I=1,N

100 DOTPaDOTP+A{T)I®*BIT)



L2 1]

* ROTATE COORDINATE SYSTEM SY THE SCM ANGLE ( FROM Z-AXIS ALONG BEAM
* THROUGH THE SPECTROMETER ANGLE ~ I’/ THNROUGH CENTER OF TME $CMi03)

100

SUBROUTINE HERASCM(X,Z,DO_P)

THIS SUBROUTINE TRANSFORMS THE X AND £ POSITIONS OF A
PARTICLE FRAOM THE MERA COORDINATE SYSTEM (ORIGIN AT TME
CENTER OF TME TARGET) TO THE SCM SYSTEM (ORIGIN AT THE
CENTER OF THE SCM105). A TRANRSLATION IS FIRST PERFORMED,
FOLLOWED BY A ROTATION. 8. GARNETT

IMPLICIT NONE
LOGICAL DO _P

coMMON /3C3/31,D1,D2

REAL*S$ 21,D1,D2

COMMON /MON_P_1/P P, NERA_ANG,SCM_ANG, PHICOTH, KPERIM
INTEGER*2 KPERIM ~ IFLAG CONTROLLING EVENT GENERATION
REAL*S P_P,HERA ANG,SCH_ANG, PRICOTH(6)

REAL*S X,2,30,XTmre, STRHP, X DISPL,Z DISPL

REAL*S COSANG,SINANG,ANG ROT, TANANG

REAL*S D12,CO81,8IM1,

REAL*S XPRIME,SPRIME

PARAMETER PIw3.14159265358D0

PARAMETER Lle247.9D0

ANGLE=SCHM ANG
CO$1=DCOSTANGLE )
SIN1=DSIN{ANGLE)
D12=D14D2
TANANG=(D2-D1),/11
ANG_ROT=DATAMN( TANANG )
SIXANGDSIN(ANG_ROT)
COSANG=DOOS{ANG_ROT)
X_DISPLe0.300*DL24COSANG
2 DISPL=E1+(0.5D0%L1)

XTEMP=X
Xw(X*COB1)+(Z*SIN1)
T= (-XTEMP*SINL)+(Z*COS1)

TRANSLATION TO THE PRIMED FRAME. SKIP THIS PART IF ROTATING MOMENTUM.

IF(DO P) THEN
xenyMEex

LPRIME=S

GoTOo 100

ENOIF

XPRIME=X-X DISPL
IMRIME=Z-7_DISPL

ROTATION 70 THE DOUBLE PRIMED FRAME  ***

Xm ( XPRIME*COSANG )+ (-ZPRIME*SINANC ) {CAREFUL WITH SIGNS
2o ( XPRIME* SINANG ) + ( SPRIME *COBANG ) ICAREFUL WITH SIGNS

RETURN
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SUBROUTINE SCM MAP_READ(IFS)
PARAMETER VECD=3
PARAMETER XDIM=41
PARAMETER YDIMe15
PARNETER 2DIMs121
INTEGER*2 MAGMAP(VECD,XDIM,YDIM,ZDIM)
INTEGER*4 IFS
REAL*S XF,YF,IF
COMMOM/POLDAT/MAGMAP , XF , YF , ZF
IF(IFs.EQ.2) GOTO 2000
IF(IFS.NE.1) STOP 'INVALID FIELD SELECTED IN SCM MAP_READ’
WRITE(6,1)

1 FORMAT(' READING IN THE MION PIELD SQ105 MAP’)
OPEN(S0,KAME= ' SCM_Y.NFL’ , STATUS=/OLD’ , READONLY )
READ(30,*) YP

READ(30,982) ( ( (MNGMAP(2,1,J,K),Iw1,41),3a1,15) ,K=1,121)
CLO88{50)
OPEN(50, KAME='SCM_X.NFL’ , STATUSe’OLD , READONLY )
READ(30,*) XP
READ(50,982) ({ (MAGMAP(1,1,7,K),Isl,41) ,J=1,15),Ke=1,121)
CLOSE(50)
OPEN{S50, NAME='SCM_T.HPL’ , STATUS=’OLD’ , READONLY )
READ(S0,*) 2F
READ(50,982) ( ( (MAGMAP(3,I,J,K),I=1,41),Je1,18),K=1,121)
CLOSE(50)
RETURN

2000  WRITE(S,2)

2 PONAT(’ READING IN TME LOW FIELD SCM105 FIRLD')
OPEN(50,MAME=’8CM_Y.LFL’ , STATUS=’OLD’ , READONLY )
READ(S0,%) YP

RRAD(50,982) ( ( (MAGMAP(2,1,J,K),In1,41),3e1,18),Ke1,121)
CLOSE(30)

OPEN (50, NAME= ' SCM_X.LFL’ ,STATUS=’OLD’ , RRADONLY )
READ(50,*) XF

READ(50,982) ( ( (MAGMAP(1,1,J,K) ,Iwl,41) ,J=1,18),Kel,121)
CLOSE(50)

OPEN(50, MAME="SCM_3.LFL’ ,STATUS='OLD’ , READONLY )
READ(50,*) P

READ(50,982) ( { (MAGMAP(3,1,J,K) , I=1,41) ,J=1,18) ,Kel,121)
CLOSE (50)

RETURN
982 FORMAT(41A2)
ND
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SUBROUTINE LOSE IT
* THIS SUBROUTINE USES THE BETHE-BLOCH EQN. TO DETERMINE ENERGY
* LOSS IN THE TANGET.

IMPLICIT REAL*S (A-M,0-Z%)

COMMON /TGY_PT/POS_X,FO8 Y,P08 %
CM/MVI/MU)M

PARAMETER mo ) MASS=933.256D-1 IPROTON MASS - GIV

PARAMETEIR DUT "MASS=1875.587D-3 IDEUTERON MASS - GEV

PARAMETER M=6.0225D2) IAVAGADRO’S NUMBER

PARAMETER 2C=6,0D0 1AT. NO. CARBON

PARAMETER A=12.01D0 1AT. WT. CARBON

PARAMETER C DENSITY=2.265D0 1DENSITY OF CARBON

PARAMETER Cle2.2178D-13 JBOHR RADIUS

PARAMETER ELEC MASS=0.511D-3 {ELECTRON MASS — GEV

PARAMETER ION POTIm=$.5018D-8 1IONIZATION POT’L FOR CARBON - GEV

PARAMETER PIs=3.14159265D0
EQUIVALENCE (PMOM(1),X),(PMOM(2),Y),(PMOM(3),2)
EQUIVALENCE (PMOM(4),PX), (PMOM(S),PY), (PMOM(6),PZ)
* DO SOME KINEMATICS
PD MASS=PRO MASS
IF{DODEUT) D MASSeDUT_MASS
3Q_FD_MASS=PD_MASS*PD_NASS
PTOT_BQuPX* PX+PY *PY+PT*PL
BETA=1.0D0+(3Q_PD_MASS)/PTOT_SQ
BETASDOQRT (1 .050,/BETA)
PTOTAL=DSQRT  PTOT_$Q)
* DETERMINE THE ANGLIS FOR THE SCATTERING DIRECTION
THETA=DACOS ( PZ/PTOTAL)
IF(PX.EQ.0.0D0) THEN
PHI=0.0D0
ELsSE
PHI=DATAN(PY,/PX)
EXDIF
* DETERMINE DE/DX USING THE BETHE-BLOCH EON.
DX=X-POS_X
DY=Y-Po8_Y
DI=z-POS_3
DLaDSQRT | DX *DX+DY *DY+D2*DE)
EXIN=DSQIT (PTOT_SQ+35Q_FD_MASS )~PD_MASS
DEDX=—4 . 0DO*PI*TC* (N*C_DENSITY/A)
BETA_SOwBETA*BETA
TEMP1=2.0DO*ELEC_MASS*BETA _SQ
TEMP2=ION_POTL*(1.0D0-BETA_SQ)
TEMP=DLOG(TEMP1,/TEMP2 )-BETA_SQ
DEDX=DEDX* (C1*C1) *ELEC_MASS
DEDX=DEDX*TEMP/BETA_SQ
* CALCULATE ENERGY LOSS DE=(DEZ/DX)(DX} AND NEW TOTAL MOMENTUM
DE=DEDX*DL*1000.
WRITE(17,*)DE
EXIN«EKING (DEDX*DL)
ZKIN_SQuEKIN*EKIN
PTOTAL=DOQRT(EKIN_$G+2.0D0*EXIN*PD_MASS)
* DETEZRMINE NEW MOMENTUM COMPONENTS
PX=PTOTAL*DSIN(THETA) *DCOS ( PHI)
PY=PTOTAL*DSIN(THETA) *DEIN(PHI)
PZ=PTOTAL*DCOS (THETA)
RETURN
)



SUBROUTINE SURVEY (EXPNO,RUNNO)
* THIS SURROUTINE PUTS THE APPROFRIATE SURVEY CONSTANTS INTO THE
* COMMON BLOCK -~ SCM, AS DETERMINED BY THE EXPERIMENT NUMBER AND
S RUN MUMBER. THE SURVEY COMSTANTS ARE USED BY THE SUBRCUTINE
* HERA SCM TO CORRECTLY TRANSLATE AND ROTATE TO THE $CM10S COORDINATE
* SYSTEM. B. GARNEYT
INTEGER EXPNO, RUMMO
COMMON /SCM/21,D1,D2
REAL*8 Z1,D1,D2

IF(EXPNO.EQ.665) GOTO 500

IF((RUNNO.GE.28) .AND. (RUMNO.LE.791)) THEN
Z1=208.0D0

Dl=0.25400

D2e-0.762D0

RETURN

ENDIF

IF( (RUMNO.GE.792) .AND. (RUNMO.LE.1239)) THENW
21250, 7D0

Dl=-0,1D0

D2=0.15D0

RETURN

ENDIF

IFP( (RUMNO.GE.1240) .AND. (RUNNO.LE.1336}) THEN
21=251.25D0

D1lu~0.34D0

D2u-~0.17D0

RETURN

ENDIF

IF{ (RUNNO.GE.1337).AMD. (RUNNO.LE.1408)) THEN
31=234.1D0

Dl=0, 64D0

D2=-0.32D0

RETURN

ENDIF

IF((RUNNO.GE. 1409 ) .AND. (RUNNO.LE.1471)) THEN
Z1=217.5D0

Dl=s--0.32D0

D2=-0.48D0

RETURN

ZNDIF

IF( (RUMNO.GE.1472) .AND. (RUNNO.LE.1550)) THEN
21»229.200

D1=0.0D0

D2e-0.234D0

RETURN

ENDIF

IF((RUMNO.GE.1551) .AND. (RUNNO.LE.1637)) THEN
21=209.4D0

Dl=0.7D0

D2w0.7D0

RETURN

NDIF

TF{{PIMNO.GF . 1A38) . AND. (RUMNO.LE.1690)) THENW
Z1=220.0D0

Dlw0.40D0

D2w0.625D0

RETURN

ENDIF

IF{ (RUNMO.GE.1691) .AND. (RUNNO.LE.1773)} THEM
21=225.000 .
Dlwd.0D0

D2e-0.15D0

RETURN

pIr
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500 IF((RUMNO.GE.30) .AND. (RUNNO.LE.318)) THEN
21=212.6D0
D1=0.2D0
D2=0 ., 4D0
RETURN
ENDIF
IF((RUWNG.GE.319) .AND. (KUWMNO.LE.561)) THEN
£1=216.200
D13 .8D0
D2=1.3D0
RETURN
ENDIF
IF((RUMNO.GE.562) .AND. (RUNNO.LE.676) ) THEN
$1=213.6D0
Dlw-1.0D0
D2=—0.2D0
RETURN
ENDIF
IF(({RUMND.GE.677) .AND. (RUNNO.LE.$30)) THEN
21+214.500
Dle—0.64D0
D2=0.0D0
RETURN
oeLr
IF( (RUNNO.GE.$31) .AND. (RUMNO.LE.948)) THEN
I1=208.5D0
D1w=0 . 4D0
D2=—0.3D0
RETURN
oIr
IF((BUMNO.GE.949 ) . AND. (RUMNO.LE.963)) THEN
21w210.300
Dl=-1.27D0
D2=—0.64D0
RETURN
oIr
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SUBROUTINE ROTATE(X,Z)

* THIS SUBROUTINE TRANSFORMS THE X AND Z POSITIONS OF A
* PARTICLE FROM THE HERA COORDINATE SYSTEM (ORIGIN AT THE
. CENTER OF THE TAMNGET) TO THE BCM SYSTEM (ORIGIN AT THE

* CENTER OF THE SCMI03). A TRANSLATION IS FIRST PERFORMED,
* FOLLOWED BY A ROTATION. B. GARNETT

INTEGER CASE
REAL*8 XTEMP,X,Z,XPRIM1,ZPRIM!,SIN1,COS1,COSTH, SINTH
REAL*S A,Z0,%1,22,L1,D1,D2,ZTEMP, TEMP1, TEMP2

COMMON /MON_P_1/P_P,HERA_ANG,SCM_ANG, PHICOTH, KPERIM
INTEGER*2 XPERIM ~ IFLAG CONTROLLING EVENT GENERATION
REAL*8 P P,HERA ANG,SCM ANG,ANGLE,PHICOTH(6)

REAL*8 ATHETA,CTHETA,DTHETA,COS2,C083,C0S4 ,SIN2,SIN3, SIN4
FARAMETER PIw3.14159265358D0

TEMP1=DABS (D2)-DABS (D1 )
TEMP2=DABS (D2 ) +DABS (D1 )
ANGLE=SCH_ANG
COS1=DCOSTANGLE )
ZTEMPuL1/(2.04C0S1)
ATHETA=DATAN (TEMP2/L1)
CTHETA=DATAN (TEMP1/L1)
DTHETA=DATAN (~TEMP1/L1)
COS2=DCOS (ATHETA )
€083=DCOS (CTHETA)
€O34=DCOS (DTHETA )
SIN1=DSIN(ANGLE)
SIN2=DSIN(ATHETA)
SIN3=DSIN(CTHETA)
SIN4=DSIN(DTHETA)

LI Xl
. WRITE(G,*)'IM IN HERA SCM:’
. DUMMY=SCH_ANG*180.0D0,/PT
. WRITE(6,%] SCM_ANGe ’,DUMMY
. WRITE(6,*)‘X,27 ',X,2
* WRITE(6,*)’COS1,SINL: ’,CO81,SINL
A
* ROTATE COORDINATE SYSTEM BY THE SCM ANGLE { FROM Z-AXIS ALONG BEAM THROUGH THE SCATTERING ANGLE - I° THROUGH
* CENTER OF THE SCM10S)
XTEMPeX
X (X*COS1 )+(Z*SINI)
Zm (~XTEMP*SINL )+({Z*COS1)

. WRITE(6,*)’STILL IN HEPASCM’
. WRITE(6,*) ‘XPRIME: ° X
» WRITE(6,%) "ZPRIME: ' ,Z

GoTO 999
LI ]
. GOTO(10,20,30,40,50,60,70,80)CASE
* CASE A:

10 Aw0.S*TEMP1*COS2
Z2=ZTEMP+DABS (0. S*TEMP1*SIN2)
COSTH=CO0S2
SINTH=SIN2
GOTO 100

* CASE B:

20 A=—0.5*TEMPLl*COS2
Z2=ZTEMP4+DABS (-0 . 5*TEMP1*SIN2)
COSTIIwCOS2
SINTHrSIN2
GOTO 100

* CASL C:

30 A=0.S5*TEMP2%COS3
22=ZTEMP+DABS (0 . S*TEMP2*SIN3)
COSTHeCO83
SINTHaSIN3
GOTO 100

* CASE D:

40 A=0,5*TEMP24COS4
Z2=ZITEMP-DABS (0. 5*TEMP2*SING )
COSTH=COS4
SINTH=SIN4



GOTO 100
* CASE &k:

50 Ae-0.5*TEMP2"COS3
LZ2=ZTEMP+DABS (-0 . S*TEMP2*SIN3 )
COSTHeCOS3
SINTHaSIN3
GOTO 100

* CASE IF:

60 An-0.5*TEMP2*COS4
22wZTEMP-DABS (-0 .5*TEMP2*SING )
COSTHeCOS4
SINTH=SING
GOoTO 100

* CASE Q:

70 Am-0.5*(~TEMP1) *COS2
Z2=ITEMP--DABS (0. 5*TEMPL *SIN2)
COSTH=CO82
SINTH=8IN2
GoTo 100

* CASE N:

80 Am{,5*(-TEMP1)*COS$2
£2=ETEMP-DABS (~0 . 5*TEMP1 *SIN2)
COSTHeCOS2
SINTH=SIN2

#4%  TRANSLATION TO THE PRIMED FRAME  ***
100 Z0=DABS(21)+DABS(Z2)
XPRIML=X-A
LPRIMlet-20
aoT0(300,200,300,300,200, 200,300,200 )CASE

*2¢  ROTATION TO THE DOUBLE PRIMED FRAME  ***
* POSITIVE WOT.
200 Xe=(XPRIML*COSTH)-(ZPRIML*SINTH)
Za (XPRIML*SINTH) + ( ZPRIML *COSTH)
RETUMN
* NEGATIVE WOT.
300 X=(XPRIML*COSTH)+(ZPRIML*SINTH)
o (-XPRIML*SINTA )+ (ZPRIM1 *COSTH)
999  RETURN
oo
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SUBROUTINE THERA2(I_PLANE, HIT)
* THIS SUBROUTINE TRACES THE PARTICLE THROUGH THE HERA FIELD. AS SOON
* AS THE PARTICLE EXITS THE TARGET, LOSE_IT IS CALLED TO DETERMINE THE INERGY LOSS.
* SUBNOUTINE HERA TRACE IS CALLED 10 CHECK IF THE PANTICLE IS IN A DETECTOR PLANE.
IMPLICIT RERL*S (A-H,0-Z)
COMMON/HXYZ /HX , HY ,HZ , HO
COMMON /NON V_1/PMOM(7),PTOT
INTEGER I_PLANE
LOGICAL LF0O,FIRST, HIT,PROJ
PARAMETER HOOw=25.0D0
PARAMETER DL=2.000
EQUIVALENCE (PMOM(1),X1}, (PMOM(2),Y1), (PMOM(3),21)
EQUIVALENCE (PMOM(4),PX1), (PMOM(S5), PY¥1), (PMOM(6),PZL)
EQUIVALENCE (PMOM(7),T)
FIRST=.TRUE.
PROJw . TRUE.
T=0.0D0
OPEN{4,NNME='HERA.DAT’ , STATUS='OLD’ )
CALL FIELD
PXSQuPX1*PX1
PYSQmPY1*pPY1
PZSQuPZ1*p2l
PT=DSQRT ( PXSQ+PYSQ+P2SQ)
HO=HOO*10 . D0
NSTEP=0
I_PLANE=2
P=PT/2000.D0
PX1wPX1,/1000.00
PY1=PY1,/1000.00
PLl=pg1,/1000.00
10 NSTEPsNSTEP+1
CALL TRAJ(P,X1,¥1,21,PX1,PY1,P21,DL,X2,¥2,22,PX2,PY2,P22)
IF(PNOJ) THEN
CALL PROJECT IT(X1,Y¥1,Z1,X2,¥2,22)
PROJm . FALSE.
ENDIF
LFOO=IN HERA(X2,Y2,22)
IP{(.NOT.LFOO) .AND. (FIRST)) THEN 1P OUT OF TARGET, THEN CALCULATE ENERGY LOSS
CALL LOSE_IT
CALL EXTR_PARMS(PT)
PIRST=.FALSE.
ENDIF
CALL HERA TRACE(X1,Y1,Z1,X2,Y2,22,I_PLANE, HIT)
IF(HIT) THEN
CLOSE(4)
RETURN
ENDIF
X1l=Xx2
Yiay2
Zim22
PX1=pPX2
PY1=pY2
PZiwPZ2
R=SQRT(X29%24Y24Y2422%22)
IF(R.LE.180.0D0) GO TO 10
9000 FORMAT(IS,3FA.2,5X,3r10.4,3rF10.1)
1234 PORMAT(/,3X, 'NSTEP’,5X,’X’,7X,'Y’,7X,'2’ 13X, 'PX’ ,9%X, 'PY’,
18X, P2’ ,9%X, 'HX' ,8X, ‘HY',8X,'IIZ’)
PX1aPX1+1000.D0
PY1=PY1+1000.D0
PZ1=Pz1+1000.D0
CLOSE(4)
RETURN
END

* * B »

SUBROUTINE TRAS (P,X1,Y1,Z1,PX1,PY1,PZ1,DL,X2,Y2,22,PX2,PY2,P22)
IMPLICIT DOUBLE PRECISION (A-H,0-Z)

COMMON/MAP/RIML (20),RIM2(20),ZIM1{20),2IM2(20) ,M1B(20) ,M2B(20),
1JJA(20) ,KPA(20) ,RTI(100),21(120),H2X(100,30),HRI(100,30),MM

COMMON/HXYZ /X, HY ,HZ  HO

DATA MM/4/
<
[kl CALCULATION OF A STEP OF DIMENSION DL(IN CM),H IN GAUSS
CH* X1,...PX1l,... POSITION AND MOMENTUM AT START

CH* X2,...PX2,... POSITION AND MOMENTUM AT END (CM AND GEV/C)



Ch*

32
i
33

o N = -

120

261

OL IS THE AX1$ OF THE MAGNET AND OX VERTICAL (Y=Z.X)

TwDL/P
IF((PX1.£Q.0.0D0).AND. (PY1.2Q.0.0D0)) THEN
X2=X1
Y=yl
22=21+PZ1*T/2.0D0
PX2=pX1
PY2=pYl
PZ2=pzl
RETURN
ENDIF
XB=X1+PX1*T/2.D0
YB=Y1+FY1*T/2.D0
LB=Z1+PL1*T/2.D0
RB=SQRT (XB**2+YB**2)
ZBA=ABS (2B) ¢
DO 31 JIn=1l,MM
R12=(RB-RIML(JA) ) * (RB-RIM2(JA))
Ir(R12)32,32,31
Ql2=(ZBA-ZIML(JA))* (ZBA-ZIM2(JA))
Ir({Q12)33,33,3
CONTIWUE
GO TO 4
JI=JIA(JIA)
M1=JI+MIB(IA) =2
KIsKFA(JA)
KF1wKX+M2B(JA)-2
DO € J1aJI, Ml1l
Ri2e(RB-RI(J1))*(RB-RI(J1+1))
Ir(R12)3,3,6
CONTINUE
GO TO 4
DO 1K=KI,Krl
Ql2=(ZRA-LI(K) ) *(ZBA~-ZI(K+1))
Ir(Ql2)2,2,1
CONTINUE
HT=0.D0
GO TO 261
Kl=K-KI+1
RE=HRY (J1,K1)
RF=HRI(J1+41,K1)
MG=MRX (J1,K1+1)
R=MRY (J141,K141)
QE=HEX(J1,K1)
Qr=HEIX(J1+1,K1)
QGwHEX (J1,K1+1)
OMeHEX (J1+41,K1+1)
M=RI(J1)
RQM=RI (J1+1)
ZP=LI(K)
ZPI=EI(K+1)
IMUs(EBA-2P)/(ZPL~LP)
ELh=(RB-NQ)/ (MQM-IC)

HZ={ (QG*EMHQE* (1.D0~-EMU) ) * (1.DO~ELA)+(OH*EMU+QF* (1 .DO-EMU) ) *

2 ILA)*HO

HRs ( (NG*EMUSRE* (1.D0O-EMU) ) * (1.DO~ELA) + (RHEMU+RF* (1. DO-EMU) ) *

2 ELA) *HO
IF(ZB.LT.0.) HRe-HR
HX=0 . D0

HYs=iHX
IF(RB.LT.1E2~10) GO TO 120
IN~HRXB,/ PR
HY={IR*¥B/RB
HT=SQRT(HZ**2+HR**2)
iF(HT)261,261,260
X2=X14+PX1*T
Y2uY14PY1*T
22=314P31*T

PX2epX1

PY2=PY1

PI2=PLl

Qo0 T0 500

260 PHT=(PX1*HX+PY1*HY+PL1*HZ) /T

PPT=SQRT{P**2-PHT**2)
RPH=PHT/HT
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PPX1=PX1-RPH*HX
PPYiwPY1l-RPH*HY
PPZ1wPZ1-RPH*HZ
FX1=PPY1*HZ-~PPZ1 *HY

FY1=pPZ] *HX-~PPX1*HZ
FZl=pPX1*HY-PPY]1*HX
FT=SQRT(FX1**24FY1**24FZ1%*2)
RA=PPT/(300.DO*HT) *1.E09
TET=PPT/RA*T

ZwPHT*T

AHZ=HZ /MT
X2uX1+APX*X+APX*Y4+ANX*S
Y2uYL+AFY *X+APY *Y+ANY *S
Z2uZl+AFE*X+APECY+ANS *S
PX2uAFX* PX+APX*PY+ANX*PE
PY2=AFY *PX+APY *PY+AHY * P2
PL2=AFI*PX+APL* PY+AHL*PT
CONTINUE

RETURN

READING OF THE FIELD MAP AS A PERCENTAGE OF THE CENTRAL FIELD
HO®CENTRAL FIELD (DIVIDED BY 100)

ENTRY FIZLD

READ(4,103) (RIML(J) ,MIM2(J) ,ZIML(JT),ZIM2(JT) ,M1B(J) ,M2B(JT),Jm] ,MM1)

Jr=0

KPw0

DO 300 JIa=l,4

JI=sJr+l

Jr=Ir+MIB(JA)

JIA(IA)=IL

M2=M2B(JA)

KImKr+l

KF=KP+M2B(JA)

KFA(JA)=KI

READ(4,101) (RI(J) ,J=JI,JF)
READ(4,101)(2I(J) ,J=KI,KF)

READ(4,101) ( (HZI(J,K) K=l ,M2),I=31,JF)
READ(4,101) ((HRI(J,K) K=l ,M2),I=J1,JF)

800 CONTINUE

101 FORMAT(5X15r5.2)
103 PORMAT(2(5X4r6.1,213),1X)
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400

450

SUBPOUTINE DETCOF (BVEC,XYZ,IN,IP,JB,NEXT)

THIS SUBROUTINE DOES A LEAST-SQUARES FIT TO A POLYMOMIAL
OF ORDER-IP WITH A ONE POINT CONSTRAINT. THIS SUBNOUTINE
REQUIRES SUBROUTINE PACKAGE CROUT.SUB . B.GARNETT

BVEC= D-FIEZLD VALUES TO BE FIT (BX,BY,OR BL’S)
XY¥Z= 3xIN ARRAY OF X,Y,Z VALUES TO FIT

IN= NUMBER OF POINTS TO FIT

IP= ORDER OF POLYNOMIAL TO PIT

JB= B-FIFLD COMPONENT IDENTIFIER BX=l,BYw2,BZ=3}

REAL*S SUM(8),BSUM(4)

REAL*S XYZ(3,5),COPMAT(4,4)

REAL*S WIMAT(3,3),BVEC(3,5),DZERO(3)

REAL*S BDAT(3,7,4),WICOFPS(3,7),AZERO(3)

LOGICAL NEXT

COMMON /OUTPT/ BDAT ,WICOFFS,XYINOT,XNEAR, YNEAR , ZNEAR
REAL*S XYZNOT(3)

INTEGER XNEAR, YNEAR, INEAR

KSUB=3
DO 40 I=-1,3
ALENO(I)=0.0D0
DIEZRO(I)=0.0D0
CONTINUE
DO 1000 Ke1,3 {X=], Yu2,Zul
Ji=IM3
J2wIP+l
J3=IPe2
DO 50 Im-1,J1
SUM(1I)=0.0D0
DO 75 Im=1,J3
BSUM(I )=0.0D0
DO 80 I=1,3
DO $0 J=1,3
WIMAT(I,J)=0.D0
CONTIMNE
DO 90 I=1,.4
DO 90 Jml, 4
COPMAT(X,J)w0.D0
CONTINUE

DO SUMATIONS AND STORE IN ARRAY- SUM

SUM(1)=1.0*DFLOAT(J1)
DO 100 J=2,31
DO 100 I=1,IN
SUM(J }=mSUM(J )} +XYZ(K,I)** (DFLOAT(J-1})
SUM(6)=1.0
DO 200 J=2,3
SUM(J+J1 )=XYZ(K,XSUB)*#* (DFLOAT(J-1))

READ SUMS INTO COEFFICIENT AND WEIGHT MATRICES

DO 300 Jm0,IP
DO 300 I=1,J2
COFMAT(J+1,I )=SUM(I+J)
WIMAT (J+1,I)=8UM(I+J)
CONTINUE
DO 400 L=1,J2
COPMAT(.TY, [.)rSIM(L4T1)
COFMAT(L,J3 ) e~SUM(L+TL)
CONTINUE IROW AND COLN. FOR CONSTRAINT

COFMAT(J3,J3)=0.0D0
B-FIELD SUMS AND READ INTO ARRAY- BSUM

DO 450 I=1,5

BSUM(1 )=BSUM(1)+BVEC(K,I)

Do 500 J=2,J2
DO 500 I=1,IN
BSUM(J )=BSUM(J )} +BVEC(K, I} *(XYZ(K,I)**(DFLOAT(J-1))}
ASUM(J3 )=BVEC(K,KSUB)
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CALL CROUT{COFMAT, 4,BSUM,1,P00,4) {DETERMINE COErr'’'s
CALL MATINV(WIMAT,3,3,DET} IINVERT WEIGHT MATRIX
AZERO(K)mBSUM(1)

DZENO (K)wWTMAT{1,1)
IF (K.2Q.1) IOFF=1
IF {K.EQ.2) IOFF=J2
IF (K.EQ.3) IOPFm2+IP+1

M2
ZNDIF

DO 600 1I=1,2

BOAT (JB, I+I0FF,L)=BSUM(I+1)

BDAT(JB, I+IOFF, M)= (WIMAT(I41,1+1))%*.5
CONTINUE

BDAT(JB,1,L)=AZERO(1)
BDAT(JB,1,M)=(DZENO(1))**.5

CONTINUE
RETURN
WD

SUBROUTINE MATINV(ARRAY,N,NORDER,DET)

MATRIX INVERSION SURROUTINE FROM BEVINGTON P.302
B.GARNZTY

ARRAYs INPUT MATRIX WNICH IS REPLACED 8Y ITS INVERSE
MORDER, N« DEGREE OF MATRIX (ORDER OF DRTTRMINANT)
DETm DETERMIMANT OF INPUT MATRIX

INTEGER N,NORDER
REAL*S ARRAY(M,N),AMAX,SAVE,DET
INTEGER IK(10),JK(10)
DEYwl.
DO 100 Kw=l1,NORDER
AMAX=0 .
DO 30 I=K,NORDER
DO 30 JuK,NORDER
IF (ABS(AMAX)-ABS(ANRAY(I,J))) 24,24,30
AMAX=ARPAY(I,J)
IK(K)=X
IJK(K)=J
CONTINUE
IF (AMAX) 41,32,41
DET=0

GO0 TO 140
ImIK(K)
Ir (1-K) 21,51,43
DO 50 J=l,NORDER
SAVESsARRAY(K,J)
AVRAY (K, T )=ARRAY(I,J)
ARRAY(1,J)a-SAVE
J=IK(K)
IF (J-KX) 21,61,53
DO 60 I=l,NORDER
SAVE=ARRAY (1,K)
ARRAY(I,K)=ARRAY(I,J)
ARRAY (I,J)==SAVE
DO 70 I=1,NORDER
Ir (1-K) 63,70,63
ARPAY (I, K)==ARRAY (I,K)/AMAX
COMTINUE
DO 80 I=1,MORDER
DO 60 Jsl1,NORDER
IF (1-K) 74,80,74
P (3-K) 75,60,75 _
ARRAY(I,J)mARRAY(I,J)+ARRAY(I,K)*ARRAY(K,J)
CONTINUE



sl

[ X}
90

100
102

108
110
111
113
120

130
140

DO 90 Jwl,NORDER
IF (J-K) 83,90,83
ARRAY (K, J)mARRAY (K, J) /AMAX
CONTINUE
ARRAY (K, K)m1 . /AMAX
DET=DET*AMAX
DO 130 La=l,NORDER
K=NORDER~Lr+1
J=IK(K)
IF (J-K) 111,111,105
DO 110 Iml,NORDER
SAVEARRAY (I, K)
ARRAY (I,K)=—MRRAY(I,J)
ARRAY (I,J)=3AVE
I=JK(K)
IFr (I-K) 130,130,113
DO 120 J=l ,NORDER
SAVESARRAY (K, J)
ARRAY (K, J ) =—ARRAY(1,J)
ARRAY(I,J)=SAVE
CONTINUE
RETURN
END
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SUBROUTINE SCM HF3(X,Y,Z,BX,BY,BE, HIT)

THIS SUBROUTINE CALCULATES BX,BY,BI FOR AN ARBITRARY X,Y,Z VALUE
WITHIN THE FIELD MAP. THIS SUBROUTINE REQUIRES SUBROUTINE PACKAGE
DETCOF.SUB . B.GARNETT

PARAMETER VECDm3

PARAMETER XDIM=41

PARAMETER YDIM=15

PARAMETER ZDIM=121

PARAMETER SCMADIM=101.6

PARAMETER SCMYDIM=33.02

PARAMETER SCMIDIM=153.63

PARAMETER XSCM=106.68

PARAMETER YSCMe4l.91

PARAMETER ZSCM=63.183

REAL*S XBXYZ,YBXYZ,BIXYL

REAL*S X,Y,2

REAL*$ XF,YF,ZF,TEMP

REAL*$ XNEW, YNEW, ZNEW,BXYZ ,BNOT(3)

REAL*S XMR, YMR,2ZMR,DX,DY,DZ,XYZNOT(3)

REAL*S XP,YP,2P,BX,BY,BZ,NEWXYZ(3,5)

REAL*$ BDAT(3,7,4),BVEC(3,5),XYZ(3,5) ,WICOFrs(3,7)
INTEGER*2 MAGMAP(VECD,XDIM,YDIM, ZDIM)

INTEGER XMIN,YMIN,ZMIN,XNEAR, YNEAR, INEAR

LOGICAL NEXT, HIT

COMMON,/POLDAT /MAGMAP , XF , XT , ZF

COMMON /BNOTXYLZ/ BNOTX,BNOTY , BNOTZL, XEAR, YEAR , ZEAR
INTEGER XEAR,YEAR,LEAR

REAL*$ BNOTX, BNOTY , BNOTZ

COMMON /OUTPT/BDAT ,WICOFI'S , XYLNOT , XNEAR , YNEAR , INEAR
COMMON /DEBUG/IBUG

INTEGER IBDUG

XPmX

YP=Y

2Pml

POINT NOT IN FIELD MAP, DROP OUT

IF ((XP.LT.-SCMXDIM).OR. (XP.GT.SCMXDIM)) GO TO 999
IF ((YP.LT.-SCMYDIM).OR. (YP.GT.SCMYDIM)) GO TO 999
IF ((2P.LT.-SCMIDIM).OR.(IP.GT.SCMIDIM)) GO TO 999

IF IN MAP, TRANSFORM X, Y, IN CM. TO X,Y,2 IN MAP COORDINATES

TEMP=(DFLOAT (XDIM)-1.)/2.
XPw= (~XP/SQODIM) *TEMP+ (TEMP+1. )

TEMP=(DFLOAT (YDIM)-1.)/2.

IF(Y.2Q.0.0D0} UP=TEMP+1.0D0

IF(Y.LT.0.0D0) YPm=(-YP/(SCMYDIM-2.54))*TEMP+(TEMP)
IF(Y.GT.0.0D0) YPw(-YP/(SCMYDIM-2.54))*TEMP+(TEMP+1.)
TEMPw2 , 54-SCMYDIM

IF ((Y.GE.~-SCMYDIM).AND. (Y.LT.TEMP)) THEN
YPu(YP-TEMP)/2.54+2.

ENDIF

IF ((Y.GT.-TEMP).AND.(Y.LE.SCMYDIM)) THEN
YP=(YP+TEMP ) /2. 54+ (DFLOAT(YDIM)~1.)

ENDIF

TEMP=( DFLOAT(2DIM)-1.)/2.
ZPu{~7D/SCMZIDIM) *TEMP+ (TEMP+1. )

XMIN=INT (XP)
YMININT(YP)
ZMIN=INT (ZP)
XMR=DFLOAT (XMIN)
YMReDFLOAT ( YMIN)
IMR=DIFLOAT (ZMIN)
ANTAR=NINT (XP)
YNEAR=NINT (YP)
INEARSNINT (ZP)
XEAR=XNEAR
YEAR=YNEAR
IEARSINEAR
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DX=XP-DFLOAT (XINEAR)
DY=YP-DFLOAT ( YNEAR)
OZ=ZIP-DF LOAT ( ZNTAR)

IF (XNEAR.EQ.XMIN) THEN
XYZNOT (1)m3.

ELSE

XYZINOT (1)=4.

ENDIF

IF (YNEAR.EQ.YMIN) THEN
XYZNOT (2)m3.

ELSE

XYZNOT(2)=4.

ENDIF

IF (INTAR.EQ.ZMIN) THEN
XYZNOT (3)=3.

47}

XYZNOT(3)=d.

ENDIF

READ IN XYZ ARRAY FOR FIRST SET OF POINTS TO FIT, READ FIELD
VALURS AT THESE POINTS INTO BVEC, AND DETERMINE COEFFICIENTS.

CALL RAYRED(XMIN, YMIN, IMIN, XYZ)
RENORMALIZE THE XYX VALUES TO RANGE FROM 1 TO 5.

IF (YMIN.EQ.1) THEN
CALL RAYRED2 (NEWKYZ)
tLsE

CALL RAYRAED(3,3,3,NEWXYZ)
ZNDIP

NEXT=.PALSE.
DO 100 Ie1,3 18Xe] ,BY=2,BZ=3
CALL B_READ(XYZ,I,BVEC,1)
CALL DETCOF (BVEC,NEWXYZ, 5,2, ,NEXT)

100 CONTIWE

SECOND SET OF POINTS

CALL RAYRED(4,4,4,NEWXYX) IRENORMALIZE SECOND SET
NEXTe. TRUE.
DO 200 Isl,3 IBX=1,BYe2,B3m3
CALL B_READ(XYZ,I,BVEC,2)
CALL DETCOF (BVEC,NEWXYZ,5,2,,NEXT)
200 CONTINUE

CALCULATE WEIGHTED AVERAGES OF THE CORFFICIENTS
CALL WT_AVE(XP,YP,ZP,XMIN,YMIN, SMIN)
CALCULATE BX,BY,BZ FOR THE ARBITRARY POINT (X,Y.Z)

DO 500 Lel,3
S00 BNOT(L)=DFLOAT (MAGMAP (L, XNEAR, YNEAR, INEAR) )
CALL BCALC(1,DX,DY,DZ,BXYZ)
XBXYZ=BXYZ XF*1,0D-4
BX=BXYZ+BNOT(1)
BXepX*XF*1.0D-4
FNOTX=NNOT (1) *XF*1.0D-4
CALL BCALC(2,DX,DY,DE,BXYZ)
YEXYZaBXYZ*YP*1.00D-4
BY=BXYZ+BNOT(2)
BYsBY*YF*1.0D-4
BNOTY=BMOT (2) *YF*1.0D-4
CALL BCALC(3,DX,DY,DZ,BXYZ)
ZBXYZ=BXYZ*IP+*1.0D-4
PIaBXYZ+BNOT(3)
B2=BZ*Ir+1.0D-4
BHOTZ=BNOT (3 ) *ZF*1.0D-4
1000 RETURN
999 IF ((ZP.GE. -SCMZIDIM).AWD.(ZP.LE.2SCM)) THEN
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IF (ABS(XP).GE.XSCM) HIT=.TRUE.
IF (ABS(YP).GE.YSCM) HIT=.TRUE.
ENDIF

BX=0.0D0

BY=0.0D0

BZ=0.0D0

RETURN

END

SUBROUTINE BCALC(INDX,XX,YY,ZZ,BXYZ)

REAL*S XX,YY,2Z,BXYZ,XXYYZZ(3)

REAL*S BDAT(3,7,4) ,WICOFrs(3,7),XyINOT(3)

REAL*S DBXYZ{3),DBXYZ2(3),XYZMR(3)

REAL*S X,Y,Z,DXM,DYM,DZM

COMMON{ /OUTPT/BDAT ,WICOFFS , XYZNOT , XNEAR, YNEAR, ZNEAR
INTEGER XNEAR,YNEAR, INEAR

COMMON /DEBUG/IBUG

INTEGER IBUG

XXYYZZ(1)=XX
XXYYZE(2)»YY
XXYYZL(3)=2Z

Jul

DO 10 I=2,6,2

JnJ+1

DBXYZ (J )sWTCOFFS (INDX,I)+2. *WICOFrS (INDX, I+1) *XYZNOT(J)
CONTINUE

Km0

DO 20 I=3,7,2

KmK+1

DBXYZ2 (X )=WTCOFFS (INDX,I)
CONTINUE

BXYZ=0.D0

DO 30 Iw1,3
BXYZ=BXYZ+DBXYZ (1) *XXYYZL (I )+DBXYZ2 (1) * (XXYYLE(I)**2.)
CONTINUE

SUBROUTINE Wr_AVE(XX,YY,2Z,XIN,YIN,ZIN)

REAL*S XX,YY,ZZ,A,B,C,D, TEMPL, TEMP2

REAL*S BDAT(3,7,4),DLOW(3),DNI(3),WICOFFS(3,7)
INTEGER XIN,YIN,2IN,I,J.K

COMMON /OUTPT/BDAT , WTCOTFS , XYZNOT , XNEAR, YNEAR , ZNEAR
REAL*S XYZNOT(3)

DLOW(1 )=XX-DFLOAT (XIN)
DLOW( 2 )=sYY-DFLOAT(YIN)
DLOW(3 )=ZZ~-DFLOAT(ZIN)
DHI(1)wl.-DLOW(1)
DHI(2)=1.-DLOW(2)
DHI(3)=1,-DLOW(3)

DO S I=1,3

Do S Jml,?7
WICOFFS(1,J)=0.

Do 10 I=1,3

DO 10 J=1,7

K=—999

IF (J.LE.3) K=l

IF ((J.EQ.4).OR.(J.EQ.5)) Km2
IF (J.GT.5) Kel

IF ((BDAT(X,J.2).EQ.0.).OR.(BDAT(I,J,4).2Q.0.)) THEN
WICOFFS(I,J)=BOAT(I,J,1)*DLOW(K)+BDAT(I,J,3) *DHI(K)
GO TO 10

ENDIF

MsBDAT(I,J,1)/BDAT(I,J,2)*%*2.
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BaBDAT(I,J,3)/BDAT(I,J,4)**2.
C=1./BDAT(I,J,2)**2.
Dwl./BDAT(I,J,4)**2.
TEMPL=A*DLOW(K )+B*DHI (K)
TEMP2=C*DLOW(K)+D*DHI (X)
WICOorrs(I1,J)=TEMP]/TEMP2

CONTINUE

RETURN

END

SUBROUTINE SCM_MAP READ(IFS)

PARAMETER VECD=3

PARAMETER XDIM=41

PARAMETEIR YDIM=1%

PARAMETER ZDIM=121

INTEGER®2 MAGMAP(VECD,XDIM,YDIM,ZDIM)

INTEGER*4 IFS

REAL*S XF,YF,IF

COMMON/POLDAT /M<IMAD  XF ,YP, TF
IF(IFS.EQ.2) GOTO 2000
IF(IFS.NE.1) STOP ’INVALID FIELD SELECTID IN $CM MAP READ'
WRITE(6,1)
FORMAT(’ READING IN TME MIGM FIELD SCM10S MAP’)
OPEN(50,XAME=’$CM_Y . NFL’ ,STATUS=/OLD’ ,READOMLY )
READ(50,*) YP

READ(30,982) ( { (MANOMAP(2,1,J,K),I=l,41),J=1,15),Ke1,121)
CLOSE(50)
OPEN(50 ,NAME=’SCM_X.NPL’ ,STATUS=’OLD’ ,READONLY )
READ{50,*) XF

READ(50,982) (( (MANGMAP(1,I,J,K),Iel,41),5=1,15),Kel,121)
CLOSE(%0)
OPEN(50,NAME=’$SCM_T.NFL’ ,STATUS=’OLD’ ,READONLY )
READ(50,*) 2Zr

READ(S30,982) ({ (MNGMAP(3,1,J,K),Isl,41),5a1,15),K=1,121)
CLOSE(50)
RETURN
WRITE(6,2)
FORMAT(’ READING IN THNE LOW FIELD SCM105 rIELD’)
OPEN(50,NAME='3SCM Y.LFL’,STATUS='OLD’ , READONLY )
READ(50,*) YP

READ(S30,982) ( ( (MAGMAP(2,1,J,K) ,Iw1,41),Jw1,15) ,K=1,121)
CLOSE(50)
OPEN(50,RAME='$CM_X.LFL’ ,STATUSa’OLD’ , READONLY )
READ(50,%) XxF
RlAD(.'oOJlZ)(((m(l,l,.!,l);I-l.ﬂ).J-LlS);K-LIZ.‘I.)
CLOSE(50)
OPEN(50,MAME='SCM_Z.LFL’,STATUS=’OLD’ ,READONLY)
READ(50,*) ZF

READ(30,982) ( ( (MAGMAP(3,I,J,K),I=1,41),3=1,15) ,K=1,121)
CLOSE(50)

RETURN

FORMAT(41A2)

-]

SUBROUTINE RAYRED(IX,IY,IZ,XYS)
REAL*S XYZ(3,5)

Do 10 J=1,5

XYZ (1,7 )=DFLOAT (IX~34J)
XYZ(2,J7)sDFLOAT(IY-3+J)
XYZ(3,J)sDFLOAT(1%-3+J)
CONTINUE

RETURN

FHTRY RAYRED2(XYZ)
XYZ(2,1)=1.5D0

DO 20 K=2,5
XYZ(2,K)=DFLOAT(K)
CONTINUE

Do 30 1s1,5
XYZ3(1,L)=DFLOAT(L)
XYZ(3,L)=DPFLOAT(L)
CONTINUE

RETURN

END

SUBROUTINE B_DETERM(TEMP,I,VEC)
PARANMETER VECD=3
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PARAMETER XDIM=4l

PARAMETER YDIM=15

PARAMMETER ZDIM=121

INTEGER*2 MAGMAP(VECD, XDIM, YDIM,ZIDIM)
REAL*S VEC(S),TEMP(3,5)

REAL*S XF,YP,2IF
COMMON/POLDAT/MAGMAP , XT , YP, 2F

DO 10 II=1,$

JeNINT(TEMP(1,11))
KaNINT(TEMP(2,1I1))
LaNINT(TEMP(3,II))

IF ((J.LT.1).0R.(J.GT.XDIM)) THEN
VEC(II)=0.1D0

ELSE

IF ((X.LT.1).OR.(K.GT.YDIM)) THEN
VEC(1I)=0.1D0

ELSE

IF ((L.LT.1).OR.(L.GT.ZDIM)) THEN
VEC(II)=0.1D0

ELsE
VEC(11)=DFLOAT(MAGMAP(I,J.K,L))
oIr

oIr

MoIr

CONTINUE

RETURN

END

SUBROUTINE B READ({BXYZ,IIX,BVEC,K)
REAL*S BXYZ(Y,S),BVEC(3,5),TEMP(3,5),BDAT(3,7,4)
REAL*S VEC(S),NEARX,NEARY,NEARZ, XYZNOT(3)

REAL*S WTCOrFrs(3,7)

INTEGER XNEAR,YNEAR, ZNTAR

COMMON /OUTPT/BDAT,WICOFFS, XYZNOT , XNEAR , YNEAR , SHEAR

NEARX=DFLOAT ( XNEAR )
NEARY=DFLOAT ( YNEAR )
NEARZ=DFLOAT ( ZNIAR)

BASATFON. OF X

DO 10 I=-1,S
TEMP(1,1)=BXYZ(1,I)
TEMP(2,1)=NEARY
TEMP(3,I)sNEARZ

CONTINUE

CALL SECOND(KX,1,BXYZ,TEMP)
CALL B _DETERM(TEMP,I1II,VEC)
DO 15 J=1,5
BVEC(1,J)=VEC(J)

BASAFCN. OF Y

DO 20 I=1,5
TEMP(1,I)sNEARX
TEMP(2,I)=BXYZ(2,1)
TEMP(3,I)=NEARZ

CONTINUE

CALL SECOND(K,2,BXYZ,TEMP)
CALL B_DETEMI(TEMP,III,VEC)
DO 25 J=1,8
BVEC(2,7)=sVEC(J)

BASATFCN. OF 2

DO 30 I=1,%
TEMP(1,I)=NEARX
TEMP(2,I)=NEARY
TEMP(3,I1)=RXYZ(3,I)
CONTINUE

CALL SECOND(K,3,BXYZ,TEMP)
CALL B_DET: 4(TEMP,III,VEC)
Do 35 Je1,5

35 BVEC(3,J)aVEC(J)
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SUBROUTINE SECOND(K,INDEX,XYS,TEMP)
REAL*S TEMP(3,3),XYZ(3,8)

IP (X.ME.2) GO TO 999

DO 10 I=1,5
10 TEMP(INDEX,I)=XYZ(INDEX,I)+1.
999 RETURN

END

SUBROUTINE XYREAD(CHMBRXY)
REAL*S CMMBRXY(88),XOPF,YOFP
OPEN( 60, MAME=' CHMBRXY . DAT’ , STATUS='OLD’ )
OPEN (64, AME=’OPFSETS . DAT’ , STATUS='OLD’ )
Jmd
DO 10 I=1,22
READ( 60, *) CHMBRXZ (J-3) , CHMBRXY { J-2) , CHMBRXY (J-1) , CHMBRXY ( J)
READ(64, *) XOFF , YOrrY
CHMBRXY ( J-3 ) »CHMBRXY (J~3 } +XOFF
CHMBRXY { J-2 ) aCHMBRXY { J~2 ) +XOFF
CRMIRXY { 5-1 ) =»CHMBRXY ( J-1 ) +YOFF
CINERXY (J ) nCHMBRXY (T ) +YOFF
JuJ+d

10 comrImue
CLOSE(60)
CLOBE(64)
RETURN
-]



Appendix D  Spin Precession

Using a magnetic field, it is possible to precess the spin of a particle. Below is a brief
discussion of this phenomenon and how it was applied to this experiment.

In the laboratory frame, the spin precession is given by [Ja-75]:

R T O LT

di e
dt me 2

where g is the gyromagnetic ratio. One can define an orthogonal coordinate system

(ﬁ, S, N ) with L along the direction of motion and $ in the horizontal plane a follows:

i = g (D.2)
N = ExS§ (D-4)

where § is a unit vector in the vertical direction.

Using § = ¢ = %5%, then di = z};d! in the laboratory frame. With this result

equation D.1 can be written in component form with respect to the above defined
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coordinate system as follows:

d;L = g,:cz (% -1+ ,%) (05BN — Bsow)

+(3-1) 757 (5-5) (omt) (D.5)
%i B Fv_;? (g' -l .17) (on By - Bnoy) (D.6)
%]! - E,Ti;i (% -1+ %) (o2 Bs — Bros)

* (’;’ - 1) .,_}[ (3 B)(es8) (D.7)

It should be apparent from the equations above that if the spin is oriented along the
field, there is no precession. During our experiment there was no component of N-type
spin, only a linear combination of S and L-type before the spin precession magnets,
LORRAINE and CASTOR. The field orientations of these two magnets were always in
the + N direction, therefore giving g-B=o. Using ;55 = i—’c!p, where g is the particle

magnetic moment, Eqns. D.5-D.7 reduce to the following two equations:

dog o 1r (9 + l)
dog _ 41r 9 1 _
T ﬁmczﬂ (2 L+ ‘y)( 7L Bn) (D-9)

Therefore, a particle with pure $-type spin could be precessed to L-type and vice versa.



Apyendix E  Spinology for C,,

In order to extract pure Css values from the measured values of C,,, it was necessary

to do various spinology. The spin of the neutron heam at JPAN is given by
Pp = (—Zsinfp + 3cosfp)Pp

where 9p is the angle of a beam particle’s spin with respect to its direction of motion
along the heam axis. The polarized target magnet was rotated in order to detect the

recoil protons. The expression for the target spin direction in terms of the rotation

angle is given by
Pr= {(—~Zsinf0r + 2 cosfr)Pr

where 81 = 37.5°. The neutron heam spin was precessed by the HERA field, so that at

the target center,

do - =
-J; ~ —FxB
~ -—ﬁgxﬁr

~ ~—ysin(fg — 07) .
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The negative sign reflects the fact that the gyromagnetic ratio of the neutron is less
than zero. The net rotation will be by an angle 8p.

In order to find the modified beam spin direction at the target center, one must first
rotate coordinates such that the new z-direction is along Pr and j is unchanged. It
is then necessary to rotate Pg by 0p, and then finally convert back to the laboratory

coordinate system. Therefore, using the following rotation transformation

= z'cos Or — ' sin or

8

y = v

z'sin Or — 7' cos or

Y8
|

it is possible to express the beam spin direction in terms of the rotated coordinate

system:
— = :E'(— cosfrsinfp + cosfp sinfr)

+ 2'(sin@p sinfr + cos fp cos or) .

The precession by 8p will leave the z' component unchanged, but will mix =’ and g'.

Therefore, the beam spin direction as given in the precessed coordinate system is

ﬂ' R
;—5— = z/cosfp(— cosfrsinfp + cosOp sinfr)

+ y'sin6p(— cosfr sinfp + cos fg sin 1)

+ 2!(sinfgsinfr + cosbp cos or) .
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By using the following inverse coordinate transformation,

z' = Zcosfr + 2 sinér
v = ¥
! = -—ésinfr + icosfr

it is possible to express the precessed spin direction in terms of the laboratory coordi-

nates. This transformed spin direction is given by

o
%2 = &[~ cosfp cosbrsin(6g — 1) — sinfr cos(fp — b7))
B

- f] sin Op sin(03 - 01-)

+ 2[- cosf@p sinfr sin(fp — Or) + cos b7 cos(fp — 6r1)] .

The magnetic field of HERA causes an effective rotation of the scattering plane
by causing the outgoing proton to spiral out of the target. This means that protons
with laboratory angles less than 7 will be bent down and hence, the particles will
originate above the horizontal plane of the polarized target center. The rotation angle
is proportional to B x B. If one calls the rotation angle fp, then Py and Pr can be

rotated into this new coordinate system by the transformation:

8
]

z" cosfp + y." sinfdp
§ = —z"sinfg+y"cosfp

.

t.'HY
i
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Therefore, by inserting the ahove expressions for the coordinates into the expressions

for I-"T and I-"r, given earlier, the net results are

. Br = Pr{-sinfr(z"cosbp + y"sinfg) + 2" cos b7}
P'p = Pp{—(z"cosfp + y"sinfp)[cos Op cos Or sin(dp
— 01} + sinfr cos(8p - 0r))
— (~2"sinfg + y" cos6g)sinfp sin(p — 67)

+ 17'[— cos Op sinfr sin6(0p — Or + cos Or cos(p — 07)]}

The measured spin parameter is then given by

Cse =aCss +bCyy + dCry + eCsy,

where

a = —sinfrcosfg[— cosbpcos b, cosfbr sin(fg — fr)
~ cosOrsindr cos(dp — O1) + sin Op sin G sin(6p — O7)]
b = -—sinfrsinbg[- sinfg coe b, cos Oz sin(fp — 6r)
~ 8infpsinfr cos(6pg — fr) — cos Op sin b, sin(p — O7))
d = cosfr{- cosépsinfrsin(dg — Or) + cos by cos(6p — Or))

e = —sinfrcosfp|[— cosf,sinfysin(p — 1) + cosfr cos(8p - 0r))
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+ cosfr[— cosBp cos 8, cos 7 sin(fp — Or) — cos O sin b7 cos(6p — b1)

+ sin6psiné,sin(fp — 0r)] .

A computer program was written to calculate the neutron spin precession angle and the

rotation angle of the scattering plane in the HERA magnetic field.
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