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ABSTRACT

The differences [SGL(ZBG}) between proton-proton total cross
sections for longitudinal (transverse) spin states parallel and
antiparallel to the incident beam momentum have been méasured at

the TRIUMF laboratory from 200 to 520MeV.

A beamline was designed to produce a transverse or longitﬁdinalA
polarization from the vertically polafized beam extracted from the
cyclotron. The polarization of the beam was measured using a
polarimeter which had been.previously calibrated to tl.S%. The
polarization of the dynamically polarized butanol target was
monitored by an NMR system under{microprocessor control. In
addition, multiwire.prépartional chambers detected elastically
scattered protons and enabled an independent value of the target
polarization to be calculated. Careful attention was paid to tHe
.removal of systematic effects by taking data with diffgrent
combinations of beam ana target polarizations. The beam transmitted.
through the target was detected by six closely 5Spaced circular
scintillation counters. The transmission ratios were corrected
for Coulomb-Barrier and Coulomb—Nucleér interference effects

before final total cross sections were evaluated.

Values of [SGl.(lﬁcH) were measured at six (seven) energies. At
the two lowest energies (203 and 325MeV), where.igglasﬁicity is
zero or negligible, excellent agreemeﬁt was obtained with phase
shift predictions. The results were incorporated into a phase

shift analysis.
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CHAPTER 1 AN INTRODUCTION TO THE EXPERIMENT

The availability of both polarized proton beams and polarized
hydrogen targets of substantial polarization (2>>60%) has allowed

a study of total cross sections in pure spin states.

A set of expefiments, performed at the Argonne National Laboratory,
measured the differences in total cross sections between states with
antiparallel and parallel alignments of the bear'n and target
polarizations. The polariz;ations were aligned along and transverse

to the beam momentum defining Ae, and DNox respectively.

JACH
JAV.

g (&) -6 (= 1.1

& (t4) - (1) ' 1.2

il

where 4 denotes a total cross section, the upper or first arrow, in
the brackets, indicates the target polarization direction, the other
that of the beam., Rotational invariance of space demands the -
equivalence of states when both target and beam spins are reversgd,

(t4=31, 11=i¢ ).

The Argonne measurements of [ﬁdk( £NiQ were in the laboratory
momentum range 1 - 6, (1 - 4)GeV/c. In the range 1 - 2GeV/c, the
[§<5Ldata showed a suprisingly rich momentum dependence. This
structure has been investigated ﬁsing both phase shift and

dispersion analyses.
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1.1 The Nucleon - Nucleon Interaction

Some pf the general features of the Nucleon - Nucleon (N-N)
interaction can be deduced from the properties of nuclei. It is
immediately clear tha@ the nuclear force 1s attractive, and
sufficiently strong to overcome coulomb repulsion. The binding
energy per nucleon goes to a constant value on increasing the
atomic number A. The nuclear force is not, therefore, long-range
like the coulomb force. If it were, the binding energy would -
increase with increasing A. The binding energy per particle only
increases by approximately iMeV on going from 4He up to heavy
nuclei, This indicates a kind of saturation is nearly_réached by
the time four particles are puﬁ together, and that the range of the
N-N force is roughly equal to the radius of the alpha particle.
The similar binding energies of 3He ana 3H suggest that the

interaction is also charge independent.

The nuclear radius, R, obeys the relation,

[ /3

R =r,A 1.1.1

where A is the atomic number and ry 1s a constant. There 1s,
therefore, some form of repulsive core in the N-N interaction that
prevents collapse of all the nucleons to the range of the nuclear

force. The constant r, has been found to be approximately 1.5fm.

In 1935, Yukawa ‘1*1) proposed that the N-N force was mediated by
the exchange of a virtual particle of finite mass, which accounted
for the finite range of the force. Heisenberg's uncertainty

principle allows for an energy conssrvation violation of A E for



a time A t through the relation,
AEAt = HR 1.1.2

whare f 1s the Planck constant /2% . If the virtual particle
travels at the speed of light, ¢, the maximum range of the force is
f/mc, where m is the mass of the particle. From the range of the
N-N force of approximately 1.5fm, the mass of the virtual particle

was expected to be approximately 150MeV.,

Early experiments using cosmic radiation had discovered the/L~meson
with a mass of approximately 106MeV. This was erroneously
identified as the Yukawa meson, however, its properties were not
those of the expected meson. The Yukawa, or -meson (pion) was

finally discovered in 1947 (1’2). The I meson was found to have

° +
three charge states, T{ , T ; to have zero spin and negative par- -
ity, (T =1, Jf= 0 ). Its thres charge states allow it to mediate
the n-n, p-p and n-p interactions. In one pion exchange, {OPE),
only the ﬁfo of mass approximately 135MeV mediate the n-n and p-p

-+ -

interaction, while in the n-p system, the T anda W , of mass
approximately 140MeV, may also be exchanged. The long-range
component of the N-N interaction is calculated using one pion

exchange.

Unfortunately, the only bound n-p stats is that of the deuteron:
To provide extra data on the N-N interaction, a set of scattering
experiments were required. In the 1at€503 and early'60s, exper-~
iments were performed using proton beams at ensrgies up to

approximately U450MeV, obtained from linacs and cyclotrohs. The
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data could be represented by exchanges of a rahge of mesons , the
1f and TL pseudoscalars, and the e and ¢« vector mesons ('T':l- )Sl'j)
These mesons were necessary to explain the spin-spin, spin-orbit,

tensor and short range repulsion forces.

One approach of representing the N-N interaction is that of
phenomenological scattering potentials. The interaction cannot be
represented by a single potential as the N-N interaction is
dependent on the momentum, the separation and the‘spin and angular
momentum of the nucleons. The.most well known are the Hamada-
Johnston, Reid and the Paris potentials.- The most modern potential
is that of the Paris group; this uses calculated OPE + 27 + &
exchange for separations greafer than 0.8fm. For separations less

than these they Jjoin to a phenomenological potential.

Phase shift analysis is another method of representing the N-N
interaction. The interaction is expressed by the change in phase
and magnitude of spherical waves, representing the incident
particle, it imposes when the particle is.scattered by an N-N
interaction. The OPE potential is used to determine and fix the
phases of the higher partial waves, representing the long range
component of the interaction, before phase shift analysis fits to
the scattering data are preformed. Scattering data has tended

" to group around a number of energles. Two types of phase shift
analysis fits are used; anlenergy independent phase'shift analysis
ignores results obtained at nearby energies, ﬁhereas an energy
dependent analysis demands a smooth variation of fit parameters

with changing energy. A review of current phase shift analyses -



is given by Bryan (1'4).

Only a brief resume of the N-N interaction is included here. A more

(1.5) (1.6)

comprehensive review is containasd in many publications.

(1.7) g (1-8).

and

The meson factories eg TRIUMF, SIN and LAMPF, have now provided
sufficiently accurate and complete scattering data to yiéld good

phase shift solutions up:to 600MeV for p-p (1.9) and 500MeV for n-p.

The elastic scatteriné data has accurately determined the phase_ |

A shifts. waever, these data are relatively Insensitive to the values
of the elasticity parameters. The elasticity parameters can be
calculated based upon NN-NA (\1305 via T and P exchange (1'10).
Information on them also comes from measurements of the total crOs§

section , [&6‘ and Ad; allowing comparison of calculated and

measured values.

1.2 Previdus ZﬁéLand ﬁldf Measurements.

1.2.1 [de Measurements

-
-

The first measurement. of Z&drwas performed by E Parker et al (1.11)
in 1973. The experiment was performed at the Argonne National
Laboratory using the Zero Gradient S%?hrotron (ZGS) accelerator.

Only one incident momentum, 3.5GeV/c was considered. The result,

1.8 12.0mb, was consistent with an equal cross section in the



parallel and antiparallel states. The total cross section is

approximately 43mb at this energy.

A second set of experiments, using the ZGS accelerator, were carried
out by W de Boer et al (1'12). These measurements had an experi- .
mental error reduced by a factor of 30, compared to the previous
measurement. This reduction in error allowed a clear difference to
be seen between the parallél and antiparallel cross sections. Foun'
incident momenﬁa‘were;used: 2, 3, 4 and 6GeV¥/c. The results are
listed in table lland plotted on fig 1.1. They were all non zero

. and positive.

The energy of the [\&, results was extended down to 1.2GeV/c by
K Biegert et al (1'13). Five measurements were made up to 2.5GeV/é.
A repeat of the measurement at 2GeV/c agreed with the previous

.12
measurement (1 ).

The value of Aé; has a minimum at 1.5GeV/c rising to~6.0mb at 2.0GeV/c

then falling to small values at higher momentum, see figll and table 1.l.

1.2.2 [Sdkwbasurements

During 1977, the first results of a series of measurements of A<,
at the Argonne Laboratory were published in two papers by I P Auer

ot al (1.14) (1.15)'

The first covered the momentum range 1.2 up
to 2.5GeV/c, where five measurements were made. In this range, Ad,

was seen to have a remarkable energy dependence with the value at -~

20



P (GeV/c)

1.2
1.5

1.75
2.0

2.5
3.0
4.0
6.0

TABLE 1.1

ARGONNE ~ Ag, RESULTS

=
\n
Ul

1+ 14+

1+ 4+ 14+ 1+

o
¥
1+

21

0.27

t 0.26
" 0.25

0.15
0.9
0.31
0.26
0.36
0.07

ref

1.13
1.13
1.13
1.13
1.12
1.13
1.12
1.12
1.12
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1.47GeV/c being larger than a third of the total cross section. In

the second paper two results were presented for 3 and 6GeV/c.

A further set of seven measurements were made in the momentum range

(1.16)

1 to 2.25GeV/c , Lo investigate the structure seen at
approximately 1.5GeV/c. The results confirmed the earlier
measurements and introduced a peak centred at approximately 1.17GeV/c.

The .Ad;results are tabulated in tablel? and plotted in fig 1l.2.

An explanation for the prominent bump-dip structure in the
data between 1 and 2GeV/c, was clearly called for. In the energy
rangzs of the data,phase shift analysis offers a suitable investigat-

ory tool.

1.3 Phase Shift Analysis

The result of a phase shift analysis of the N-N scattering data is
a representation of the interaction by a set of phase shifts and

elasticity parameters of scattered partial waves.

Consider the scattering of two spin-less particles. The target is
" at the origin of the Z axis. The incident beam is moving along the
Z axis, it is represented by an incident set of plane waves,\ynm,

ignoring the time dependence,

\Pw:'—‘ emz . . 1.3.1

where K is the wave number given by the relation,



TABLE 1.2

ARGO:NE Ad, RESULTS

P (GeV/ec) N6, (mb) ref

1.0 -16.2 T 0.2 1.16
1.1 -9.75 ¥ 0.16 1.16
1.17 -7.63 Y 0.28 1.1%
1.3 -13.12 T 0.10 .1.16
1.47 - -16.00 £ 0.11 1.1%
1.58 " -13.83 T 1.04 1.16
1.69 -12.48 T 0.12 1.14
1.71 212,37 £ 0,14 1.16
1.97 -8.80 ¥ 0.19 1.16
2.10 -6.74 T 0,12 1.16
2.25 ' -5.29 T 0.07 1.16
2.19 -3.38 Y 0.10 1.1%
2.97 -2.28 * 0.10 1.15
6.00 -1.0% ¥ 0.09 1.15
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k = R/ R 1.%.2

wheref%mis the particle's centre of mass momentum. The incident

wave function is normalized to give a density of one particle per

unit volume.

l\Vwclg = 1 1.3.3

If the particles are moving with velocity v, the incident flux is
v particles per second.

(1.17)

It is shown in Mott and Massey that a plane wave can be
considersd as a coherent supzrposition of spherical waves, which at

large separation from the origin have an asymptotic form

)

X PIPT)
\l}“‘c= .—l___. é (2\, +l) .“\- PL (COS e ){e:v(Kf‘—!ilﬂ\'} _ 2-“{1‘ ‘ib’ﬂ)} 1‘3.4
WMKe '

where r is the distance from the origin, L'is the orbital angular
momentum gquantum number,e is the centre of mass scattering angle,
and P, (cos@ ) is the Lﬁ ordér Legendre polynomial. The first
(second) exponential term in the curly brackets represents a'set

of outgoing (incoming) spherical waves centred on the origin.

th
The effect of the N-N interaction is to modify thne L outgoing

. . . . 'L"sb- 6
spherical, or partial wave, by a multiplying factor 7LL€ s Oy

is a real phase shift which is positive (negative) for an attractive

(repulsive) scattering potential.qzl',is another real number, the

th
elasticity. This allows for absorption of the L partial wave.

The elasticity is constrained to lie between O and 1. For purely

th
elastic (inelastic) scattering of the L partial wave 71L= 1 (0).
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From equation 1.3.4 the wave function now representing the elastic-

ally scattered particles, q[“ﬂ, is

o 19
Vs = e £ (2141) 7 (c050) (7,8 1) 1.3.5
2ikr L ¢

The term anéuik—l) / 2% contained in equation 1.3.5 is conventi;n—
ally defined as the transition amplitude, R, . The relation bgtween
71L’ 6L and RL can be shown by plotting the transition amplitude in
the complex piane, fig 1.3. The circle of radius %; the unitary
cirele, represents elastic scattering. All other possible values
of RL lie inside this circle. The point representing RL is fixed.

1

by being a distance IRll from the origin and at a distance 5

from the point % for purely elastic scattering. o

The scattered wave function may be written in another way to'define

the scattering amplitude, f£(9),

Q&MT= Eif;_ r(e) 1.3.6

r

whare

é (2u+1) P, (cos®) R, 1.3.7
x . .

£f(0) = 1
' k
From the calculation of the flux of \Psm.through the solid angle dJ

one obtains the differential cross section for elastie scattering.

de¢ - |,f(e)].2 : . 1.3.8
d | '

Cross sections are obtained by integrating the differential cross

section over the whole sélid angle of 41y steradians,

Camnc = 47 & (2L41) |R| 2 1.3.9
2L '

27



IMAGINARY

UNITARY
CIRCLE

REAL

----- trajectory of ideal resonance

FIGURE 1.3 TRANSTTION AMPLITUDE, R, PLOTTED IN THE

COMPLEX PIAN

28



The inelastic cross section is given by

. )
Swewme = ¥ $ (2v+1) (1-m)) 1.3.10
2 L ,
k
The total cross section is obtained by addition of the elastiec and .
inelastic cross sections,

Cror = 4T £ (2L+41) 1mR 1.3.1L
k2 L ' .

1.4 Phase Shift Analysis With Spin
A system of two interacting fermions such as protons must,
according to the Pauli principle, be described by an overall anti-

symmetric wave function with respect to interchange of the particles.

Two interacting protons form an iéospin triplet state which is a
symmetric wave funcfion, the combination of the spaée and spin

wave functions must, therefore, be antisymmetric. This leads to
states of singlet spin with even L, and ﬁriplet spin with oda U .

Using spectroscopic notation, 2S+1 I’ where S is the total spin,

) J .
I, is the total orbital angular momentum, (where L = S,P,D,F,G,H are
used for |, = 0,1,2,3,4,5 ete) and J is the total angular momentum.

The only partial waves involved in pr scattering are shown in

fig 1.4.

In collision processes, involving two nucleons, total angular
momentum, total spin, and parity are conserved. The spin scattering

matrix is therefore diagonal in these quantum numbers. To allow for
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the non-conservation of states with the same J,S and parity, but
with different total orbital angular momentum L, eg 3Rﬂngﬁdnon-

diagonal elements exist in the spin scattering matrix. The spin

(1.18)
scattering matrix, S, is given by,
— N
RJ 0 0 0]
|0
§ 0 0 R RJ+1,J'¢

The transition amplitudes RJ, refer to singlet states with even J,
even parity, L = J. The matrix element RJJ relates to states with
odd J, odd parity,L = J. The mixing of states with the same J,3

and parity, but different L is achieved by using diagonal elements

and the off-diagonal element RJ. - The most usual

Ry +.0

parameterization of the mixing is in terms of bar phase shifts and
s (1.19) € 3, 3. = 3. 3

mixing parameters &2 for P2 - F2, 9_4_ for F4 - H4 ete.

The transition amplitudes are defined in table 1,3

1.5 Range of Partial Waves

It is important to determine the number of partial waves involyed
in a scattering experiment, and hence determine the range of the'
summation in, for example, equation 1.3.4. The number is dependent
upon the incident momentum and the range of the nuclear force.
Classically, the highest angular momentum , me, involved in the

scattering is,

Lol = b pea | 1.5.1

J1
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where b is the range of the N-N force and p..is the centre of mass
momentum of the inecident particle. For an incident proton of 52OMeV,
QM~BOOMeV/c, equation 1.5.1 shows angular momentum states up to
at least L = 5 must be considered. This simple model illustrates
that the high U partial waves give information on the long range’
nuclear forces, whilst those of low \, give information on the more

complex short range forces.

The long range force is well understood in terms of OPE. From a
comparision of phase shift analysis and OPE predictions for phase
shifts, it is found that good agreement 1s found for partial waves

with L>7 for p-p and L>6 for n-p (1'20).

To improve the stability of the results from phase shift fits, the
phase shifts for high partial waves are set equal to the OPE
predictions. It is important not to fix too many, or too few phase
shifts,as this will distort the result of the phase shift fits.

(1.9)

The BASQUE phase shift analysié program assumes OPE calculated
values for LU>7 for the p-p interaction,iIbua&Ei are set equal to
OPE + HBE (27,p,w) values, using for the latter predictions of

(1.21)‘

Vinh Mau et al The H waves and E;§are constrained by

including in the'xg minimization in the phase shift fitting program,

terms of the form,
. Y 2 2
(experimental phase ~ theory)~ / error

where the error is a genercus estimate of the theoretical error.

>3



1.6 Coulomb Effects

The phase shifts defined previously for the p-p system, include both
nuclear and coulomb contributions. To reveal the nuclear interact-

ion effects, the coulomb contribution has to be subtracted out.

The full scattering amplitude, f, can be split into two contri-

butions
f = fC + fN 1.6.1

where £, is the coulomb contribution and fN is the remainder. For
one partial wave, and ignoring spin effects,_the amplitude fe is
given by

28 1y /o 1.632

(1.9)

where ¢ 1s the coulomb phase shift . The second contribution

f. = (e

[4

to the full scattering amplitude is,
2t [ A . .

f.=e n’exp 2 (6 +A +19 ) 1] /20 1.6.3

where § and T are the true nuclear phase shifts and elasticity

parameters respectively. A ana d? are the coulomb barrier correct-

ions. These allow for the effect of distortion to the incoming and

outgoing waves by the coulomb potential. The values of A
. (1.22)

and‘te can be calculated from the prescription of the Graz group .

The values of § , A and <Q allow the coulomb contributions to nuclear

scattering parameters to be evaluated.



1.7 Resonant Partial Waves

A scattering process may take place through the formation of a
Briet Wigner resonant state. The properties of this state determine
many features of the process, in particular the energy variation

of phase shift parameters.

The short-lived resonant state is represented by a complex energy,
E:;-%[1. E, is the central energy and |' is the level width, which

is related to the mean life time,7/, of the resonance.
' =n/x - 1.7.1

Ignoring spin, and assuming the scattering takes place through a
single resonant level formed by one partial wave, then dropping the L

suffix, the transition amplitude is given by,(l'gj)

1 1 ’ ) N
\R\ = % rEL ' , ‘ 1.7.2 .
(E"Eo\l"'l/‘ir“l ‘

where (EL is the elastic partial width. A second number required
to fix the real and imaginary parts of the complex R is provided

by the elasticity 71, given by,

Vrl.m = 1; FEL(F"PEL\ . o ’ .1.7'3-
< (E-Ea*e Ll | |

‘The transition amplitude can be written as a complex quantity, -

R=3Palceeysier] 1.7.4
(RN w2 |

The above is the standard Briet Wigner resonance formula. It shows
that the trajectories of the transition amplitude in the complex

plane are affected by the existance of an intermediate state.
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The trajectory of an~ideal resonance 1s shown as the dotted line on
fig 1.3. On increasing the energy towards the resonance, the |
representative point moves anticlockwise round a circle of radius
Y1L22f1, centred on the point ir3/2(1. Cn moving round the cirecle
both‘n,and § change; At the resonant energy, for the case
F&/Py%, 6 sgoes through 90° 7] is a minimum and R is purely
ima.ginary.‘ If [a /<% then § goes through 0° at the resonant

energy.

The situation represented in fig 1.3 is an ideal case, In reality
the resonance structure is.superimposed upon a background which may
or may not be a smooth function of energy. The resonance parameters
obtained from the transition aﬁplitude plots can therefore be‘
affected by the representation of the background subtracted'from

the data. ; . .

Relating equation 1.7.2 and 1.7.3 with 1.3.9, 1.3.10 and 1.3.11 one
obtains expressions for the elastie, inelastic and total cross: --

sections in terms of the elastic and total widths of the resonance,

. . o

anne = W (2L41) . T'e 175
K (E-Eo)? + 2I'2 -

bwannc = W (2041) Pa (['-Ta) 1.7.6 .
K (E-E.)° + LT'?

€vwor = M (2t +1) Tleal
Totv —5 53 . 1.7.7

K  (B-Eo)” + [

The above equations show that the existance of a resoﬁance can be

indicated by structure in the eross seetioﬁ.



1.8 Spin Dependent Obsefvables

A spin dependent observable 1s measured in a scattering experiment
where the polarization of at least one of the Beam, Target,

Scattered or Recoil (B,T,S and R) particles is determined.

A coordinate system is defined using two unit vectors, ki and kg
aligned along.the direction of the incident and scattered particles.
A unit normal to the scattering plane is defined as N =k;x kg .
The polarization,<d>, of any of the particles in the reaction is
written in terms of the unit vectors n; L parallel to its direction;

and $ =nx\l transverse to its direction and in the scattering plane,

fig l.5.

In a general spin measurement one can determine an intensity,
I (<ggys <S> : {Ssy » &Ipy ). For an experiment employing a
(1.24)

polarized beam and target, the cross section is,

I = I, (l+BBI (n,e;o,o) + Pl (o,n;0,0) + BBPTI(B,T;o,o)) 1.8.1

where I, is the spin averaged cross section., The last term implies

a sum over components of the beam polarization, P, and the target

B’
polarization, PT' A list of spin dependent observables is given in

table 1.4, A

The polarization parameter P, I(n,o0j30 o) or I(o njo, o) 1s, for example,
evaluated in an exneriment where the beam or target is polarized with
a component along n. The difference in intensity when'the polariz-

ation is up (+.n) and down (- n) is measured, from equation 1.8.1 -
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OBSERVABLE

I

I

I

H

H

H

H

TABLE 1.4

(0,0;0,0)
(n,0:0,0)
(o,n:0,0)

(i,j;0,0)

(0,130,J)

(i,O;O,J)

(i,jzo,k)

DESCRIPTION

CROSS SECTION

POLARIZATION
PARAMETER

SPIN-SPIN CORRELATION
PARAMETER

DEPOLARIZATION, OR
WOLFENSTEIN PARAMETER

SPIN-TRANSFER
PARAMETER

TRIPLE-SPIN CORRELATION
PARAMETER -

SPIN DEPENDENT OBSERVABLES

29

SYMBOL

J

13

ij

ijk



for a polarized beam experiment, monitoring at an angle O ,

I (%) =1, % pp(e) 1.8.2

leading to an asymmetry, € ,

g(e)= I(+)-T(-) =Pp(e)
L)+ 1) 1.8.3

From the value of € and the known beam polarization P can be

evaluated.

The spin dependent observables can be expressed in terms of their
constituent partial waves. A particularly elegant way ’_co do this

is via helicity amplitude formalism developed by Jacob and Wick(1'252
In this representation a particle is labelled by a helicity gquantum
number. This is + (=) 3, if the particle's spin is parallei

fantiparallel) to its momentum. There are five independent helicity

amplitudes, de..(e), i=1-5, given by,(1'24).
D, (e) = {4d, 435 4%,
0, (6) = k. ok -, 3)
9, (e) = K45 35 43, 1)
P (0) = (+d. -3 55 5
Qo(e) = <+3. +3; +5; -3)

where © is the centre of mass scattering angle, and the notation

used is {S,R3B T7 . The relation between the helicity amplitudes

and the partial waves is given in appendix A (1'24).

In table 1,5-a list of observables are given in terms of the

helicity amplitudes (1'5).



. OBSERVABLE HELICITY AMPLITUDES

oo (ZT(/P ) (P +(p3 O
Ao (4v/p2, ) Im [cp ) =, (0]]
Ao "(lm/p ) Im cp (0)

o [19,1+1,] +I<P|+|<P,, +4I<P; 172pcn
P Iml(f,+ P+ Q- {,) ‘Ds / G Pen

A Re (078~ 970, + 210,71/ o p,

Ass Re[@:@1+@:@4]/o‘pcm

A Re [(§, + O, - d?s+@+)*t©§]/dpm

A 19, H19,+ 1910, 1/ 20 p,

TABLE 1.5 SPIN DEPENDENT OBSERVABLES IN TERMS OF HELICITY
AMPLITUDES

i1



1.9 Discussion of Argonne Results

The effect of a Briet Wigner resonance is to introduée structure
intb the variation of cross section as a function of energy; ‘A
resonance is not the only process that can create structure. The
superpoSition of several non-resonant partial waves or the

opening of an inelastic channei, can have the same effect. .A true
jndication as to the origin of the structure is obtained by a study
of both real and imaginary components of the scattering amplitudes.
Thevmeasurements of total cross sections give information only

on the imaginary components of the scattering amplitudé.

Dispersion analysis can be uéed‘to give the real components of

(1.2.é)g1.27)

the scattering amplitudes from the imaginary components

(1.28)

A dispersion analysis was performed by W Grein and P Kroll
on the two forward amplitudes Fz'and F3 given by, -
F, = P_ 4)1(0) S 1.9.1
5 v .
cm , 4
Fy = Pp (P (o) - 9, () - : - 1.9.2
2 : ' ) Co
Pcm

where P (Pgm) is the laboratory (centre of mass) momentum. Using” .

equations 1.9.1 and 1.9.2 and the results in table 1.5,

e DG = 4% 1nF 1.9.3
- 3
. L -
Adr = -4 1mF,, 1.9.4—



2
(1.3)

amplitudes,

The amplitudes F, and F, can be expressed in terms of partial wave

1l

(P2cm /P]'_,) F3 {(23“) Ry + Rynz - By + A5G R- (11+) Rn} 1.9.5
N

2
(P%em /Pp) Fy =é{~ (AT+DR3 +TRy, 5 + (54 Ry ¢ + TG 9\3} 1.9.6
J

W Grein and P Kroll used the Argonne Ad, and A dr data in their

dispersion analysis. The results for ReF2 and ReF5 are snown in

fig 1.6, together with lmF2 and lij over the laboratory energy

range 0.1 - 7GeV. The peak at 0.6GeV in the Argonne ZXkﬂ‘data

leads to S shaped structure in ReF3 extending down to 210MeV. The

authors find indications of the existence of two resonances, one in
a spin-singlet state (m = 2390MeV) and one in an uncoupled triplet

state (m = 2320MeV). The real part of F3

relations is however, in disagreement with secure phase shift

(1.29,31)

derived using dispersion
predictions.

The energy rangs of the Argonne results for AdL and Ad-‘- is
overlapped by four separate phase shift analysesj Arndt et al (1.29)
(£ 800MeV), BASQUE {1.30) (£ 600MeV), Bystricky et al (1.38)
(< 750MeV) and Hoshizaki (:*22) (500 - 2500MeV). The elastic
scattering data is sufficient to yield good phase shift solutions
up to approximately 600MeV. The outcome is fhat the four solutions
agree very closely on the elastic phase shift pafaﬁeter, 6 , and

disagree on the elasticity parameters,v7l, to which the elastic

data are rather insensitive,
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The imaginary component of the scattering amplitude is, from

equation 1.3.7T.
:lmf(e) o 1 - Tcos 26 1.9.7

The phase shifts are generally small, the imaginary components of
the scattering amplitudes are, thereforé, sensitive to values ofv-
the elasticity. AdL and \ ¢, are dependent on the Vimaginar'y |
components of £(8) and thus yileld information on the elAasticityv

parameters.

Previous to the data on Ad, and A&+ becoming available, all the

elasticity was put into the lDa

for p-p —n AT from an incident lDe state. The value of 7L (lDa)

partial wave. This was to allow

was fixed by the total cross section. Although this approach
introduces little error into real parts of the bhase shift, it gives
misleading predictions for Ao’,_ and Adf. To .incorporate Ao’L and

A &8¢ results into a phase shift analysis, freedom in elasticity

N

parameters is introduced. -

In order to repr'od;.lce the rise in Ao’._ up to 600MeV, it is necessary
to put the maximum inelasticity in the ]'Dz partial wave. This

conclusion follows from the partial wave decompbsition of F,. The

3
coefficient (2T1l) ensures that the dominant partialbwa.ves are RJ. :

and RJJ (as RJ is small). To allow for the rise in A 8, the

inelasticity in RJJ eg, > F3 must be small,but above 600MeV . this

elasticity must rise rapidly to account for the descent of AO’L.

All the phase shift analysis fits incorporating the Ad._ data hav_e

3F elasticities. Three of the

3

" as common the trends in ]132 and



analyses allow freedom in more than three 71 parameters, whereas

the BASQUE phase shift analysis allows freedom in only lD2,3F3

and 3F2, taking other values from OPE calculations.

The effect of fitting the Z&OLdata is shown by Bugg (1.20) to cause

1
inelasticities in D2 that ars ineonflict with expected values.

A common problem of all the phase shift analyses is the disagree-

ment between their predicted Re F3 and those of the dispersion

analysis. DBASQUE phase shift predictions of Re and Im F,2 and F_3

are shown on fig. 1.6. Re parts are from a solution fitting‘AOI
and Z&O} . Im parts are from a solution using‘n'parameters from OPE
caleculations and omit AC_and Aoy results.. No manipulation

of the 7lparaméters secures agreement between phase shift
predictions and the dispersion analysis defived Re F

5

If the structure in Im F,  in the range 380-800MeV is bypassea(L+30)

then the resulting dispersion analysis gives the dotted curves for

Re F.
2,3

with the phase shift solutions.

shown on fig. 1.6. The latter give much better agreement

The structure in AC_has, in the phase shift analysis of Hoshizaki

(1.32) (1.33)

and Arndt , been interpreted as caused by dibaryon

resonances. In the analysis of Hoshizaki, which incorporated

the values of Re F from the dispersion analysis of Grein and

(1.28) ’

Kroll , resonant behavior was seen in 1D2 (3F3) , at

M= 2,17 (2.22)GeV, see fig 1.7. The phase shift analysis of

3

Arndt shows indications of resonances in lD2 and F3 ; see fig 1.8.
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FIGURE I.6 REAL AND IMAGINARY PARTS OF THE AMPLITUDES F2 AND

~

Loboratory energy {GeV)

-

¥
02 05 1 2

101

(GeV)

Laboratory momentum [GeV/c)

F
FULL AND BROKEN CURVES ARE ALTERNATIVE FITS TO Imng
AND Iij, THE CORRESPONDING CURVES FOR THE REAL PARTS
ARE CALCULATED FROM DISPERSION RELATIONS. FULL CIRCLES
ARE EXPERIMENTAL DATA (REF. 1.11-1.16) AND CROSSES

ARE FROM BASQUE PHASZ SHIFT SOLUTIONS
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In conclusion, the structure in ZXollresults in values of ReF3 in
contradiction to phase shift predictions, specifically at 325, 380
and 425MeV. Phase shift fits to the Ag,_ data also necessitate
inelasticities in partial waves at variance to expected values. The
structure has also been interpreted as indicating dibaryon resonances.
It was therefore desirable to have an independent check on the

data and to extend the measurements down to an energy below, or

about 17 production threshold , where inelasticities_are negligible

and the phase shift predictions can be checked against the

experimental results.
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CHAPTER 2

REQUIREMENTS OF AN EXPERIMENT TO MEASURE Ad, AND DNdéy

The BASQUE group have performed several N—V scattering éxperiments
at the TRIUMF Laboratory, at the University of_British Colombia,
in Vancouver. TRIUME has a variable energy cyclotron, able to
supply polarized protons over the energy range 200 to 520MeV.

The main objective of the experiments performed by the BASQUE .
group, had been the determination of accurate n-p elastic

amplitudes. The experiments measured three Wolfenstein para-

meters (2-1), D_, R, and A, (2.2)(2.3) | gifrerential and total
(
cross sections (2'4)(2‘5), and the polarization parameter P ‘2‘2).
(1.9)

Measurements of D, R, R! and P were also made for p-p'

scattering.

In 1979 the BASQUE group proposed to continue their wo?k on the
N-N interaction by a set of measurements of A, and [Sgk. The
measurements were to be performed at the five energies where the
earlier N-N work had been performed, namely 210, 325, 380, 425
and 515MeV. Two extra energies, 460 and 500MeV, were to be added
to give a more complete overlap with the previous Argonne data.
Measurements at these energies would allow inclusion of the
results into the BASQUE phase shift analysis. The results below
the T production threshold could be compared with phase shift

predicted values.
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2.1 Total Cross Section Measurements

A beam of protons incident upon a target undergoes both scattering
and absorption. The number of protons transmitted, N, after
transversing a target of length, L, is

N = Noe'“w 2.1.1
where No is the incident number of particles, s is the total cross
section and n is the particle density of the target. A total
cross section is obtained from an experiment counting the number

of beam particles incident, and those .transmitted by a target of

known length and density.

The apparent cross section is a function of the half angle, 8,
subtended by the counter detecting the transmitted beam. Thié
variation is shown schematically in fig 2.‘1. At small angles

the apparent cross sectic;n is a rapidly varying function of &, the
section A-B on fig 2.1. TI'.lis effecfc arises from multiple
coulomb scattering of the protons in the target. The multiﬁle
coulomb scattering is described by Rossi and Greisen (2'6). They

describe the distribution as being gaussian in form with a standard

deviation,eRMS in radians given by
9 Va
ms T2 | ' 2.1.2

Pure p s
where P“‘f’ is the incident proton momentum in MeV/c, ﬁc is its
velocity, L the target length and I? is the target's radiation
length. A small number of protons undergo single coulomb scatter-
ing throuzh a large angle, which superimposes a 1o‘n.g tail onto the

gaussian distribution of multiple coulomb scattered events.

2
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For the target material to be used in this experiment, Butanol-
water spheres, LR is approximately 40cm, the effective length of
the target material was approximately 1.35cm. At the lowest
(highest) incident proton momentum of approximately 650 (1120)MeV/c
the value of EBRMS is 0.78O (O.}OO). A measurement of a nuclear
cross section must use a counter subtending an angle of éreater

than éaRMS'

In the region B-C a counter monitoring the transmitfed beam now
encompasses virtually all the coulomb scattered events.. The
change in apparent cross section in this region is, therefore, due
to nuclear scattering. A cross section measurement made in this
region would, however, underestimate the total cross section. To
obtain the total cross section, a numbgr_of Cross séction mesasure -
ments are made in the region B-C and the results are extrapolated

under the coulomb peak to zero angle. A total cross seection

measured in this way is called a 'good geometry' measurement.

When a transversly polarized beam is used in conjunction with a
transversly polarized target the effect is to alter the measpred
cross section. From the definition of Zﬁé}, equation 1A, a term
"%PBPTAAT is introduced. The meaéured cross section ¢ 1s now given
by

G =6, - %poTAo*T 2.1.3
wnere C§o is the unpolarized cross section. The factor BBRI is

positive (negative) when the polarizations are aligned parallel

(antiparallel).
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In reality a polarized target contains ﬁot only polarized hydrogen
nucleil but also unpolarizéd more complex nucle%. Tﬁe total c?oss
section consists of fhree components;CfH arising from unpolarized
hydrogen: —%PBPTlﬁéT from the polarized hydrogen, and(fB from the
remaining non-hydrogen nuclel in the target. The transmission of
the target, t{(4%t) for parallel alignment of PB and PT is, therefore

given by

t(tt) =‘N(H) = e‘“s“"L e'"“"(‘{“"wflp—bél) C2..

N (tt)
for the antiparallel alignment,

6(1) = 8(y) = eMedeh MG RBMAS) oy

N_(t4) _ | .

whence, from equations 2.1.4 and 2.1.5,

tanh Loy FBPTAGT = t(11) - t(%3) 2.1.6
-2z t(11) + t(ay)

where Py = [PB () - Py (b)] /2, leading to

AGT - _Ai 10079 2.1.7
th PBPTl. :

(an approximation good to 1 in 500000)
where At = t(t) - t(4%) 2.1.8
and T = (t(n) + t(n)) /2 2.1.9

The factor 1.0079 allows for the atomic weight of hydrogen.
A similar expression is obtained for Ag, . A value of [Ssl ar

[&&Tis, therefore obtained from performing two transmission

experiments; one with beam and target polarizations parallel and

one with beam and target alignments antiparallel.
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2.2 Beam Polarization Precession

A measurement of both Adkand Ad‘- requires a beam polarized both
parallel and transverse to the beam momentum at the target position.
The beam extracted from the TRIUMF cyclotron has its polarization
aligned transverse (vertical plane) to the beam. A new beamline,
BL4C, was designed to precess the extracted vertical beam polar-
ization inté the longitudinal direction over the accessible énergy
ge 200 to 520MeV, BLAC also had to be able to deliver the
transversly polarized beam extracted from the cyelotron to the

target.

2.2.1 Solenoidal Magnetic Fields

A proton beam with a spin component perpendicular to its momentum,
travelling axially through a solenoid, will have this spin
component rotated by an angle 4)5. For a solenoid with a field

integral ~[E.AL the angle 4)5 is given by (2'7)

(P s = ,UP v FA\' 2.2.1
xlnplhb(’t\ ’
where}Up = 2.79},}1gis the nuclear magneton = §~§5
. MpC

e is the electronic charge,mpthe mass of the proton - and c the

veloeity of light. ¢ is the proton's velocity,
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2.2.2 Bending Magnet Fields

For a bending magnet the rotation of the spin direction, 4}8,

relative to the direction of the proton is (2.8} .
CPB = (ip -1) Yuns O 2.2.2

where EBIB is the angle of beam deflection caused by the bending

magnet.

A 1ongitudinal polarization can be obtained from the extracted
vertically polarized beam by using a solenoid-bending ﬁagnet
combination, fig 3.2. The vertically polarized beam first -
traverses a solenoid energised to produce a field iniegral glVlng

a 4)3 =% 900. The emergent beam is still polarized transverse to -
the beam momentum, but now‘lies in_the horizontal plane. The beam
is then incident into a bending magnet which bends it through an

angle O _. This angle is ideally such that cP 5 = 90°, this being

B

the case, the emergent beam is longitudinally polarized.

If the solenoid is not energised the beam polarization is unaffected
by the bending magnet and it is delivered to the térget vertically
polarized.

The polarization precession angle for b§th a solenoid and a bending
magnet is dependent upon the iﬁcident energy of the proton. To
acheive a precession angle of 900 requires the éhanging of the
field integral for each incident energy for a solenoid, and the
changing of the bend angle for a bending magnet; The former is -

easily acheived, but the latter is impractical for this experiment.
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BEAMLINE VIEWED

FROM ABOVE PB
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SOLENOID "~ BENDING
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FIGURZ 2.2  SOLENOID-BENDING MAGNET COMBINATION USED TO ACHIEVE
A TLONGITUDINAL POLARIZATION FROM AN INTTIALLY
VERTICALLY POLARIZED BEAM
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To obtéin a purely longitudinally polarized beam requires a bend
angle of 41.4° (52.30) for an incident proton energy of 200
(520)MeV. This change in bending angle necessitates the moving of
all beam elements downstream of the bending magnet for each
change in energy. A compromise bend angle of 350 was chosen.

This gave the best longitudinally aligned beams at the higher
energies. In the worst case the longitudinal component of beam
spin was reduced by approximately 3% at 200MeV. The fixed bend

angle introduces a transverse component into the beam polarization.

2.3 Dynamically Polarized Targetl -

The most important single element in the beamline was the polarized
target. A dynamically polarized target was obtained <from
Liverpool University.A It provided a target cell 2.%cm in length
and 1.5cm in diameter, that could be polarized vertically or

horizontally (2.9) .

A dynamically polarized target utilizes low temperatures and strong
magnetic fields, combined withrmicrowave pumping to obtain

(2.10) (2.11)

sizeable proton polarizations

An assembly éf protons in a magnetic field, B, have two preferred
directions of orientation. Preferrentially, the“protqn's magnetic
moment is aligned parallel to the field, the position of
lowest energy. The thermai energy of the system KT, where K is

the Boltzman Constant and T is the absolute termperature, determines
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the population of the two levels. The thermal equilibrium polari-

zation, PTE’ of the system is given by

Pry = tanh | MpflyB | 2.3.1

2KT

At typical operating conditions of the target P for protons is

TE
approximately 0.3%.

Dynamic polarization utilizes the much larger thermal equilibrium’
polarization of electrons, due to their large magnetic moment, 660
times that of the protons. At typical operating conditions PTD

for electrons is almost 100%.

The protons to be polarized are the nuélei of hydrogen in butanol.
Mixed with the butanol is a small quantity of a paramagnetic
impurity, eg a chromium compound. The magnetic field polarizes the
unpaired electrons of the chromium atoms, which can then form
temporary pairs with the hydrogen nuclei. There are only two
possible combinations of spin, proton and electron spins parallel
and antibarallel. Application of microwave power to the system
can induce spin flips. Inducing the fl;pping of both spins in one
of the parallel or antiparallel alignments then polarizes the
protons and depolarizes the electrons. When the temporary palr
breaks up, the electrons are readily repolarized. The flipping of )
parallel or antiparallel pairs requires slightly different energy
and so the polarization direction can_ﬁe ch&sen by the frequency of
the applied microwave power. To ensure tﬁat only one transition

is on resonance, the temperature and magnetic field must be constant

throughout the target volume.
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2.4 Target Polarization Measurements

The normalization of /4, and AdL depends on the absolute
normalization of PTr The target incorporated a MR monitoring

system, The calibration of the NMR system is such that it has,

normally, an absolute uncertainty of approximately 4%.

A valuable improvement of this experiment over previous measure-
ments of Ad,. and Aé,. was the incorporation of a nuclear physics

experiment to independently determine the target polarization.

2.4.1 NMR Monitor

The target polarization was monitored by a constant current, series
tuned, Q meter. A coil wrapped around the target applied a radio-
frequency field perpendicular to the main applied magnetic field.
The resonant frequency of this circuit is adjusted, by a variable
capacitor, to be the same as the nuclear resonance frequency, V.
This frequency supplies an energy equal to the energy sepafation
of the parallel and antiparallel alignment of the proton's spin,

with the magnetic field, from equation 2.3.1 ,V 1is given by

V = MpMy B : 2.4.1.
h

Application of a radiofrequency field of this frequency, causes a
fraction of the protons to flip from one alignment to the other.
The target polarization is deduced from measurements of the effect

of the proton transitions on the electrical characteristics
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of the tuned circuit,

The impedance of the Q circuit includes a term proportional to
X - (2.11)

, wWhere )( is the susceptibility of the target. The

susceptibility is frequency dependent and complex,

XA =X X9 o2

1 . 1)
X is the elastic or dispersive term and 7C is the absorptive
part. At the resonant frequency, the susceptibility becomes highiy
imaginary. The area under the absorptive signal is proportional

LI
to the nuclear pola.r'ization,(2 1)

Py f X' () f | . 2.4.3

where £ is the frequency. Tﬁe effect of the polarized protons is
to produce a change in impedance around the nuclear magnetic
resonance frequency. This change in impedance is measured by
applying a frequency swept, radiofrequency voltage to the tuned

circuit and detecting the change in voltage with frequency.

It 1s not possible to calculate the constant of proportionality
in equation 2.4.3 , and so the constant is found experimentally.
When the protons are in thermal equilibrium at a known temperature,
the polarizaﬁion is calculable using equation 2.3.1. At thermal
equilibrium the nuclear polarization is very small, approximately o
0.3%, large coil currénts therefore, cannot be used as these will
distort the polarization and lead to false readings, These low
currents coupled with the small polarizations lead to low outputs

and thus poor signal to noise ratios.
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The inherently poor determination of the proportionality constant
and the uncertainties of the temperature at which the thermal
equilibrium measurements are made, lead to an overall uncertainty
iIn the absolute calibration of the NMR deduced polarizations of

the order of 4%.

The variation of the impedance depends upon the magnitude of')i

and therefore incorporates a small unwanted )('term. This
dependence is removed by employing a phase sensitive detector .
which measures only the absorptive component of the complex
susceptibility. The NMR module used to measure the target polar-
ization, employed both phase and magnitude monitors. The magnitude
detector is used to aid setting-up of thg system, the phase

sensitive detector is then used for polarization measurements.

2.4.2 Target Monitor Counters

In the ZldT configuration the general expression for an intensity
measurement when a polarized beam and target are used is obtained

from equation1.8.1,
() = IO(S)(I + PP(6) + P_P(O) + PBPTA‘NN(Q)) Co.h.h

where © 1is the scattering angle. By combining intensity data
measured from runs with reversed beam or target polarizations to
eliminate the unknown term IO(S), the target polarization can be
obtained. The combining of runs with opposite target polarizations
but the same beam spins, is less prone to systematié errors as

shown in section 5.4.
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To obtain an absolute value of PT the counters monitoring the
intensity have to view an angular range where P(@) and ANV(G)'

are known absolutely over the whole energy range. P(©) at QAOLAB

has been determined to *1.5% by a previous BASQUE experiment (2.1%)‘
in fhe range 200 to 520MeV. The appropriate values of ANN’ around
QhoLAB can be predicted by the BASQUE phase shift analysis with
estimated maximum errors of +2% at 200MeV rising to +5% at 520MeV.
The target ﬁonitors were therefore to monitor around 24°LAB.

In the 1361 configuration for a purely longitudinal polarized

beam and target, the number of scattered protons is given by

() = T (e)(1+ P2 A (e) 2.4.5

The situation is, however, complicated by the variation of the
precession angle of the spin with energy, due to the fixed bend
angle of 350. This introduces an extra component dependént on

Aspy

I(e)= I_(0)(1+ p.P. (sinda (€) + cosCPéASL(G))) 2.4.6

o
where (Qbis the precession angle caused by the 35 bend. The
largest contribution to the term dependent on PBPT,in the equation

is from ALL as <9013 approximately 900.

In the ZSsL configuration the target has a total opening angle of

lOOo in the horizontal plane. The opening angle is restricted by
the support strucfure of the hagnetic coils., This geometry leads

itself to monitoring of the scattered and recoil protons at 90o

centre of mass (C M), using a double arm monitor. The value of
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ALL at 90 c M however, becomes small at the higher energies. At

520MeV the value 1is approximately 0.18, while at 200MeV it is
approximately 0.84%. The small value at the higher energies leads

to a small change in scattered intensity on reversal of PB or PT'

To improve the determination of PT’ protons scattered at approx-
imately 7O°C M were to be monitored. At this angle the value of

A._ is approximately double that at 90°

T, for energies greater .

cM”’

than 460MeV, with an equivalent decrease in percentage error of

The values of A at 700 and 900

Arr- IL

C Mbare listed in table 2.1 s

for the six energies at which [Xdeas eventually measured.

-

To monitor the scattered protons at approximately 70o thevtarget

CM
structure was rotated by 120. The target cell, however, remained

aligned along the beamline axis.

This 12o rotation leads to a 2% decrease in absolute 1ongitudinalr
polarization of the targe*; It also introduces an extra term into
the intensity formula arising from an ASS component. Thé rotation
also changes the»coefficients of both ALL and ALS' The target
coils were rotated to the left looking down the beamline, so the
forward monitor was to the right of the beamline. The intensity

is now given by

1(e) = Io(e)(l + PR *A__(6) - PAL(6) +XASL(9))) 2.4.7

LL

o
where & -sin d% cos 12

(3 = COS (DB sin 120

¥ = cos (4%¢ 12°)



BEAM ENERGY ALL(70) ALL(9O)'

(MeV)

202.7 0.859 0.837
325.1 0.715 0.643
419.5 0.351 0.220
455.7 0.297  0.169
497.1 0.320 0.183
515.2 0.307  0.176

TABLE 2.1  PHASE SHIFT PREDICTIONS OF ALL AT '{OOCM AND
90o oM WITH MAXIMUM ERRCRS OF APPROXIMIELY

t 0.006
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Taking intensity data with both beam polarizations with PT fixed,

allows the term I (B) to be eliminated. The phase shift predict-

and A are then used to calculate the value of

ions of ALL’ ASS ST,

PT.

The intensity of hydrogen events, IH

subtending . a solid angle, AJS, to the target of length,l, and

» scattered into a counter

hydrogen deﬁsity, p41, is given by

I I (BG)NAASZLPH 2.4.8

oR
where ( Aé ) is the differential cross section for p-p scattering:

—

AN

NA is the Avogadro constant. In the energy range 200 <to 520Mev‘

the differential cross section atE} around 350 s 1s

IAB ’
approximately constant at 16mb/sterad. The target cell was
approximately 2.4cm long and the expected hydrogen density was
0.0?gm/cmj. Using an incident beam rate of 105 see-l the forward

scattered intensity from hydrogen events was expected to be

IH ~ 160 AQsec'l ~ ' é.4.9

The target structure allows a nearest approach for a counter of
approximately 38cm. At this position a lcm2 counter would have a
count rate of approximately 400 per hour. To give acceptable

rates, therefore, large counters were required.
Large monitors count true p-p elastic and quasi elastic events.

This background contamination needs to be subtracted out, requir-

ing the use of high resolution counters. The experiment used
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20cm square delay line wire chambers to detect both the forward
and recoil protons. The chambers had 2mm wire spacing in both the
horizontal and vertical planes. The background contamination

could be removed by an offline analysis,

In the [XdT configuration, two double arm monitors could be
incorporated; for [Ssthe target geometry permitted only one

double arm monitor to be fitted.'

2.5 Beam Polarization Measurements
The measured intensity at an angle © for a transversly polériied

beam, scattered from an unpolarized target is, from equation 1.8.1

I(e) = 1 (e) (1 + PgP(e)) 2.5.1

The sign of P(®) is defined as positive (negative) for an event
involvihg a forward scatter to the left (rights,looking downv>

the beamline. The monitor of beam polarization to be used in
this experiment monitored protons scattered at an-angle of 26° to.
the left and right of the beamline simultanebusly. The equations

for the scattered intensity to the left {L) and right (R) are

L IO(S) (1 + PBP(G)) 2.5.2

I

R

1l

I.(e) (1 - PLP(®)) 2.5.3

from which one defines an asymmetry,iv

€ = L-R = PpP(O) 2.5.4

67



Thus a measurement of the asymmetry,& , leads to a value of PB
if P(©) is known. The monitor of beam polarization had been

previously calibrated to give beam polarizations to *1,5% (2-12).

The monitor of beam polarization also measures bsam intensities,

the sum,L + R,being proportional to the beam rate.

2.6 Beam Rates

Two factors determined the acceptable beam rate for the experiment.
The first was the rate at which the scintillator.counters monitor-
ing the beam incident upon, and transmitted by, the target éould
count. The expected maximum beam rate thess counters could tolerate

was ~1106 protons per second.

The other limiting factor was the random correction to the trans-
mission. The target cell was approximately 2.%cm long with an

expected hydrogen density of 0.0Yg/cmj. Using Py = P, = 65% and

B
t = 1.0, then from equation2. 1.7 a value of As = 0.2mb corresponds
to a At of one part in 105. It was therefore necessary that

corrections to the transmission for accidental coincidences could

be made to at least this precision.

The overriding majority of accidental coincidences between the
counters monitoring the beam incident upon, and transmitted by, the
target oceur due to beam bursts containing two protons. The TRIUMF

cyclotron produced a beam burst every 43nS. At a beam rate of 102@0-1



there was a 1 in 230 chance of a proton in each beam burst. The
probability of two protons in a radiofrequency bucket is 1 in

5.3 x 104. In one second there are therefore, approximately
430 double proton events, and 105 single proton eventé. The
correction to the transmission, t, for randoms is r{(1l-t), where r
is the ratio of the random rate to the incident beam rate: the
transmission was expected to bes approximately 97%. The random
correction to the transmission waé,therefore, expected to be

approximately 1 x 10-4.

Previous experience at TRIUMF had shown calculéted and measured
randoms to be in agreement to<1%. To keep random corrections to
an acceptable level, therefore, beam rates of approximately 105 sec
were required. The TRIUMF polarized ion s;urceuus adjuéted to
supply similar beam currents for both up and down polarization.

The random corrections to transmissions for up and down were,
therefore similar, and thus had a smaller effect on the transmission
difference,[ﬁb , than on the individual transmissions.

The minimum stable intensity of the polarized H beam in the.TRIUMF

1 -1 . . R
cyclotron was approximately 10 1 sec . By using a thin wire

stripper 0.1% of the circulating beam can be extracted, giving a

-1 .
beam rate of 108 sec . It was therefore necessary to incorporate

a collimator in BLYC to reduce the beam rate by a factor of 10-3.
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CHAPTER 3 EXPERIMENTAL APPARATUS
3.1 The TRIUMF Cyclotron

1 )
The TRIUMF laboratory (3.1) has a six sector focussing cyclotron,
(3.2)

which accelerates H ions, fig .1 The ions are injected
at 300KeV. Inside the cyclotron the lons are accelerated by an
85KV radiofrequency field operating at 25.05MHz, leading fd a
beam burst every 43nS. The radiofrequency field is applied via

80 sections of % wave length resonators; the total radiofrequency

power dissipated is 1.2MJ.

The H ions are used for ease'of extraction, which is the usual
problem in circular accelerators. Extraction from.thé TRIUMF
accelerator is by insertion of a carbon or aluminium foil into

the circulating beam at the orbit corresponding to the required
extracted energy. The foil strips the electrons from the H ion
to leave a proton which is bént out of the accelerator. Using
this method TRIUMF is able to éxtract two independent beams from
the cyelotron by using two strippers placed 180o apart. One beam-
is directed to the Meson hall,and used for W production, the other
to the Proton hall. The energy of the beam is determined to
approximately 1MeV by an accurate field map and the (r,0) position -

of the stripper foil.
The second electron, in the H ion, with a binding energy of 0.75eV,

is easily stripped by collisions with residual gas molecules and

by the effect of strong magnetic fields. The vacuum of the
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accelerators cavity (17m in diameter x 0.5m) is kept at 1()-'7 torr.
The magnetic field is kept at less than 0.58T leading to a

physically large radius magnet.

Each of the cyclotrons sections weighs 610 metric tonnes. Despite
this welght the entire upper half of the cyclotron can be elevated
1.2m allowing access into the vacuum tank. Above and below the

vacuum tank are 54 concentric trim coils which are used to correct

the magnetic field.

~The Ag, and Nd, experiments were to be performed in the Proton
hall. Beamline 4 (BI4) which supplies the Proton hall, is split
into two experimental beamlines, BLI4A and BIAB. The special
requirements of the Ao, and Ad experiments required the install-
ation of a new beamline, BIAC, which was to use elements of BIJA.

This beamline, BL4A, used a 350 bending magnet which if not -~

i~

energised directs the beam through a large neutron collimator.

BIAC was to be built onto the exit of this collimator.

3.2 TRIUMF Polarized Ion Source

The TRIUMF polarized ion source (POLISIS) (3.3) produces 500eV
H ions. These are supplied to a 300KV injection line which

takes the beam to the main accelerator.

(3.4)

POLISIS operates using the Lamb-shift method employing Sona

crossing (3.5) to enhance polarization.
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The polarized source is constructed of four modules, each one

being 25c¢m square and serviced by a 15cm diffusion pumnp.

In the first module, incident protons enter a caesium oven at

o}
85 C. A fraction of them undergo a resonant charge exchange to
produce a neutral metastable hydrogen atom in the QS&state.

Cs + HY = Cs™+H(2S,)

Situated at the exit of module 1 is a solenoid which produces an

axial field of 0.0575T. In this field the‘leistate splits into -
four separate energy states. The two lowest energy states are at
the same energy as the 2P% highest energy stateé. Application of
a crossed electric field of 10V/cm produces the translt tion 2S. -
1P%3 The 2Py, state quickly decays to the ground state hydrogen

atom.

Module 2 contains a similar solenoid and crossed electric field .
The second solenoid produces a field of 0.0575T in the opposite
direction to the first. This rapid reversal of fields causes
the hydrogen atoms with both electron and nuclear spins aligned
along the field direction, to flip and align antiparallel to the
new applied field. At the full field of 0.0575T the QSkfd?P%
states mix and the antiparallel states are quenched. This now
leaves only one species of metastable hydrogen with electron
magnebcmoment parallel and nuclear magnet;moment antiparallel to
the applied field. There also exist a large number of ground

state hydrogen atoms.



In module 3 the beam passes through argon contained in a solenoid.
The effect of the argon is to produce a resonant charge exehanée.

H(2S,) + Ar -H + Art

The H ions then enter module 4. This final module contains
lenses to adjust the phase space of the H beam to that required

by the 300KV acceleration tube.

The acceleration tube contains only electrostatic elements apart
from a Wein filter. The stray fields from the cyclotron rotate
the polarization vector of the H beam . This rotation is .
compensated for by the Wein filter which uses crossed magnetic

and electric fields. The protbns reach the accelerator with thelr
polarization orientated vertically. The direction of orientation
can be either up or down, reversal of polarization is

acheived by solenoid fieid reversals and takes approximately oggﬁ
second. The polarization orientation can be controlled manually

or POLISIS can be programmed to deliver a set sequence of polarized

and unpolarized beam.

3.3 Monitor of Beam Polarization

The primary beam polarization monitor had been designed for use in
a double scattering experiment(2'12) to determine the P-P

polarization parameter, P, at 240 IAB with an absolute normalization

of 1.5% at five energies between 200 and 520MeV.
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The monitor used scintillator counters to detect protons scattered
elastically from the hydroéen in a polythene film. The scattéréd
protons were detected in coincidence with the target recoil
proton. Although the calibration of P was performed at 24° IAB
the polarimeter monitors forward scattered protons at 260, however;
phase shift analysis can be used to predict P at this angle with

an uncertainty of £ 0.001.

Each detector arm consisted of a scintillator telescope, an elastic
hydrogen scattered event being signalled by a four fold coincidence _
in the forward and recoil arms. The polarimeter is shown
schematically in fig 3:2, the electronic logic used to.derive the
scaler outputs from the polarimeter is depicted in fig 3.3 . The
signals from the photo multiplier tubes were routed . to the BASQUE
experimental trailer which was situated just outside the Proton
hall. Here‘the signals were discriminated before entering the~—"

-

fast logic circuits.

The forward arms used 32 x 30mm scintillators in the front, and

51 x 20mm in the rear, separated by 250mm. The recoil arms used

41 x 49mm and 99 x 70mm in front and rear respectively, with the
same separation. All scintallators were 1l.5mm thick. The solid
angle of acceptance was determined by the forward telescope of

each arm, whose centre line made an angle of 260 with respect to
the beam line axis. Recoil protons were detected at the conjugate .

angle.
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Beam polarizations were calculated using

P(26°) 5.3.1

which is equation 2.5.4 incorporating a factor fec to allow for
contamination due to background events arising from carbon. This
factor is always less than 6%, the correction factor, for the run

energies is listed in table 3.1, hogether with values of P(26°),

Previous experiments had determined the constant of proportionality
between the incident beam rate and the sum of left and right events.
A beam rate of 1nA, using 1.6mm thick polythene

foil, gave a(L + R)count rate of 1.2 x loq/sec.

3.4 Superconducting Solenoid

The superconducting solenoid was constructed for use in earlier
BASGQUE experiments and is well described by G. Gallagher Daggett
(3.6)

and others It consists of five individual windings giving

a total length of 1m with a bore of llhem, fig 3.4

The solenoid is supported inside a helium cryostat, which in turn
is supported by a liquid nitr&gen bath and a vacuum vessel, Pre-
cooling to LN2 temperatures takes approximately ten hours,.a
further seven hours is required to cool to operating temperatures.
It uses about two litres of helium an hour, and a further one

litre for each current reversal, an operation taking less than

one minute.
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(MeV)

209.0
330.1
379.2
423.7
459.8
501.0

TABLE 3.1 P(26°) , THE P-P POLARIZATION PARAMETER, AND THE
CARBON BACKGROUMD CORR=CTION FACTOR,fc,AS A FUNCTION
OF PROTON LAB. ENERGY T

P(26°)

0.268
0.331
0.342
0.353
0.367
0.297
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The-path integral had been evaluated as 5.919298T at 210A. Equation
2.2.1 can be rewritten to relate the current required to precéss the
proton spin through 90° to the lab momentum

I = 0.06656 Puag 3.0.1
where I is in amps and f%ﬁa is in units of MeV/c. The maximum '
proton energy of 520 MeV (1116MeV/c) requires an excitation current
of 74.28 amps to precess the spin by 900. The current was remotely

controlled from the electronics trailer.

3.5 Bending Magnet

The bending magnet used for these experiments was originally
designed at the University of Califomdia, Los Angeles (ucra), as
(3.7)

a cyclotron magnet to accelerate protons to a maximum of 50MeV,
o

The magnet has a total weight ofli0tonnes and overall dimensions

2.7m x 1.6m x 1.4m, with a pole diameter of 1.2m and normal pole

gap of 20cm.

Test of the UCLA magnet showed its: path inteéral to be too small

to bend beams above 375MeV by the 350 required. The maximum
central field was measured as l.BST with the power supply running

- at its maximum of 2400 amps./ The section of beam pipe running |
through the UCLA magnet was 15cm in diameter , = 2.5cm thick shims -
where attached to the magnet around the beam pipe.- These shims

raised the central field to 1.8T at full power supply output,

sufficient to bend a beam of 520MeV.
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3.6 Polarized Target

The dynamically polarized target was designed and built at
Liverpool University. It had previously been used to investigate

(3.8) (2.9)

neutral pion production

The large magnetic field required by the target, approximately
2.5T, was obtained by using two superconducting coils in a
Helmnoltz configuration. By employing this arrangemént,Aaccess to
the target is acheived both axially and in the median plane between
the coils. To keep the coil supports as small as possible, stain-
less steel was employed in their construction. The coil geometry
showing the available access to the target is shown in fig 3.5.
The target design allowed for the coils té be rotated to give a
field orientated vertically or horizontally, a process taking a
couple of days to complete. Tne compressive forces generated by
the superconducting coils were contained by three aluminium wedges,
positioned between them. Additionally, in the-[&dT.arrangement,
the external target structure was supported by a number of moveable

brass posts.

To acheive the required central magnetic field of spproximately
2.5T7, currents of 52A were required. To keep the mégnetic
absorption on resonance throughout the target, the magnetic field
mist be kept constant across the target volume. This requirement
is met if the variation in field is no greater than apporximately
1 part in 104. Calculation and measurement had shqwn this

requirement to be fulfilled for approximately *0.75cm along the
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magnet axis from its centre, and approximately t 1.2em along a
- trajectory perpendicular to the magnet axis. This therefore
defines the maximum target dimensions as being a eylinder 2.4cm

in length and 1.5cm in diameter (3'9),

The target employs a He3 evaporation refrigerator to achie&e its
working temperature of approximately 0.9K, which is measured by
the monitoring of helium vapour pressure. Tﬁe refrigerator'and
the superconducting coils are thermally isolated from thé éﬁbienb
temperature by a LN2 bath and‘a vacuum chambef. To miminiée the

amount of material in the beam path, the functiohs.of microwave

3

cavity and vacuum isolation tube for the He refrigeratorvwere
combined in a single aluminium alloy tube, O.2mm thick. Beam
access fo the target'svvacuum cnamber was via 0.03%cm ﬁylaf windowsf
Great careAhad to be.employed with the magﬁet energised to ensure
that loose pieces of steel and tools did not ruptgre the m&lar |
windows. When the magnet was'energised a yellow flashing warning

light was activated. A section through the polarized target'is

given in fig 3.6

At a temperafure of 0.5K and a static field of-2;5T microwave
frequencies of 70 and 70.2GHz are required to polafize'the target."
The microwave power generated by a klystron was supplied to the
target via a waveguide with a variable attenuator. Provision was

made for the output of the klystron to be dumped.

The target was supported by an aluminium table bringing the targgt

cell up to beamline level, 1.37m above the floor. The magnet's
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power supply and the klystron were mounted next to the target and
any adjustments to them had to be made from inside the Proton hall.
Visunl indicators of helium and nitrogen bath levels, together

with an audible warning for low levels, were mounted in fhe trailer.
The time between refils varied according to the amount of micro-
wave power irpput to polarize the target, but was generally

required at twelve hourly intervals.

A close up view of the target cell is shown in fig 3;7. " The
target was contained in a fluorinated ethylene-propylene copolymer,
(FEP) casing. FEP is used as it contains no hydrogen. As the
target was operated with the magnetic field in two orthogonal
directions, two NMR coils were needed to satisfy the requirement
that the radiofrequency magnetic field difection should be
perpendicular to the static field. 1In the 1367 configuration, a
solenoid type NMR coil, with its axis parallel to the beam direction
was used. For [&dk a saddle -shaped coil was used. The NMR coils
were mounted outside the target cell on a perforated FEP former of
20mm in diameter. The coils were made of 0.05mm copper foil,

2mm wide.

3.7 Butanol As A Target Material

1- Butanol (Cquoo) is a widely used target material due to its

high free to bound proton ratio (3.2), its relatively high resistance. (o
(3.10)(3.11)(3.12)

radiation damage and short polarizing times.
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Two target dopants were used, porphyrexide, fig 3.8 yand sodium
bis (2-ethyl-2-hydroxybutyrate) oxochromate (V), fig 3.9
(Cr(V)EHBA), the latter giving better radiation resistance. In
the initial test runs the target was doped with porphyrexide. A
saturated solution of porphyrexide was prepared by adding ..

3% by weight to the butanol. Dissolved oxygen can.interfere
with spin dynamics, its concentration is reduéed by a factor of
approximately 10 by bubbling dry nitrogen through the solution.
Addition of 5%, by weight, of water to the mixture increases the
acheiveable polarization By increasing the amount of porphyrexide
that can be dissolved in solution. In later runs the butanol
water mixture was doped with Cr(V)EHBA in a manner similar to

that above.

‘The proton polarization and relaxation rates are both temperature
dependent. To keep thermal gradients to a minimum, the target
material is produced in beadS of diameter 1.0 - 1.7mm. The target
beads were manufactured following the procedure laid out in the

paper by Ash (3'13).

The target material was driven through a
.hyperdermic needle using dry nitrogen gas. The drops had an
additional force applied to them by a voltage of approximately
2.5KV. TFor a fixed gas pressure,variation of the voltage

controls the size and rate of production of the drops. The beads
fall from the needle into a ligquid nitrogen bath. The beads retain
some of their charge and repel each other while freezing on the
surface. As the hyperdermic needle is held approximately %.5cm

above the liquid nitrogen, the flow rate is critical as too slow

a rate can lead to the mixture freezing in the needle. The correct
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size of beads are obtained with nitrogen pressure of 30-50cm of

water with a voltage of 2-2.5KV.

After sufficient beads have been produced they are left for

15 - 20 minutes to lose their statie charge, which makes them
easier to handle. The beads are collected on the top of two
sieves, the top one lets through beads of less than 1.7mm. The
beads are gently brushed across the sieve as they need encourage-
ment to pass througnh thes mesh. The top sieve is thén reﬁoved and
the beads brushed across the lower sieve, which lets through beads
of less than 1.0mm diameter. It is important to keep the
equipment as free from frost as possible so as not to contaminate
the target material. The beads are loaded into the target. holder

through the filling tube, using a funnel.

3.8 NMR Monitor
3,8.1 NMR Module

Tne NMR module was designed as a compiete low noise, high quality,
detection and amplification unit. The whole system is mounted
inside a copper box to minimise pick up,. and maintain a constantA
operating temperature. The module is split into five sepafate
units to isolate the individual detection and amplification
systems. Each unit is mounted on a separate PCB inside the copper

box, fig 3.10.
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3.8.2 Microprocessor Based NMR System

The NMR module was incorporated in a complete digital micro-
(3.14)

processor based NMR system.

The radiofrequency source, used for exciting the NMR probe, was a
remotely programmed Rockland frequency synthesiser, with a
frequency range of 1KHz to 170MHz, and a variable outbut level.
The control system was set to sweep the radiofrequency applied to
the NMR probe, around a centrél frequenc§2f 127 steps, with

step intervals variable from 1 - 99XHz. When the sweep has
finished the Rockland's output is automatically switched to its
lowest level, one complete scan takes 80 microseconds. The
voltage levels at each sampled frequency, or the phase difference
are converted via an'ADC to a 256 word array. The array was
displayed on a CRT to show the variation of voltage, or,phaseﬁtﬂ o
difference, in the circuit, with changing frequency. There is
'provision for up to sixteen individﬁal sweeps to be performed and
éveréged to produce one output. If the noise in the input is
random in nature, then averaging the data over sixteen sweeps

increases the signal to noise ratio.

3.8.3 NMR Polarization Measurements
The system was set up initially using the magnitude detector. At

the normal target operating field and temperature, the nuclear

magnetic resonance frequency was ~109MHz, this was set as the
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centre frequency for the sweeps. With the target polarized, the
magnetic field was adjusted so that the nuclear resonance freéuency
was moved outside the range of the radiofrequency sweep. A
frequency sweep now shows the Q curve of the NMR tuned circuit.
The tuning capacitor in this circuit was then adjusted to give a
symmetric Q curve centred on the centre frequency, which was
marked by a cursor on the display. The system was then switched
to monitor the phase sensitive output, the capacitor was then
tweaked to again centre the Q curve. This was the final value of
the tuning capacitor. A sixteen sweep averaged Q curve was then
recorded and stored. The target field was then restored to its

normal value and a sixteen sweep averaged Q curve recorded.

The polarization is proportional to the area under the absorption
curve. This area is given by the difference between the stored
background Q curve taken off resonance, and the @ curve taken;pﬁ’ 2
resonance, the raw data. The subtraction is performed digitally

.by the software to give the extracted data, which can be displayed.

The area of the extracted data is called the NMR integral.

Any random DC drift in the amplifier results in the raw data curve
moving vertically away from the stored Q curve, and this will

affect the result of the subtraction. To correct for this, a
proportion of the éifference between the curves at the fringes is
used to adjust the raw data curve before the NMR integral is finally

computed.
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As with Q curves, the NMR integral can be computed from the average
value of up to sixteen evaluations. This averaged value can be up-

dated every 2 ~ 99 seconds. The last 301 integrals are stored and

can be displayed.

To cover the large range of target polarizations, from thermal
equilibrium values of approximately 0.3% up to the dynamically
enhanced values of approximately 65%, the amplifier was equipped
with three gain settings, 1lx, 10x and 100x. The ampiifier galn,
the polarization direction and the NMR integral were transmitted
in binary code to the eleétronics trailer, where there was also a

CRT display of the raw data. .

In fig 3.11 a raw data sweep, taken at thermal equilibrium, gain
.x100 is shown. A raw data sweep for a positive enhanced target
polarization, gain x1, is shown in fig 3.12. Superimposed upoy -

4
e

these figures are the stored background Q curves. .

3.9 Beamline Counters

The beam incident upon the target was counted by three seintallator
counters. A coincidence between all three counters defined an
incident proton, the threefold coincidence effectively removes
accidental coincidences. The small size of the target required -
the beam spot and divergence to be képt as small as possible. The
counters were, therefore, placed as close as possible to the target

and made of lmm thick scintillator.



FIGURE 3.11

THERMAL EQUILIBRIUM SIGNAL, TOP TRACE;
Q CURVE, BOTTOM TRACE
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!

FIGURE 3.12  ENHANCED POSITIVE POLARIZATION SIGNAL,
TOP TRACE; Q CURVE, BOTTOM TRACE
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The three counters were placed at the end of the evacuated beamline
in an air gap of approximately 25em before the target housing. The
counter furthest upstream, S1, and the middle counter, S2, were

lem apart. S5 was 10cm downstream of S2. The separation of

counters S1 and S2 from 33 removed first order cosmic counts.

The counter Sl consisted of twoscintillators, each 2.5cm x l.3cm x
lmm. These were mounted in separate lucite light guides giving a
separation of approximately 65cm between the scintiilatof and the’
photo multiplier tube (PMT) base. This large separation was
required to keep the PMI' base away from the high magnetic fields
produced by the polarized target coils. The scintillators were
individually wrapped and butted together, separated by 0.25mm of
double alum%ged mylar and 0,1%mm of opaque black plastic. Once
butted, they were held in clamps which allowed fine horizontal and
vertical movement. The counters were surveyad into the beamline
with one counter above (S1U), and one below {S1D) the beamline
axis., Counter 82 was constructed in exactly the same way, the only
difference being that S2 was surveyed into position with one counter
to the left, looking down the beamline (S2L), and one to the right,
(S2R) of the beamline. Counters 1 ana 2 were split to aid centring

of the beam and to monitor any beamshifts.

The last counter, S3, was the smallest counter and thus defined

the beam. It consisted of a lecm diameter x lmm scintillator viewed
by an air light guide, to stop fal se Cerenkov counts. The air
light guide was constructed from Scm diameter black plastic pipe,

the inside of which was lined with 0.1%mm aluminised mylar. The
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light pipe was 65cm long to keep the PMT in a low magnetic fileld
region. S3 was supported Jcm above the end of the pipe by,é
thin wire frame. Various reflective end caps, forming an optical
coupling between the scintillator and the light pipe, were tested.
One set of tops used 0.025mm aluminised mylar supported by wire ‘
frames of various geometries; The most successful designs were
self-supporting tops, made from O.l}mm aluminised mylar. The best
design was found.to be.a 10cm high cone with a 2,5cm diameter flat

top. 83 was 42em from the target centre.

The counters S1U, S1D, SEt, S2R and S3 were used to define an

incident proton. A count, S1233, defined a good event.
S123B = (S1U + S1D) . (S2L + S2R) . S3 3.9.1

(where +=0Rand . = AND\

- ~

4/, -
Monitors of two protons events, S123A, and accidental coincidences,

S123C, were incorporated in the electronic logic, fig 3.13.

S123A = (S1U . SID) + (SeL . S2R) . S3 3.9.2
S123C = (S1U + SID) . (S2L + S2R) . S3 3.9.3

Where 53 is the signal from.Si delayed from the previous beam burst
by 43nS.

At a beam rate of lO5 s-} the probablilty of a proton in ; given
radiofrequency pulse is given by beam rate / frequency = 4.3 x 19-?f
The probability of 2 pré£ons in one radiofrequency pulse is
approximately 1.9 x 10-5. This gives a rate of approximately 43Q

per second. The monitor S123A indicates the number of double proton
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events. For a perfectly circular beam, centred on counters

S1 and S2, the monitor S123A will indicate % of the double avénts.

The monitor S123C effectively monitors all counts arising from
double proton and noise coincidences, as the probability of two
protons in one radiofrequency pulse is the same as the probability

of two protons in consecutive pulses.

3%.10 Target Monitor Chambers

Four delay line chambers were used to record the position of both
the forward and recoil protoné emerging from the target. The
chambers, designed and manufactured by the University of Alberta,

3.15)

(Canada), ( had an active area of 20cm x 20cm surrounded by

a 4cm wide aluminium frame. The wire separation was 2mm in ba;h‘
the horizontal and vertical planes. FEach chamber was equié%d with
four preamplifier units, one for each end of the two delay lines,
these were mounted externally on the aluminium frames. The power
for the monitoring electronics was supplied from a custom-made
module. This module also received the delay line outputs and level
sﬁifted them to standard NIM logic levels. The unit included a
variable threshold discriminator and was designed to fit into a
standard NIM bin. vThe chambers were designed to run on an EHT of

4.5 - 4,7KV and used a magic gas mixture (69.7% Argon, 30% Isobutane

and 0.3% Freon).
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The chambers were mounted onto the targst structure, using an
aluminium framework, at an average distance of approximately 37cm
from the target centre. They were mounted such that the pre-
amplifiers were not accesible to any scattered beam. A NIM bin

was mounted underneath the targets support table and housed the

four preamplifier power supply - NIM level output units. The EHT
supplies were controlled from the electronics trailer. It was found
necessary to shape the delay line output prior to routing them

to the electronics trailer. Once in the trailer thé outbuts

were all delayed by 64nS before being reshaped. The sixteen

delay line outputs were used as stops for sixteen TDCs.

Mounted behind each chamber was a scintillator. The PMT bases for
the scintillators were mounted approximately 1m from the scint-
illators to keep them in a region of low magnetic field. The
chambers were positioned to cover both forward and recoil protons
around approximatelyfffLAE for lkdx and approximately 2°1AB for
Ao+ . A coincidence between the forward and recoil scintillators
occuring together with a S1233 was registered as an event. An
event generated a NIM output. This was used to start the sixteen
TDCs monitoring the delay lines, the stop being the arrival of

the delayed delay line output. Thus for each event an output of

sixtesn TDC numbers were generated.
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3.11 Transmission Array

The transmission array used for this experiment was originally
used to measure W -nucleus cross sections (3’16). The array
consists of six concentrically mounted plastic scintillators,

Tl - T6, the dimensions of which are given in table 3.2.Zach
scintillator was enclosad in its owm light tight chamber. The
chambers were constructed of 0.13mm double aluminised mylar,
stretched across circular aluminium frames, fig 3.14.The scintill-
ators were glued to the mylar. A strip of aluminised mylar was
arranged so as to reflect the scintillations to the PMI'. The air
light guides avoid falsé Cerenxov counts. The six chambers were
clamped together and then enclosed in a large aluminium casing,
1.2m in diameter. The rear of the casing supported two Scm square

scintillators, El and ®2, which were used to monitor the efficiency

of the counters.

The transmission array was positioned such that the first counter
subtended an angle of approximately 40. This angle is approximately
5 times the multiple scattering angle caused by the target at
200MeV. It was found that an approach much closer than this
resulted in the targets magnetic field éffecting the PMT of th§

first counter.

In the AAOQ-configuration the polarized targets magnetic field
was orientated vertically and thus deflected the protoan beam. The
amount of deflection depends on the protords momentum. The trans-

mission array, therefore, had to be movesable so it could be
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Scintillator Radius Thickness Distance from

(cm) (cm) scintillator 1

(cm)

1 9.01 0.91 0

2 12.00 0.92 1.24

3 16.50 0.9%4 10.00

4 19.99 0.97 11.28

5 25.46 0.99 20.01

6 29.50 1.23 21.44

TABLE 3.2 DIMENSIONS OF TRANSMISSION ARRAY COUNTERS
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centred on the transmitted béém at the Qarious energies, The
transmission array was mounted on a sledge of 2.5cm thick aluﬁinium
via four height}adjusting bolts. The underneath of the sledge was
faced with 1l.3cm thick Teflon. The whole assembly was supported

on an aluminium table 1.5m square. This was polished and oiled, -
and in this way the transmission array, mounted on the sledge,
could be moved by one ﬁérson. In the dex.target configuration

the 12° rotation of the magnetic field resulted in a small vertical
deflection of the beam. The transmission array was centred on

this deflected beam using the height adjusting bolts.

To minimise random counts, consecutive transmission array counters
were joined in coincidence Qith oné another as well as S123B.

The efficiency of the counters was measured by monitoring a further
conicidence between El . E2 and Ti . Ti+l . S123B, for i =1 to 5.
As a useful monitor in the overall efficiency of the array, tﬁéﬂ o
single coincidence,

El .E2.S1238.T1L .T2.T3. T4 .T5 .T6 was produced. It
was important to scale the random coincidence defined as

§I§3§'. Ti . Ti+l, where 51535 is the S123B output delayed by 43nS,
to.enable random corrections to be made to the transmissions.

Fig 3.15 shows the full logic used for the transmission array.
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3.12 Data Acquisition

Data Acquisition was under the control of an online program running
in a PDP11/34 computer situated in the electronics trailer. The
PDP11/34 was interfaced to a CAMAC system receiving input from fast.
NIM logic electronics. The PDP11/34's tasks were to accumulate -
data, give online checks on this data and buffer the data. to tape.
The data acquisition consisted of two separate tasks, that of read-

ing the scaler and the delay line chamber data.

The scintillator counter outputs were all discriminated at 100mvV,
output widths were set at approximately 10nS, to be much less than
the cyclotron's radiofrequency'period'of 47nS. The appropriate
discriminatéd outputs and the required logical combinations were
recorded by twelve Hex CAMAC scalers. These were read and stored

by the PDP11/34 when requested by a generated(look at me\signalﬁj” .
The scaler data, recorded over one period of a particular beam
~spin, was written to fape on receipt of the'spin busy signaf from

the polarized ion source.

The receipt of a trigger from the target monitor chamber scintillators
generated a start for the TDCs monitoring the delay lines. The,
trigger also generated a computer busy, used to inhibit scalers

and further data acéuisition until the computer had read and

stored the event data. The event data was recorded in a 368 bit
word. It contained bits set by the beam spin orienfation followed

by the sixteeﬁ TDC generated numbers, the MMR integral, the 51238

scaler and output from a 1MHz clock started at the beginning
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of the run. After all the event data had been stored by the

PDP11/34, albusy clear signal‘was generated, which restarted data

acquisition.

Data blocks buffered to tape by the PDP11/3%4 were 3584 bytes long.
One tape write, therefore, was required for every 77 chamber
triggers. A clock gated by the computer busy signal gave a

measure of the system workload.
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CHAPTER 4
DESIGN, INSTALLATION AND OPERATION OF BEAMLINE 4C

4,1 Beamline Design

During the summer of 1979 a series of computer simulations of the
proposed beaﬁline were undertaken(u'l)..These simulations were to
investigate the effect of the small bore collimator on beam

quality and rate. The simulations were also to ensure that a
suitable beam spot of approximately 3mm diameter and small
divergence (~5mrad) could be acheived at the proposed‘target
position. Two computer programs were used to simulate the beamline,

these were TRANSPORT and REVMOC.

4.,1.1 TRANSPORT

An interactive version of TRANSPORT (%.2) was avallable at TRIUMF.
TRANSPORT represents beamline elements by matrices, and thé-passage

of beam through a beamline by a process of matrix manipulations.

The effect of a beamline component on an incident beam particle can

be represeﬁted by a square transfofmation matrix, R
X(1) = R X(0) : : L.1.1

where X(1) is the final state beam particle vector and X(0) the
incident vector. Tﬁe state vector representing any arbitrary beam

particle is six dimensional,
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X = (%,0,9,0,u,8) : | 4.1.2

where:x(3) is the horizontal (vertical) displacement of tﬁe arbitr-
ary particle with respect to the central trajectory. © (V) is the
angle this particle ray makes in the horizontal (vertical) plane
with respect to the central trajectory. L is the path length
difference between the arbitrary ray and the central trajectory,

A is the fraction momentum deviation of the ray from the central

trajectory's momentum.

The traversing of several elements is described by replacing R in

equation 4.1.1 by the product matrix Ry, of the elements. For

-

N elements,
Rqor= R() R(N-1) ... R(1) R(0O) 4.1.3

TRANSPORT represents the beam by an ellipsoid in the six dimensional
coordinate space. The particles in a beam are assumed to occupy L
the volume enclosed by the ellipsoid, each point representing a

possible ray.

The equation of the six dimensional ellipsoid may be written,
t -1
X(0)” sicMA (0) X(0) = 1 1.4

where X(O)t is the transpose of the coordinate vector X(0). After
passing through a beamline element with transformation matrix R,

the equation representing the new ellipsoid becomes,
t . -1 ) .
x(1)” sIGMA (1) X(1) = 1 41,5
where

SIGMA (1)=R SIGMA(O)R® | A 4.1.6
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The diagonal terms of the SIGMA(1l) matrix give the size of the
emergent beam. The off-diagonal elements determine the orientation

of the ellipsoid in the 6. dimensional space.

To use TRANSPORT, a beamline file is created. This file contains
details of all the constituent elements of the beamline. The SIGMA
matrix is supplied for the start of the beamline. In the case of
this design Qork, the SIGMA matrix defines the parameters of the
beam emergent from the TRIUMF cyclotron. The TRANSPORT program
then computes the cummulative transformation matrix for the whole,
or any desired section , of the beamline. The SIGMA matrix, giving
the beam parameters may be outputted at an& point aloﬁg the

beamline.

The TRANSPORT program also offers graphical output of beam parameters

~
-

along the beamline, in two different formats, envelope and éllipsef
In the envelope mode the output plots the variation of any of the
six beam parameters slong the beamline. The ellipse mode depicts
the cross sectional el}ipse of the six dimensional beam ellipsoid,

eg xXwu®© or \dv;\\l for any point along the beamline.

From the initial SIGMA matrix and the beamline file, TRANSPORT
calculates the beam parameters along- the Beamline. If the
predicted beam parameters are not as required, then the beamline
file needs to be changed. It is possible to set, as a constraint,
the required valué of a'paraméfer, such as x, at a certain point.
One element in the beamline file may then be set as a variable,

eg a quadruple field. The program now endeavours, by adjusting
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the variable,to obtain the required preset value of the parameter.
A check must be made on the final fit to ensure that parameters

such as quadrué}e fields have not exceeded their maximum valués.

4,1,2 REVMOC

REVMOC (4.3)'18 a Monte Carlo program which calculates the
probability that a particle, in traversing the beamline, will be
lost by means of scattering or absoprtion by material in the
particle's path or due to the effects of active elements.

A beamline file is prepared in much the samemanner as Ffor TRANSPORT,
as is the initial six dimensional beam ellipsoid. Initial para-

meters for each particle tracked through the beamline are sélected

= ot

at random from the beam ellipsoid. The particle is then traceaf
through the system., At the end of each element, a test is made to
see if the particle's parameters fall within presetklimits. If |
they do not, the particle is rejected and another particle chosen

and tracked through the system.

~After tracking a preset number of particles through the beamline
the number of particles which fail to negotiate the full beamline
were output. The reason for their rejection was given, together

with the number and final parameters of all the transmitted beam.

The REVMOC program was used in conjunction with the TRANSPORT

beamline tunes as a check on their validity. There are no
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facilities in REVMOC for beamline fits. To obtain good statistics
in order to §redict final beam phase space parameters, large '
numbers of protons have to be tracked through the beamline, The
REVMOC program, therefore, used a large amount of CPU time compared

with TRANSPORT.

4,1.3 Beam Tunes

The beémline, BLAC, was to use part of the existing BI4A. The

first elements in BIAA, ou£side the cyeclotron vault shielding

was a quadrupole doublet, fig 4.1. This doublet was followed by

the monitor of beam polarization. There were then a further two
quadrdpoles. . The superconducting solenoid was positioned down-
stream_of this doublet and was followed by a neutron collimator(l'9 )
The neutron collimator, 330cm long, was made of steel and leadf:(I’é~
provided a good location, and biological shielding for the small
bore collimator. Beamline files for use in TRANSPORT and REVMOC
were created for BI4A, including a 20cm long copper collimator,
situated at the upstream end of the neutron collimator. The
smallest acheivable bore in the collimator was thought to be
approximately 3mm, and this was used in the simulations. it was,

however, found possible to make a lmm diameter bore collimator

which was used in the actual experiments.
The BLYA beamline files were extended to include the elements

required for BIAC. The 35° bending magnet was positioned approx:

imately 2m downstream of the neutron collimator exit. After the
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bend magnet, a quadrupole doublet was included for final beam
ellipsoid manipulation. The use of several quadrupole types for
use as the final doublet was investigated; Alberta (QP-405837),
Rutherford Model IV, TRIUMF (4Ql4(1a)/8) and Bellona. The
characteristices of these gquadrupoles, their maximum gradients,
operating currents and voltages corrésponding to the available
TRIUME standard power supplies of 11 and 25KW, are listed in
table 4.1 . The positions of all the elements and drift lengths
dovnstream of the solenoid exit, used in the final‘computer

i

similations, are listed in table 4.2.

A set of initial tunes on the beamline, ignored the effects of the
beam polarization monitor target and the small bore collimator.  *
The only beamline obstruction considered in these provisional fits

5

were two mylar windows 2.5 x 10 “cm thick, one at the beam pipé

end and one at the entrance of the polarized target. i:"
Beamline simulations were performed at four energies 200, 300,

400 and 500MeV using TRANSPORT. At all energies beam spots of
full Qidth, approximately 3mm ana divergences of approximately

6 mrads were acheived in both horizontal and vertical planes at
all energies. The beam envelope, variation of x and 3 along the
beamline, for the 200 and 500MeV tunes are shown in fig 4.2 and
fig 4.3. REVMOC checks were not carried out on these provisional

simulations.

The effect of the small bore collimator and a 3mm target foil of

polythene, used in beam polarization monitor, were investigated -
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GRADIENT x EFFECTIVE LENGTH(T)

TYPE EFFECTIVE 11xW SUPPLY 25kW SUPPLY
POLE LENGTH
(m)

ALBERTA 0.36 2.23 3.59
QP-405837

RUTHERFORD 0.85 1.98 ‘ 4,12
MODEL IV

TRIUME 0.41 6.56 - 6.56
4q14(12)/8

BELLOWA 0.50 1.58 2.34

TABLE 4.1  CHARACTERISTICS OF VARIOUS QUADRUPOLES



ELEMENT DISTANCE FROM OPTICAL

STRIPPER FOIL (m) LENGTH (m)
SOTENOTD 20.18 1.0
DRIFT LENGTH
35° BENDING 31.10 1.4
MAGNET
DRIFT LENGCTH
QUADRUPOLE 33,74 - 0.36
DRIFT LENGTH
QUADRUPOLE 35.10 0.36
DRIFT LENGTH
MYLAR WINDOW 36.91 2.54 x 107
DRIFT LENGTH _
MYLAR WINDOW 37.01 2.54 x 107
DRIFT LENGTH
TARCET 37.56

TABLE 4,2 THE INPUT PARAMETERS USED IN THE TRANSPORT CALCULATIONS
USING ALBERTA QUADRUPOLES
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using both TRANSPORT and REVMOC at two energies, 200 and 500MeV.

The TRAKNSPORT program was used for the initial tunes. The addition-
al divergence, introduced into the bzam by the polarimeter foil, is
kept to a minimum by demanding a bszam spot focus at this point.

The inclusion of the small bore collimator in TRANSPORT was

acheived by radefining the beam to be + 1.5mm at its exit,

Estimates of transmission through the collimator were made using
outputs of Xw8 and tpsw oroduced by TRANSPORT at the collimator.
The transmission wasiestimated by the ratio of the area of the
@llipse contained within pa 1.5mm around the central trajectory, to
the total area of the ellipse., It was fognd that by adjustments

of the quadrupole doublet upstream of the collimator, a large range
of transmission could bs acheived. Beamline settings werse
optimized for a transmission of 1 in 103. In figs 4,4 and 4.5

tha beam envelopas for 200 and 500MeV are shown.

3
a3
(]

REVMOC o»rogram was then used to check the TRANSPORT pradictions
and validate thes approach adopted to incorporate the collimator.
Tha reduction in the beam intensity caused by the collimatqr
resulted in 2IMOC geing very expansive, in CPU time, to use in
order to obtain good statistics at the target pisition. REVMOC
predictions of transmission were in broad agreement with those
estimated by TRANSPORT, of 1 1000, being 1 in 670 (500) at

200 (500)¥eV. REVMOC beam spot predictions were in good azreement
with those of TRANSPORT. The beam spot parameters obtainad from

both TRANSPORT and REVMOC at 200 and 500MeV are listed in table 1.3,



200MeV 500MeV

TRANSPORT RETVMOC TRANSPORT REVMOC
X (mm) 4,2 3.9 2.6 ' 2.7
0 (mr) 7.3 6.6 o 3.7
Y (mm) 3.6 2,2 3.6 1.6
Yoo (mr) 0.3 0.3 0.3 0.3

TABLE 4.3 CHARACTERISTICS OF THE BEAM SPOT AT THE TARGET
POSITION PREDICTED BY TRANSPORT AND REVMOC
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The multiple coulomb scattering in the cyclotron's stripper foil
affects the extracted beam's quality. The lowest energy, 200MeV,
is affected most, equation 2.1.2, this results in the beam spot
parameters being worse than thoses at 500MeV. The six dimensional
ellipsoid, SIGYMA matrix, used to represent thz beam emergent from
the cyclotron was, however, expected to be improved by the use of
a wire stripoer, used to produczs low extracted beam currents.

This was smaller and thinner than the standard high beam rate foil
stripper, from which the SIGMA matrix elements were ﬁeasﬁred. The
final beam spot parameters were therefore expectad to be better

than those predicted.

The energy dispersion of the beam, after passing through

the beam line, was increased dus to the combined effects of the
collimator, polarimeter target foil and mylar windows. The REVMOC
predictions were that the expescted extracted beam energy dispersion

of L 360 (800)XeV would increase to ti.0 (1.1)MeV at 200 (500)ieV.

In conclusion, at 200 and 500MeV, the desired beam spot parameters
at the target position were found to be acheivable. The collimator

3

was able to provids a beam reduction of 1 per 107 by manipulation

of the beam spot at its entrance.
4,2 Magnetic Deflection

In the Z&d} configuration, the target.field is perpendicular to

the proton momentum and thus deflects ths beam.
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The beam deflection was studied using computer simulations to aid
the experimental desipn. The magnetic field from the targst's
Helmholz coils was generated by using a Rutherford lab. program,
Solfield. Ths field was generated and stored for only one

octant of space. The spacing of the calculatzd field points
was one every lem out to a distance of 150em. The central field
valuz was normalized to a valuz of 2.53T. The calculated fiéld
in the central plane, aligned along the Helmholz coil axis, B

s’
and transverse to it, B, are plotted on fig 4.6.

A TRIUMEF routine was used in conjunction with OPDATA, an inter-
active data manipulation program, to study beam trajectories. The
beam was tracked through the field using a path step length of

1lmm through where necessary an interpolated field.

The trajectory of beams with ensrgy of 210 and 515MeV near the
target region are shown in fig 4.7 . These beams were incident
upon the reference beamline trajectory. The plots show that-
maximum deflections of approximately 3.5 (2.0)mm occur at

210 (515)MeV at 8cm from the target centre. A close-up of these
plots in the target volume in shown invfig 4.8 . It is seen that
for a beam steered to pass through the exact targst centre; the
magnetic field causes a displacement of approximately lmm off the
bsamline at the edge of the target volume, for a 210MeV beam ‘the

worst case).

Tn order to determine the nosition and ths amount of movement

requirad for the Transmission Array beamsof 210, 270, 325, 330,
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425, 470 and 515MeV, were tracked through the target field to
determine the total bend angle. The total angular deflectioné
relative to the central beamline axis are plotted in fig 4.9
for a central field normalized to 2.53T. Deflections of approx-

imately 10.0° (6.0%) were predicted for 210 (515)MeV.

A set of calculations were also performed to determine the vertical
angular deflection of the beam, caused by the 120 rotation of the

magnetic field in the Ad configuration.

The targgt monitor chambers in the [&d}.configuration were to
monitor scattered protons around 240LAB' The monitor chambers
were not to be moved for each ineident energy and thus had to cover
the full range of the scattered and recoil protons from 200-520MeV.
The scattered and recoil ﬁ;otons were tracked through the magnetic

field for 210 and SQOMeV out to a radius df 38em, to determin%jf‘ .

where to mount the chambers.

4.3 TInstallation of Beamline 4C

In December 1979, a lmm diameter bore, 20cm long copper collimator
was installed at tﬁe upstream end of the neutron collimator. It
was optically aligned along the beamline. The first beam was run -
through the collimator on 7th Décember. This beam was used to
measure transmission through the collimétor. The beam current

incident upon the collimator was measured by the monitor of beam

polarization. The transmitted beam was counted by a set of
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scintillation counters positioned on the beamline axis at the
neutron collimator exit. Using a 500MeV incident beam transmission
ratios varying from 1:5 x 102 up to l:lO3 were obtaihed by changing
the beam's phase space at the collimator entrance, using upstream

quadrupoles.,

The complete evacuated section of the beamline was installed in
January and February of 1980, fig 4.1 . An automatic gate valve

was positioned at the exit of the neutron collimator, this protected
beamline 4A against a sudden vacuum failure in BLAC. The evaculated
section of BLAC was terminated just. after 4CMB, by a stainless

steel end cap, 0.0025cm thick. Beam profile monitors 4CM6 and

.MCH7 were standard TRIUMF monitors with a-?mm wire spacing in both
horizontal and vertical planes. The monitors were remotely

rotated in and out of the beam, readout was by CRT display, with a
hardcopy facility. These standard monitors were not sensitive
enough to give beam profiles at normal running rates of lOs/sec.
They were intended for use in preliminary setting-up of beam tunes
where high currents could be used. The final monitor, L4CM8,

was the MWPC chamber, constructed by the University of Alberta.
Monitor 4CM8 was rotated in and out of the beamline by hand.

The Bellona quadrupoles were used for thelfinal guadrupole doublet.
Two steering magnets, SM4 and SM5, were incorporated in the

beamline for accurate alignment of the beam onto the target. SM4

(SM5) steered vertically (horizontally).
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- The first beam was run down the compléte evaculated sections of

BL4C on 28th February 1980. Beamline tests were made using a 330MeV
beam. Various tunes were able to vary the transmission through

the collimator from 1:2 x 102 to 1:1.1 x 104, acceptable spots of

6mm full width were seen at 4CMB.

In April 1980, the five counters comprising S1, S2 and S3 were
installed, together with the polarized target and the transmission
array. The bending magnet was also shimmed allowing beams of

520MeV to be bent through the required 35° bend.

4,4 Data Taking

4.4,1 Test Runs

During May 1980, a set of beamline tests were carried out, in the
Zﬁd} experimental configuration. For these test runs, the target
was polarized vertically dowmwards. The NMR.system software was

not complete, and NMR integrals were not available. There were,

however, CRT display; of the Q curves which indicated a

sizeable polarization. The seven required incident energies were
all successfully tuned and beam sﬁots at i4CM8 of approximately

6mm FW were routinely obtained.
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The onliné data acquisition program, running in the fDPll/34,
provided a number of oniine checks on both the scaler and TDC
data, which were both stored separately for the three beam
polarizatioﬁ states. The scaler data from the twelve Hex scalers
could be displayed in table form on a Tectronix 4010 terminal for
any of the beam polarization states. A table of pre-programmed
scaler ratios was also availlable., If these ratios drifted

outside acceptable values, the data acquisition could be paused or
stopped. A list of the scaler ratios that were evaluated is

given in table 4.4.

Information from the target ménitor chambers was displayed in the
form of sixteen, 256 bin, é}stograms. The two TDC numbers, X1 and
X2, from each end of the delay linés were combined to form

X1l + X2 and X1 - X2, both these combination§ of X1 and X2 being
histogrammed. If the TDC ﬁumber received no stop, eg the chamber
did not record an event, then the TDC number overflowed. The
number of overflows was recorded in bin 256 of each histogram,

The histograms could be viewed on tﬁe Tectronix terminal. A check
on the efficiency of the chambers was provided by an output of the

sum of contents of each chamber histogram, excluding bin 256.

For these test runs and all other runs, the polarized ion source

was programmed to supply five mintues of down polarization,
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COUNTERS ONLINE SCALER RATIOS

BEAMLINE S1U. (S2R+S2L,)/S1D. (S2R+S2L)
S2R. (S1U+S1D)/S2L. (S1U+S1D)
(31U+S1D). {S2L+S2R)/S123B

TRANSMISSION S123B.E1.E2.T1.T2.T3.T4.T5. T6/SlQ}B LE1.E2

ARRAY S123B.E1. E2331238
BEAM LF/IR
POLARIZATION
MONTTOR RE/RR
(L-R)/(I+R)
S1238/(I+R)

TABLE 4.4 ONLINE SCALER RATTIOS
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SPIN
followed by one minute of(off,and then five minutes of up

polarization in a continuous cyecle. The beam polarization state
vas signalled by a NIM level supplied to ths electronics trailer.
This was used by the PDP11/34 to split the data acquisition into
thz three beam polarization states, Whilst the polarized ion
source was changing souin state, a ‘spin busy signal'was recelved

in the trailer.

The beamline was tuned using high beam rates so beém profiles coul&
be viewed on all the monitor boxss before and after the collimator.
The beam was stesred onto the beam polarization monitor's target
foil to ensure that the measured asymmetry for beam spin off was
small, in practice |€) <0.018. The beam parameters at the colli-
mator entrance were then adjustzd to give a transmission of 1 in 103.
In both the Z&a_and CSGT exveriments, it was found unnecessary to
energise the final gquadrupoles {apart from 200MeV) to acheive the
required beam spot size at 4¥MC8. The TRANSPORT and RSVMOC beam
simulations had both found it necessary to have an excited qdad-
rupole doublet after the collimator. The installed collimator,

however, had a ninth of the area of the one used in the beam

similations and defined a much superior beam phase space.

During these test runs, checks were carried out on the rate
dependence of the transmission array efficlency and the dependence
of the transmission on beam rate, steering and size. For these
runs, the transmission array was supported on a temporary moveable

trolley.



In the test runs, the beam was centred on the target cell by
monitoring the change in transmission, during horizontal and
vertical scans of the beam across the target cell. The small
counter, S3, was switched out of the S123%B coihcidence and a
horizontal scan of the target made using the large 350 bending
magnet while monitoring the scaler ratio, Sl2B.T§T§ / S12B, which
gives the transmission of beam through the target. When the beam
was passing through the target cell, the transmission dropoved by
3%. From the horizontal scan,,the power supply setting for the
bending magnet to steer the beam onto the target cell, was found.
A si@ilar vertical scan was then performed. The values of the
scaler ratios U/D and L/R corresponding to the beam passing
through the target cell were recorded and at each energy the beam
was steered to obtain these ratios.

The efficiency of the transmission array's counters were monitored

‘ . th
by the two counters El and E2. The efficiency of the t counter,

El , is defined as

Ei = S123B.F1,E2.Ti.Ti+l
S122B.E1.E2

o

The efficiency was generally about 99.9%. It was, however, found
to have a small rate dependence. For example, the efficiency of
counter pair 1-2 fell from 99.94% to 99.88% when the beam rate was

increased from 30 to 300k/sec.

The effect of an increase in beam rate is an .increase in ‘the

measured transmission. This arises due to the increased chance
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of there being two protons accelerated and extracted in one radio-
frequency pulse. The component of the transmission arising from

.t
double events, tri’ in the \V counter is,

b= RT(l-ti) L.4.1

where ti is the transmission measured by the 1} counter, R is the
beam rate, and T is the cyclotron's radiofrequency period, 43ns.

A check was made to see if calculated and measured changes in
transmission, due to changes in beam rate,'were in agreement. The
change in transmission on increasing the beam rate from 60 to
350k/sec was.measured as 5,15 p 0.22 x 10—4. The calculated random
contribution to the transmission at 60%/sec is 1.05 x lo—u, whereas
at 350k/sec this contribution is 6.06 x 10-4, leading to an
expected change in transmission of 5.01 x 10'4, in good agreement

\

with the measured change.

The dependence of the transmission on the beam size, position and
rate was investigated. A set of transmission test data was taken
with the beam centred on the target cell and at a béam rate.of
BOQk/sec. Four sets of data were then taken with deliberate beam
steers of pa 2mm at the target position in the vertical and
horizontal plane. The final éuadrupoles were then used to overfocus -
and underfocus the beam spot by 10%. A final set of data was then

taken at a halved beam rate of 150k/sec. It was found that the

results were all consistent, within errors.

At the end of the test runs the transmission array support table

was installed and the NMR system was made fully operational.
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A readout of the NMR integral in binary code was available ih the
electronics trailer as well as by request, in decimal format,
through the PDP11/34. As an aid to centring of the transmission
array on the transmitted beam, cross wires marking the centre of
the counters, were mounted on its entrance and exit, together
with holders for polaroid film., Immediately before developing the
exposed polaroid film, the position of intersection of the cross
wires was marked onto the film package. A small hole was punched
through the film at the intersection. In this way, the mis-
alignment of the transmission array, relative to the transmitted

beam, was found and the array moved accordingly.

4.4.2 Ady Data X

On June 12 1980, beam was run down the now fully operational BLAC.
An incident beam energy of 500MeV was tuned and a beam spot of Gmm
x 6mm was produced at 4CM8. This was confirmed by two other.
sources, éxpOSed polaroid film and from scaler information from

the split scintillators, Sl and S2.

The final monitor box, 4CM8, had lmm wire spacing and was therefore
able to monitor beam movements of this order. Imn this way, it was
possible to calibrate the power supplies of the steering magnets,
SMlb and SM5, for beam movements at 4CM8 and further downstream, by
distance ratios. From plots of the 1og ratio of counts in the
right counter to that in the left, as a funétion of horizontal beam

movement, the size of the horizontal beam envelope encompassing a’

138



certain percentage of the beam can be obtained. This plot for

the Ay 50082V tune is shown in fig 4.10. 90% of the beam is
seen to be contained within a diameter of 6.2mm. A similar plot
obtained for the vertically split counter gave a 90% vertical beam

envelope of 4mm diameter.

Beam scans across counter S3 lead to plots from which beam profiles
as well as size information, can bs extracted. In figs 4.11and 4,12
the scaler ratio S1233.T75.T6 / S12B is plotted for both horizontai
and vertical scans. Superimposed on the figs is the‘variation of
the scaler ratio, assuming a gaﬁssian beam profile of & = 3(2)mm
for the horizontal (vertical) plot. The gaussian distribution is

a good representation of the beam profile apart from the dowm

side of the vertical plot. This deviation from the fit shows the

beam to have a halo on the up side.

Using the calibrated SM4 and‘SMS, the alignment of the beamline
counters and of the target cell, were checked. The beam waé
initially centred, horizontally, by the large bending magnet with
SM5 off, by maximising the counts in the S123B coincidence., : The
beam was then centred vertidally using SMY., The counter S3 was
then switched out of this coincidence and a horizontal scan per-
formed across the target using SM5. The change in transmission
through the target was monitored using tne scaler ratio
S12B.75.76 / S123. An example of one of these plots is shown in
fiz 4.13.7he fig shows. the 3% attenuation dip corresponds to all
the beam trarersing the target cell. Also recorded during these

scans, wers 32R.S1 and S2L.Sl, a plot of the ratio as a function
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of power supply setting determined the setting corresponding to

the beam being equally spread over both S2R and S2I.. The horizontal
scans were then repeated after switching S3 back into the S123B
coincidence. Tne varlation of the scaler ratio S123B.T5.T6/51233
revealed the centre of S3. A similar set of scans in the vertical
plane were performed using SMY. These scans showed the counters
were aligned to within O0.3mm horizontally and 0.5mm vertically.

The polarized target was found to be 1.27mm to the left énd O.5mm

up, with respect to the centre of S3.

The collimator, far from degrading the beam quality, was in fact
found to enhance it, by transmitting only the central paraxial
protons. At the 325MeV tune, the besam spot at the target was
clearly seen to have two distuxt images on both 4CM8 and on the
exposad polaroid film. These images were fhought to have arisen
from stripping of adjacent and partially separated turns within
the cyclotron. The energy regolution of the extracted beam was
thus determined to be of the order of flOOkeV, as each separéted
turn has an energy resolution of tSOkeV. Indications bf a double

beam spot were also seen at 360 and U425MeV.

In these data acquisition runs, the beam was steered onto the
target cell for each individual energy. At all energies with the
beam centred on the target, the small counter, S3, was found to
count 85% of the beam registered by the S1.82 coincidence. Once
tuned and centred on the target cell, polarcid film was exposed

at the majority of energies. This was used as a final visual check
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on the'beam spot quality and also to check the centring of the
transmission array on the transmitted beam. It was found thaﬁ at
500MeV, and subsequently at the other energies; the transmission
array had to be placed at a 5% greater angle to the beamline than
that calculated by the computer simulations. This discrepancy was
~partially due to using magnetic fields approximately 2 -vﬁ% higher
in the target than in the computer simulations, and-partially from
using a magnetic field interpolated from a lcm2 grid, a smaller
grid would have given a more erecise . value. Once positioned
COLNTERS

accurately, the efficiency[El and E2 counted approximately 85% of

the beam registered by the S123B coincidence.

The systematiec checks on the transmission of deliberate changes in
beam spot, position and gize, and beam ratios, performed in the

test runs, were repeated with the same result. With these system-

atic tests completed data was taken at the seven energies.

The data acquisition was split into a number of runs, each consisted
of 2 x 108 protons iﬁcident upon the target.‘ This determined A6+
to a statistical precession of approximately tO.?mb. At each
energy there were approximately six data taking runs, three taken

with each target polarization.

At 210MeV, where the beam is deflected most, the transmission

through the target was approximately 494 less than expected. This
was found to be caused by the beam transmitted by the target cell,
glancing a brass support post, part of the target structure. The

variation of transmission during a horizontal scan across the target
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cell showed the obstruction to be to the left, looking down the
beamline. Exposed polaroild film revealed the shape of the
obstruction. The post was removed and data was then successfully

taken.

4.4.3 A6, Data

During July and August 1980, BILAC was prepared for the [§6krun;
The target .coils were rotated through 900 to give longitudinal
polarization, the coils were surveyed into the beamline at an
angle of 120 and the monitor chambers were secured to the target
structure. The BASQUE superconducting solencid was installed into

it's position in BIA4A,

The AdL run started on 2nd September 1980 with a beam of 500MeV.

Th

()

final guadrupole doublet was again only energised at 210MeV
and for some runs at 330MeV. Similar beam spots to those obtained

for ING,, 6 - Tmm FW were obtained at all energies.

The first few runs at SOOMeV were used for checking the solenoid.
During these runs iﬁ was found that the solenoid steered the beam
and thus the beam had to be recentred onto the target for any
change in the solenoid curfent. Online values of the transmission
showed the change in transmission between beam spin up and down to
be equal, within errors, with the solenoid unpowered. The online
checks in Dt also showed the expected sine curve fpr the
pértially powered solenoid. The data was also checked for any

dependence on small beam steers approximately f2mm horizontally
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and vertically. With these systematic checks completed data was
taken at 210, 325, 420, 500 and 515MeV. Time did not allow for
any data taking at 360MeV. Cenerally data was taken with both

target polarizations, both solenoid power supply polarities, and

at least one run was carried out with the solenoid unpowered.

A considerable number of runs were performed at 330MeV after Av's

recorded with the solenoid off were found to be approximately 1/3
of At measured with the solenoid on. Beam steering was not found
to chénge the result, neither did the beamline tunes, one with the

final quadrupole doublet energised, one without.

The 12° rotation of the target field resulted in a vertical
deflection of the transmitted beam. The transmission array had to
be Jjacked up to centre it on the beam. The maximum deflection was

aporoximately 2° at 210MeV.

4.5 Beam Energy

The energy of the beam extracted from the cyclotron was determined,
to better than 1MeV, by a TRIUMF routine. This used an accurate
field map of the accelerator's magnet, and from the location of the

stripper foil calculated the beam energies.

The energies of the beams, extracted from the cyclotron: and at the

target centre, are listed in table 4.5. From the energy of the
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EXTRACTED BEAM BEAM ENERGY AT

ENERGY (MeV) TARGET CENTRE
EXPER IMENT Ao, Ao, Ao, Aoy

520.7 520.8 516.5 516.6
501.% 501.8 497.1  497.5
460.2  460.1 455.8 455.7
4oh 1 424.0 419.5  419.4

379.7 374.8
33%0.6  330.3 325.4 325.1
209.8  209.9 202.7 202.8

TABLE 4.5 BEAM ENERGIES
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was found. These

beam at the 35° bending magnet the angle,(?s,

are given in table 4.6.
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BEAM ENERGY Cp(i

(MeV) (DEG)
203.2 76.7
329.6 84.8
423.3 91.1
459.4 93.5
500.7 96.2

519.5 97.5

TABLE 4.6 POLARIZATION PRECESSION ANGLE (93 CAUSED BY A 35° BEND
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CHAPTER 5
EVALUATION OF TARGET POLARIZATION

This chapter i1s concerned with the offline svaluation of the target
polarization, Thils analysis was performed initially on the

Amdahl 470/V6 computer at the University of British Colombia. The
majority of the data analysis was, however, pérformed on the

I3M 195s at the Science and Engineering Research Council's {SERC)
Rutherford and Appleton Laboratory {RAL) at Chilton, Oxfordshire.
The tapes produced by the PDP11/34 were at a density of 800bpi.
These rather numerous data tapes were copied to new tapes at a

higher density, 62500bpi, to ease data handling and transport.

The chapter is split into four sesctions. The first section deals
with the performance and results obtained from the MNMR monitor.
The further three sections of the chavter are concerned with the
analysis of ths monitor chamber data. The second section covers
the analysis of the TDC data and procedures common to both the
Zﬁﬁland [56; experiments, eg event reconstruction and subtraction

of background events. The final two parts deal separately with
obtaining target polarization data for Ao’k R anci for A&\. , from

the p-p data extracted from the chamber data.
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5.1 MNMR Target Polarization Evaluation
5.1.1 N\g, MR Results

In the Z&dLexperiment the NMR system worked faultlessly. Values
of the NMR integral were computed and updated every five seconds
during the data acquisition runs. The integrals were evaluated
from the average of sixteen radiofrequency sweeps. Thase sweeps

were centred on a frequency of 108.8MHz, using a step length of 1kHz.

The NMR integral was appended to the end of each event word written
to tape. Using these values the mean NMR integral and its

standard deviation were calculated for each run. The stability

of the HMR system was such that the NMR integral only fluctuated

by approximatsly 0.06% over the duration of an average run, which

was approximately 40 minutes.

The reversal of the target polarization involved a change of the
microwave pumping frequency supplied to the target cell. The new
polarization grew very rapidly on changing the freguency. The NMR
integral values showed the polarization to have achieved approx-
imately 97% of its maximum valus 60'minutes after changing the

microwave frequency.

During the course of the experiment the maximum achievable target
polarization was seen to fall_by aporoximately 10%. This was
thought to be caused by radiatinn damage of the target. The

maximum values of target polarization for both positive and negative



orientation were seen to be broadly similar, and both showed
the trend of decreasing maximum achievable polarization with

increasing time.

The ratio of the calculated target polarization at thermal equilib-
rium to the NMR integral measured at thermal equilibrium (NMRWE),
gave the calibration factor relating the enhanced target polariz-~

ation to the enhanced MNMR integral (IR Two measurements were

ENH)'

made of NMRTE, one before and one after the ﬁx&_experimeﬁt.

The thermal equilibrium measurements were both performed at a
temperature of 0.935 ¥ 0.015K, measured by Hej vapour pressure. At

this temperature the targzst neseds to be left for one and a half to

two hours to stabilize to its thermal eguilibrium polarization.

Measuresments of HMRTE were made using a centre sweep frequency of
108.8MHz, with a 1%z step sizs. The integral was evaluated every
60 seconds from the average of sixteen radiofrequency sweeps. The
PDP11/3l4 was used to read and produce a hardcopy, via a line printer,
of these integrais. The measurements at the start of the experiment
recorded 65 values of NMRTE, the measurements at the end of the
experiment took a total of 360 integrals. The integrals obtained
showed two things. Firstly, no trend of increasing or decreasing
during the period of the measursment, and secondly the points

were randomly distributed asbove and below the mean value. This
behaviour showed the target to be at thermal ecuilibrium and the

variation in the integrals to be dus to noise and random fluct-

uations.
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The average valu2 of the thermal equilibrium integrals from the
two measurements were in excellent agreement.. The two values were
used to producs a weighted mean valuz for NMRTE of 2751 T 168.
These values werz obtained using an amplifier gain of 100. The
thermal equilibrium target polarization was calculated using

equation 5.1.1, which is obtained from equation 2.3.1,

ot nYs
Ppg = o (‘?T{T : 5.1.1

wnere VY, is ths centre frequency of the radiofrecuehcy sweep. At
an operating temparature of 0.935K and with a V, of 108.8MHz,
PTE = 0.279%. The expression relating the enhanced target

polarization, PT’ to NMRENH’ is,

o 0.279 100
Prine) = Moy 2751") ( A"‘) 5.1.2

where the factor (100/A) allows for the different amplifier gains.

measurement was

A is set to the amplifier gain at which the NMR?NH

made.

=

The error in 7, was calculatad using,

2 — N 2 K 2
AN G N R KT VANt S S 1S 5.1.3

P MR oy Ry \ Prz

The first term on the right hand side of equation 5.1.3 was found

-5 - =
to be typically 3.6 x 10 5 , tha 1last term was 3.2 x 10 ©. The

majority of the arror in P, arises from the poor signal to noise
4

ratio encounterad in detsrmining NMRTﬁ, leading to a value for
)
o]

JAN MR of 37.21. The total error in P from all three terms
L
NMRTE

was 6.4%,
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Using the NMRQNq calibration factor for determining PT s

equation 5.1.2, the maximum and average values for PT ([M&)

from

viere obtained.

P

T(Ag.)
TARGET POLARIZATION MAXTMUM AVERAGE
NEGATIVE - 66.8 tn.= -6%%
POSITIVE 65.5 o, =z 64%

5.1.2 Ag; ¥MR Results

In the Z&c} configuration the WMR pick ué coil was in the shape
of a solenoid. This geometry gave a greater coupling to the
target volume than that provided by the saddle coil used for the
Z&dLexperiments. This increase in coupling showed itself by an
inerease in output, reducing by a factor 3 the signal to noise

ratio in determining NMRTE compared to the Ad, cdetermination.

As in the A6, experiment, thermal equilibrium integrals were
measured before and after the experiment. An additional set 6f
data was also taken at a much lower temperature in the middle'qf

the experiment.

The data taken at the start and finish of the experiment was

4 ., ]
recorded at 2 temperature of 0.875 -0.005X around a central
radiofrenuency of 109.1MHz, using lkHz steps; Two sets of data

were taken at the start of the run using gain x1 and gain x10



settings on the amplifier. Both sets of data were found to be
consistent, showing the linearity of the amplifier over these two
settings. The data taken at the end of the experiment was split
into three separate evaluations of NNRTE. The values obtained
were all consistent within errors. All five sets of data were

combined to give a weighted mean value for NMRT of 13431‘f262 at

E
an amplifier gain of 100. The calculated thermal equilibrium
polarization, from equation 5.1.1, is P = 0.299% Y0.002%. The
ZSGTtarget polarizations were obtained from the enhanced NMR

integrals using the following equation,

P = NMR 0.299 100
T(AGT ) ENH T}le— B 5.1.4

The percentage error in P_ is again obtained using equation 5.1.3.

T
The dominant term in the expression arises from the uncertainty in
MMR,o, 1.95%, the error in P.. contributes 0.67%. For A&y the

B TE
enhanced NYR integral was found to be not as stable as for £5dx:

The average percentage error in NMREN? was approximately 1.0 [0.3)%

for negative (positive) target polarizations.

During the experiment the target was maintained at 0.490 f0.00SK,
at which PTE = 0.534 + 0.005%, for a period of approximately seven
hours. At this temperature the target‘takes arqund threé hours to
reach thermal eguilibrium. At the lower témpérature,lthe value of
NMRTE was 24293 t275. The expected value for NMRTE at 0.49K can.
be calculated from the NMR.. value obtained at 0.875X, using the
ratio of the temperatures. This calculated value of 239871f540 is
in agreement with the measured value. Tﬁis agéeémént ponfirmsA-

the corrsct evaluatioh of these low lemperatures.
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During the course of the experiment it was found that for positive
target polarization the NMR integrals were only approximately 60%

of those obtained for the target negatively polarized.

The reason for the difference in the magnitude of the two NMR
integrals was explained as occuriag due to a saturation effect of
the positive NMR signal. This had the effect of levelling off the

positive MMR- integral at a fixed ceiling of P,_ at approximately U45%.

T
The data to back up this reasoning came from three independent

sources of information outlined below.

Firstly, the maximum achievable target polarizations in the [&dL
experiment had showed a trend of an approximate 10% decreass during
the course of the experiment. In the ﬁsdT.experiment, the negative
polarization showed this trend. However, ﬁhe positive polarization
showed no such trend, instead it rehained small and approximately

constant.

The second piece of supportive evidence came from the targe
polarization times. The target polarization gfew rapidly once
the microwave power was applied. he negative polarizaﬁion carried
on growing rapidly for approximately one nour and then tailed off,
reaching full polarization only after approximaﬁely two hours. The
positive polarization grew rapidly, and then only after fifteenv

to twenty minutes, the rate of increase tailed off dramatically,

indicating a possible amplifier saturation,

RH.e
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Thirdly, the fluctuation, or jitter, of the NMR integral was fouhd
to be the same order of magnitude for both target polarization
orientations in the Ad\_ experiment., In the Ad.r experiment,
however, the fluctuation was a factor of five less for positive
than for the negative polarization. This suggested that the true
fluctuations in the target polarization were being compressed for

the positive polarization by the NiR amplifier.

In total this information suggested that the amplifier used for the
positive polarization was saturating. The input signal was over-
loading the amplifier once the tarzet polarization reached 45%

and the NMR integral produced did not represent a true target

polarization.

During data accuisition for [SdT at 500MeV, the saturation effect
occured for both positive and negative polarizations. The saturation
effect of the NMR for negative polarization only was able to be
removed during a maintainence period after the 500MeV data taking,

and before taking subsequent data at the other energies.

The maximum and average values of j derived using the thermal

equilibrium calibration for negative target polarization, were,

Poiagy )

TARGET POLARIZATION MAX UM AVERAGE

— -+ . -
MEGATIVE -75.5 =1.9% -67%

In conclusion, the MR system worked faultlessly during theklde

run, but for £§dT the MNMR integrals produced for positive
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polarizations wersbaing truncated. Th= MR evaluations of the
target polarization were to be compared with those obtained by

the completely independent monitor chambers.

5.2 Analysis of Target Monitor Chamber Data
5.2.1  TDC{SUM)

Thes pulses from both ends of the delay lines in the chambers weré
us=d as stops for TDCs. The trigger used to start the TDCs was

the detection of a coincidence occuring in the scintillators
monitoring the forward and rec»il chamber§. In an ideal siiuation
the sum of the two numbers generated by the tw> TDCs, one monitsring
each end of the delayline. is a constant TDC{COMST). This constant
is the delay line length in TDC units plus a timing constant. The
TDCs used had a calibration of 5 TDC counts per nanosecond. There
are; however, a number of reasons why'the sum of the two TDC

numbers,TDC{SUM), is not a constant,

The positive ions formed by a proton traversing the chamber are
accelerated towards the cathode wires to produce a pulse which is
transmitted to a delay line. There is, thersefore, a variable time
component in TDCI{SUM) dependent on the distance of the incident
oroton from the cathode wire. TIf tne incident oroton is adjacent
t5 the cathode wire then TDC/SUM) is enual to TDCTCONST). Tf the
ionizing event occurs a finite distance from the cathode wire, then

each TDC number contains a term arising from the finite coallection

]..l
Ul
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time of the event, TDC{SUM) is now larger than TDC{CONST).

A delay line pulse can also be created by sparking, caused by dirt
on the chamber wires. Pulses created in this way are called hot
wire pulses. If a TDC trigger occurs about the time.of a hot

wire fire, then one TDC can be stopped by the arrival of the hot
wire pulse. This has the effect of decreasing TDC(SUM) and

rendering the recorded TDC data, for that trigger, useless.

A TDC(SUM) histogram is shown in fig 5.1. This hisfogram was
produced by a chamber having a hot wire. The shape of the
histogram is explained by considering the effects mentionad in the
previous paragraphs. The events, occuring adjacent to the
cathode wire, produce a narrow peak cent?éd on TDC({CONST). This
peak will have a finite width due to electronic noise. The
component in the TDC{SUM) histogram arising from these events is
represented, schemeatically by the solid line on fig 5.2. Events
with a finite collection time produceva high end tail on the peak,
the dashed line on fig 5.2. The effect of one or more hot wires is
to introduce a low end tail into the histogram, the dottad line on
fig 5.2. The TDC(SUM) histogram from‘a chamber in gobd condition

is shown in fig 5.3.

Histograms of TDC(SUM) were produced for a number of runs at
different energies. From these histograms cuts were chosen so as
to remove of the small number of background events, and hot wire
contaminated data. These cuts were then applied to all runs tb

exclude this data from further analysis.
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5.2.2 TDC{COORD)

A coordinate for the position of a signal reaching a delay line is
produced by subtracting one TDC number from the other, giving
TDC(COORD). For a general event, one TDC racords a time, TDCL + C,
where C is the charge collesction time. The other records a time,
TDC2 + C. Thne coordinate of this event is TDCl - TDC2, thus

TDC(COORD) is indspendent of the charze collection time C.

Having first applied TDC{SUM) cuts to the data histograms of
TDC(COORD) were produced for a number of runs at all energies.
These histograms showad the distribution>of events across the
chamber. The chamber triggering scintillators were placed approx-
imately 5cm tehind the monitor chambers. They did not completely
cover the chamder s active arsza. The TDC{COORD) histograms were,

therefore, composed of a well-defined central region of dimensions

from the target, onto the wire planes.' Tnere were also a small
number of background events extending to the edge of the chamber's
active area. TDC(COORD) cuts were introduced to remove these
background events. The upper and lower edges of the central regions
of the TDC{COORD) histograms were expanded to find the exact
position to apply the cuts. An example of a magnified upper edge
histogram is shown in fig 5.4, From the measured position of the
target centre, the triggering scintillators and the chambers; the
dimensions of the trigger region at the‘chamber wire plane, ths
effective trigger size,were calculated. The distances of the

chamber wire planes from thes target centre, together with the
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effective trigger sizes and the angle subtended by the centre of
the triggering scintillators to the beamline, are listed in
table 5.1. The nomenclature used to Lable the chambers and

scintillators 1s shown in fig 5.5.

The histogram in fig 5.4 was taken from the horizontél plane of
the right recoil chamber in the ZSdL experiment, where the trigger
length was 13.58cm, the full TDC{COORD) histogram had a range of
822 TDC units. In fig 5.4 two individual wires can be seen. The
separation between these wires was approximately 12TDC units, the

cathode wire separation is given by {12/822) x 13.58 ~ 0.2cm.

The large monitor counters detect=ad both elastic p-p scattering and
background events scatterad from non-hydrogenous material in the
target. It was necessary to remove this contaminating data.

For pure p-p elastic scattering the incident, scattered and recoill
protons are all coplanar and thus a deviation from coplanar
scattering is an indication of a noa p-p event. The opening angle
can also be different for p-p scattering and non-hydrogenous

scattering events.

Tha TDC(COORD) data from the forward and recoil chambers was used

to constructan opening and a coplanarity angle for each event.
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L=Left R=Right
F= Forward R'=Recoil
— Monitor Chamber
----- Scintillator
Target

FIGURES5 .5  SCHEMATIC DIAGRAM OF MONTITOR CHAMBERS AND SCINTILLATORS
FOR A)AC, AND B)AC, , VIEWED FROM ABOVE. THE BEAM
APPROACHES FROM THE BOTTOM OF THE PAGE
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5.2.3 &vent Reconstruction

To reconstruct a detected event, a vertical and horizontal impact
coordinate for each chamber was produced. The positions of the
impacts were defined using an axis set XY, for each chamber. The
axes were centred at the ceantre of the trigger area of the chamber.
The axes were defined such that negative X/Y) was in the right

(upper) section of the chamber as viewed from the target.

To produce coordinates from the TDC data on the axes set XY, a
constant OFFSET had first to be added to each value of TDC/COORD).
The value of OFFSET depended on the difference in path lengzth that
the two TDC stoop signals had to travel to reach the TDC units in
the electronics trailer. The wvalue of OFF3ZT was found from the
histograms of TDC(COORD). OFFSIT wasthe difference batwean zero
and tha centre of the histogram. Once detérmined, the impact

coordinates, COORD, were obtained from TDC{COORD) using equation

5.2.1.
NOTH
COORD = [RICCER LENGTH (toc(coomp) + oFFsET)  5.2.1
RANGE OF TDC(COORD) ~ |
HISTOCRAM

The horizontal plane scattering angle of the proton, relati-e to
the centre of the scintillator,sas obtained from COORD and the
distance betwesen the target and the chamber wire plane, L. The
total norizontal plane scattering angle, eHSCAT'Was then the
addition of this and the angle the centre of the scintillator

maxes with the beamline axis, 8 seT” For scattering
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to the right of the beamline,

_ -1
B8 —_— 8] sop - Tan (COORD/L) 5.2.2
and for scattering to the left of the beamline,

a1
GHSCAT - B sop + Tan ™" (COORD/L) 5.2.%

where 9 HSCAT were calculated to always be positive. From the
vertical coordinates a vertical plane scattering angle, Ea VSCAT’

was calculated. The vertical and horizontal plane scattering angles

were compinad to give a total scattering angle 8 SCAT?

-1
B scar = Cos {COS B yscar) €05 (Bysar) 5.2.4

The target's magnetic field, however, caused a deflection of the
incident and scattered protons. To obtain the tfue scattered

angles, these magnetic deflections must be considered.

5.2.4 Magnetic Deflections

In the ZSGT-configuration the magnetic field associated with the

target deflects the beam in the horizontal plane.

The magnetic deflection contribution to thé scattering angie can
be split into two components. The first is the magnetic angular
deflection caused to the incidsnt beam in reachiz;lg the target
centre, This deflection is half the deflection of a beam travers-
ing the complete field. This had been previously calculated , see

fig 4.9, These calculated deflections needed scaling by 5% to
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agree with experimentally measured values. The half field
deflections were simply subtracted from the measured horizontal

scattering angle, E)HSCAT’ to give the new horizontal scattering
1

angle, 8 HSCAT®

!
The angle, E)HSCAT’ was composed of two terms, the true horizontal
scattering angle,Ey;SCAT, and the second magnetic deflection
component, arising from the magnetic deflection of the scatteresd
proton. The momentum of the scattered proton is dependent on the
angle of scatter and the incident proton momentum. Thus, for a

given scattering angle, the momentum of the scattered proton is

known and the magnetic deflection can be calculated. In this way
{

"
HSCAT? the true scattering angle Ea
I w

the two components of Ea HSCAT’

and the magnetic deflection were determined.

The momentum of the recoil proton could then bs calculatsd, as the
scattering angle of the forward proton had been determined. The
magnetic deflection of the recoil proton was calculated and sub-

tracted from its measured recoil angle to give the true recoil angle.

In the Z&dl configuration, the 120 rotation of the target's
magnetic field introduces a vertical deflection of the proton bsam.
This was treated in a similar manner to that described for [MfT.

to obtain the true scattering and recoil angles.
. The vertical deflection caused to the beam in reaching the target

centre had previously been calculated, see section 4.,2. This was

subtracted from the measured ~vertical angle. The ray tracing
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program, section 4.2, was used to find the vath integral for a
proton traversing the magnetic field at a range of angles,
corresponding to the angular range covered by the monitor chambers.
It was found that the path integrai in this angular range could be

parameterised by,
Mf BTCH, = 0,003712c¢c ~ 0.01516 (Tm) 5.2.5

where ©C 1is the angle, in degrees, betwesn the magnetic field axis

and the proton trajectory.BT is perpendicular to the momentum.

With a knowledge of the path integrals, the magnetic deflection
caused to the scattered and recoil protons was calculated. The
detected chamber position of tha protons was thencorrected for
this magnetic deflection in the manner described for chir; to

obtain the true scattering and recoil angles.

5.2.5 Coplanarity and Opening Angles

From the true scattering and recoil angles, the equation of two
unit vectors, S and R aligned in the direction of the scattered
and recoil protons travelling from the farget centrs, were formed.
A unit vector I aligned along the dirsction of the incident bsam

was also constructed.

The cross product of the incident and scattered vectors was used
to define a unit normal to the scattering plane. The angle

between the recoil vector and this normal, defined the coplanarity



o . .
angle. An angle of 90  showing the scattering to be coplanar,

that is the vectors I, § and R are all contained in a plane.

The opening angle was defined by the angle between the scattered

and recoil proton vectors.,

5.2.6 Selection of Hydrogen Events

For each run, the coplanarity and opening angles for each event
were formed and histogrammed. This was done separately for data
from each of the three beam polarization states. The information
to be extracted from these histograms was the number of p-p elastic

events scattered into the monitor chambers.

Opening angle nistograms obtained for Z&GL and Edewere similar.
They consisted of a central ﬁeak with a full width at half
maximum (FWHM) of approximately 3.5 - 4.50. This peak was Super~
imposed upon a broad background of events occuring over an angular
range of approximately 350. An example of a typical opening angle
histoszram is shown in fig 5.6. This was produced from a [SdLrun
at~4H60MeV. The width of the central p-p peak arises from the
effects of the finite target and beam size, together with a
smeafing causad by beam divergence. The background events arise

from scattering of protons from nuclei other than hydrogen.

The coplanarity nistograms had a similar structure to the opening

angle histograms, that of a central p-p peak superimposed on
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FIGURE 5.6 OPENING ANGLE HISTOGRAM PRODUCED FROM DATA TAKEN
IN A AO_ RUN AT 455.8 MeV
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background events covering a large angular range. The coplanarity
plots were symmetric about the p-p pezak. The p-p data was
extracted from these histograms. An example coplanarity histogram

is shown in fig 5.7, taken from a [Xé%rvn at 325MeV.

The opening angle information was used to improve the p-p to
background event ratio by applying a weight to events used to fill
the coplanarity hisﬁograms. An exponential weighting function was

used, given by

= 2
XP - .(9‘8)
XZ
where Ea is the average opening angle, E) is the ovening angle of
the individual event,)( is the wvariable weighting parameter. The

average opasning angle,E3 , was evaluated from opening angle histo-
grams. A value of E; was evaluated for each ensrgy, for each
chamber set, for each experiment. It was found fhat with )( ‘set

to 50 the background events were reduced by approximately 50%.

Using a value of )( much smaller than this was found to substantially
reduce the number of p-p events. The effect of the weighting
function on the coplanarity histogram is seen by comparing fig 5.7
with 5.8. Fig 5.8 was produced using the same data as 5.7, only

the opening angle weighting function was applied to the data before

histogramming.
The proceedure adopted to extract the pure p-p events from the

background was by the use of a doudble function fit to the

covlanarity histogram, using a least scuares fitting routine.
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Initially, a fit using a central gaussian, superimposed upon a
quadratic background was tried. It was found that this was a poor
representation of the histogram's shape. The quadratic did not
fit the background well. A second fit used a double gaussian

function, and this was found to give good fits to the histograms.

This distribution of events around the mean coplanarity angle was
symmetric for both the background and p-p eveats. The double
gaussian function used to fit the histograms used five variable
parameters, P{1) - P(5), given by

P(1) BXP | -(X - P(2))° | + p(%) mXp| ~(X - p(2))2
2p(3)2 2p(5)?

Estimates for the widths of tne distributions, P{3) for p-p and
P(5) for the background, were input as a starting point for the

fitting routine.

An example of the double gaussian fit for~460MeV taken from the
left monitor, ZldTu is shown in fig 5.9 for both beam polarized

up and down, with PT fixed.

Although the gaussian fitted the central peak well at all energies
for both experiments, the area under the peak, the p-po signal, was
taken from the subtraction of the fitted background gaussian from
the coplanarity histogram. This subiraction method allowed for
any deviation of the central peakx from a true gaussian shape. The

. + ' .
region of the subtraction was defined by P(2) - 5P(3). This

subtraction region incorporated essentially all the p-p peaXk.
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FITTED BACKGROUND WAS SUBTRACTED IS BETWEEN THE ARROWS

179



Subtraction of the background gaussian from thé whole histogram

"~ would only introduce noise into the data.

The evaluation of the p-p signal by the subtraction method required
a good background gaussian fit. To this end the double gaussian
was fitted to the histogram data assuming an equal weight for all
bins independent of their statistics. This allowed the function to
fit the central high statistics region wiﬁh equal quality as the

low statistics wings.

5.2.7 Chamber Efficiencies

The p-p data extracted from the monitor chamber information was
corrected for the inefficiency of the detection system. A
successful ZldT.event trigger was accompaniéd by'eight stops
arriving at the TDCs: fourfrom the forward and four from the.recoil
monitor chambers. The efficiency of the chamber system was defined ‘
as, the ratio of events with eight stops arriving to the number
of event triggers. This efficiency was calculated for each beam
spin state for each run, from which the extracted p-p signals

were corrected.

In the ZldT-experiment the right monitor had an efficiency of
98% for the majority of the runs. However, it feil to near zero
for two runs at 202.8MeV, after which it was replateaued and it
returned to its high efficiency. The left monitor's efficiency

varied but had an average efficiency of aoproximately 85%.
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In the [Schonfiguration one of the forward chambers had an
efficiency which fell to zero for most of the runs, however each
arm consisted of two monitor chambers giving redundant information.
The remaining chambers had an efficiency of approximately 98% for

all runs.

5.3 ZXCYL Chamber Analysis

Target polarizations were evaluated using the p-p signals
extracted from the coplanarity histograms. The number of protons
elastically scattered by the hydrogen in the térget, into the -
monitor chambers, was dependent on the m?gnitude and sign of PB
and PT énd the analysing power of the target, M. The analysing

power is from equation 2.4.7,

M= oA (0) - fAg(0) +YAg(8) 5.3.1

The coefficients 0(,[3and ¥ are defined in section 2.%.2. From

the p-p data obtained in one run with a fixed orientation of PT

but two orientations of P_, an asymmetry &y was calculated, where

B)
€4 is given by,

N {(=) [N {() 5.3.2
e (4125 .

T

where N is the number of p-p events and No is the number of protons

\T )(—D)
\ —

incident upon the target. The three equations, 2.4.7, 5.3.1 and

5.3.2 can be solved to give an expression for PT
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2ty

[PB(+)M(+) - P -M( —)] - &y [PB(+ M) + Pyl -)]
: 5.3.3
The second term in the denominator is small as PBC+) n,—PB(-Q,

M )~M(-) and €,< 1.

5.3.1 Target Analysing Power

The analysing power of the target, M, is a function of energy and
scattering angle. Values of the component parts of M, namely

ALL’ ALS and ASS’ were evaluated using the BASQUE phase shift
orogram. The predicted values of these parameters over the centre
of mass range 45 - 90o are given in appendix B, together with

values of M. In fig 5.10 the variation of M as a function of the

centre of mass scattering angle for the six run energies is plotted.

In order to estimate the error in the analysing power, phase shifts
were fitted to four different data bases:

1) Fits to only p-p data

2) Fits to p-p and n-p data

3) Calculations from phase shifts smoothed as a function of energy.

4) A set of fits omitting individual data sets.

Tne error was assessed from the maximum change in calculated M
values for all these changes, vlus the statistical error.  The
errors are listed in appendix R . It is seen from the table of M

that the small anzles and low energies carry the most information.
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The monitor chambers detected events over a large angular range.

The true scattering angle of the events, transformed into the centre
of mass, were histogrammed for both the forward and recoil chambers.
The histograms were filled with events which were waighted by the
.exponential opening angle function, see section 5.2.5. A
representative histogram is shown in fig 5.11, taken from the
forward chamber at 455.8MeV, similar plots were obtained at all

energiess.

The average scattering angle obtained from each histogram were

further averaged over all runs and energies giving a value of

69.10 The average from the recoil chamber was approximately 0.50

cM’
less than that obtained from the forward chamber. This difference

indicates the accuracy to which the detector geometry was ¥nown.

i =) y ars rai inters o
Values of ALL’ ALS and ASS were available at intervals of 2.5

from 42.5 - 900 A linear interpolation was used to calculate a

cM*
value of the parameters at the‘central value of each histogram bin,
which covered %O. From these values and the contents of the
histograms a weighted value of each parameter was produced and the
corresponding value of M was then calculated. A straight average

was taken over the forward and recoil results to produce a value of

M4 ) and M(-) for each run.

5.%.2 Asymmstry Evaluation

Asymmetries were calculated for all runs using equation 5.3.2. A

tabulation of this data showed a numder of runs with anomalous values.
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Checks on the data recorded during these runs revealed a problem

in the online data acquisition program. If data collection was
"paused', using the online program, during a bzam polarization
change, this change was not registered. On restarting data
acquisition scaler data from the new polarization state was combined
with the scaler information of the previous pnlarization state.

The offline data analysis program was modified to remove this

corrupted data and correct asyvmmetries were then obtained.

Asymmetries obtained for each combination of target polarization
and solenoid precession angle are listed in table 5.2. A positive
precession 1s defined as a right handed screw travelling along I.
The errors ars statistical arising from the p-p signal, N, and B,
the background signal, (obtained by intégrating the background
gaussian). Errors were evaluated using equation 5.3.4, which is
derived in appsndix C.

s ’ 2 :
Ar=__ 4 O | N0 +2B@)] «[re) [ [N +2B0)] L 5344
() +r]*] [N NJ-)
where +(-) denotes positive (negative) beam polarization and

r = N/No.

An inspection of the asymmetries at 325MeV revealed two unexpected
results. The asymmetry for runs with the solenoid off, changed

in magnitude on reversal of the target polarization. With the
solenoid energized the asymmetry was obviously ¢ifferent for each
target polarization, These occurences suggested that the beam
polarization extracted from the cyclotron contained a spin component
in a direction othér than vertical. The effect of non-vertical beam

polarization components on the beam polarization at the target is

discussed in detail in appendix D.
185



G10°0;| 900°07] 020°0; 80007,

9€T'0=| LgT'o-| LlT'O- LS00 J40 HATLYDEN

110°0; 210°03| #10°0;| 9T10°0;| 600°03

oLT 0" lG1'0-| GS1'0-| oO22'0-| €O0T'0- 4490 FATIISOd

0T0°03 0T0°0;| 600°07 | 800°0;| 910°03

L2T°0 6£1°0 | €8T°0 | =@2£'0 | 2lk'O FATIVDAN AATIVDIN

600°03| #0007 010°03 | TI0°07| <T0°03

960°0-| 2HT'0- ocT 0~ | 2CCro-| gLnto- HATIISOd AATIVOIN

600703 600703 | 210703 | £10°03

81T 0~ wET'0=| LGT0-| lezto- TATLVDAN AATIIISOd

600°07| 800°07| 800°0;| 0T0°07| 0TO'0;| 800'03

82T 0 7210 8T 0 0610 gece o 66¢°0 gATIISOd IATIISOd

G'oTS| T°L6%| 8'SGh| G6TH| 4°G2¢| L°202 | NOISSEOMA | NOIIVZIHVIOL
QTQNEIOS IIOYV,

(ASW) XOWANI

ASYMMETRIES,E}P OBTATED FROM MONITOR CHAMBER DATA
AT EACH ENERGY FOR EACH COMBINATION OF TARGET AND

SOLENOID SETTINGS.

TABLE 5.2

[~

—l



The important results are summarised here.

The beam polarization —Eb incident into the solenoid is defined as,

-Eb = PBQ + Tr + L1 D.1

where n is vertically upwards, r is to thes right as seen by the
beam and 1 is along ths beam direction. The interaction ;)f the
beam polarization with the magnetic fields of the solenoid, 350
bend magnet and the polarized target changed the beam polariza’c’ion,

which at the target centre was given by,

P'=A'n+B'r+C'1 D.6

b n r L
where
A' = AcosX—(BcosGTGT+Csin6TGT) sinX D.6.1
B' = [AsirﬂG(Bcose,.fC_T+Csine,_m,},_r,)c:osx]coseTGT - D.6.2‘
-sin® TGT(Ccos GTGT-Bsin eTC»"E‘) )
c' = [AsinX+(BcoseTGT+CsinGTGT)COSX] sin eTG’I‘ D.6.3 ‘
+cos eTGT{Ccos eTGT'BSin eTGT)
A = Pgeosd, - Tsind) ) | D.3.1
B = (PBsincPS + Teos @, ) COS(ps —LsinCPB D.3.2
C = (PBs:'mQ5 + Tcos ‘PS ) sin(p6 +Lcos<{)6 , D.3.3

CPS andX are the spin precession angles produced by the solenoid
and target's magnetic fields. They are defined as positive for a
right handed screw travelling along the beam direction. (pﬁ is the
polarization precession caused by the 350 bend magnet, valuses of
which are listed in table 4. ¢ . © TOT is the 12° angle that the

target's magnetic field makes to the beamline.
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From the p-p data obtained from one run an asymmetry, &H , Was
evaluated. During a run the target polarization direction and the
solenoid power supply polarity were kept constant. Th= asymmetries
were labelled to show the target polarization direction and the

. . . + 4
solenoid precession angle, at wnich they were measured.EiH(E, =),
wnere the first term in the bracket refers to the solenoid setting,

. . . o o} o) )
precassing the beam polarization by +90°, -90 or 0. Th= second

term in the bracket refers to thz target polarizatioan direction.

From equation 1.8.1 and 2.4.7 the general exprossion for the monitor

. . ’ . . .
asymmetry for a polarlzat1m1}% ziven by equation D .6 is,

Ew= -PA + P (3B +c'cY) - 5.3.5
where
B" = ALScos < tor - PssS190 00y
" .
C = A; cOS e sin eTGT

TGT ~ LS

In the experiment the value of P Py is measured; T‘and L are
unknowms. The value of PT is derived from ffH using equation
5.3.3. It was therefore desirable to eliminate as completély as
possible, any effects on €4 arising from non zero values of T
and L. To this 2nd the asjmmetry at each energy, was avaragad
over solenoid precession angle and target polarization to give

EH,
‘[E\'\ H( '+)] %[&V-}',-)-E“'l-,-)] 2 5.3.6

which using the results in sections 2 and 3 of appencéix D

can be shown to be given by,
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Cy = Pr [—TsinX +PBcos(4>a—QrJTcosX] [cose TGTB"+81n 120"]

+ Pysin @B—GTW) [coseTGTC, ~sin9TGTB] 5.3.7

From equation 5.3.7 it is sszen that even after averaging over
solenoid and target settings, a term dependent on T still survives.
To remove this term, one would have to average ovef the target
field direction. However, during this experiment the target field
direction was fixed. Certain combinations of asymmetries allow

terms dependent on T and L to be separated out.

%[E“(-F;‘F)-E“(—o"‘) ] +%[E“(+)‘)~ EH(':‘)] -
?.P[ TcosX+SiHX PBCOS(CDQ—GTGT)] 5.3.8
Frr, o B e, pa, )] -

L[ -2psinX sta(d), - GTGT)] 5.3.9

It was possible, therefore, at enzrgiss where measurements of AG'L
were mads with the four combinations of solenoid prescession angle
and target polarization, to calculate values of T and L. From vthe
calculated value of T, the solneoid and target averaged asymmetry

€. can be corrected for the term Tsink .

5.3.3 Svaluation of Beam Spin Coatamination
Talues of asymmetries for all four combinations of solenoid and

target settings were available at 325.4, 419.5 and 516.5MeV,

.enabling values of T and L to be evaluated . It was, however,
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only at 325.4MeV where large changes of asymmetries were seen.

Values of 7( were determined from the path integral,IBJL evaluated by
computer simulation, for a proton travelling at 120 to the magnetic
field axis. The component of the target's magnetic field along tne
beamline was aligned in the direction of the beam momentum. This
field alignment precessed the beam‘polarization perpendicular

to the magnetic field, in the direction of a left handed screw
travelling in the direction of the beam momentum. Values of 7(

for the run energies are listed in table 5.3 . ﬁalues of P and PB

for use in equations 5.3.8 and 5.3.9 were averaged values obtained
from all the runs used at each energy. The caléulated values of T

and L are listed in table 5.4.

The errors gquoted include phase shift normalisation errors and a -
component which allows for the uncertainty in the detector

geometry. The results are subject to systematic errors, eg

dues to the difference between PB(+) and PB(-). Consequently, results
differing from zero by 2-3 standard deviations should not have mucﬁ
reliance placed upon them. Bearing this in mind, all L values were
consistent with zero. The T value at 325.UMeV was, however,

approximately 6 standard deviations from zero.
5.3.4 NMR Calibration Factor

The target monitor chambers were included in the experiment to

provide an independently normalized evaluation of the target
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BEAM ENERGY X

(MeV) (DEG)
203 26.5
325 20.1
420 17.3
456 16.5
kg7 15.7
517 15.3

TABIE 5.3 BEAM POLARIZATION PRECESSION ANGLE, X. , CAUSED BY
THE TARGET'S MAGNETIC FIELD



BEAM ENERGY T L
(MeV)

3254 -0.176 *0.029  -0.033 Yo.077
419.5 0.072 ¥o.025 . 0.708 *o0.084
516.5 0.041 %0.018 0.124 *0.067
TABLE 5.4 VALUES OF THE BEAM POLARIZATION COMPONENTS T AND L

EVALUATED FROM MONITOR CHAMBER DATA
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polarization. The NMR integral was shown to provide a monitor of
the target polarization with a statistical accuracy of 0.06%,

and could thus be relied upon to show the time dependence of the
polarization. The monitor data was used to derive a target
polarization for each run PT(MON)

polarization was then used to produce a calibration factor C

, using equation 5.3.2. This

NMR*
i a NV 1 ) Y
which related the NMR integral for that run to PT(MON)'
100 y
Praon) = ™ X | R x 10 5.3.10

The calibration factors from all.the runs at one energy were
combined. PFirstly, calibration factors from runs with the same
target and solsnoid settings were combined to produce a weighted
mean value, using the statistical prescision of the runs. The
calibration factors were then averaged over all availablé com-
binations of target and solenoid settings. The individual
calibration factors for each solenoid and target setting are

given in table 5.5 , the final averaged calibration factor at each
energy is listed in tabls 556, ACSTM_ - cuoted in this table

arises from a quadratic addition of the component errors.

There are two further errors to take into account for the
'célibration factor obtained at each enerzy. These arise from the
uncertainty in the exact position of the chaﬁBer wire planes and
from the normalisation uncertaiaty in the phasé snift predictions
of the components used to produce values of the target's

analysing power,M,
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BEAM ENERGY C

(MeV) NMR A CSTAT A cGEOM A CPSA A CTO’I‘

.001 0.036 0.039

202.7 1.104 0.015 0
325.4 1.011 0.021 0.002 0.050 ~ 0.05%
59,5 1.132  0.03%6 0.011 0.101 0.108
455.8 1.182 0.048 0.016 0.11% 0.125
497.1 1.026 0.03%2 0.010 0.107 0.112
516.5 0.991 0.041 0

.014 0.112 0.120

TABLE 5.6 AVERAGED VALUES OF-CI"I‘=R A¥D IT'S ERROR, A C‘I’O’I" AT
EACH ENERGY. COMPONEWT ERRORS ARISING FROM STATISTICS
A CSTA'T" PHASE SHIFT PREDICTIONS,AC AND GEOMETRY

UNICERTATNTIES,A C ARE LISTED

PSA’
GEOM’
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To a good approximation the target polarization derived from the

monitor asymmstry is from equation 5.3.3 given by

PT(MON)”“ Eu . 5.3.11
PBM

from which a simple expression for the error in C arising from

NMR
an 2rror in M is obtained,

cmIR A m

A Com ~ 5.3.12

M

The phase shift normalisation errors were estimated as described

in section 5.3.1. The chamber geometry error was estimated by the

change in the weighted values of ALL’ALS and ASS produced by the

forward and recoil arms. Tne errors in CNMR

and from the phase shift

arising from the
ceometry uncertainties,ﬁkCGvom

uncertainties, A CPSA , are given in table 5,6. The total error

in CNMR’ZX CTOT’ at each energy was obtained from a quadratic

addition of the thres independent errors, listed in table 5.6.

The value of Cb

MR at all ensrgies was combined to give a wezighted

mean value, C, ., using the error

+
VR A Crons Copg = 1-074 -o.ogs.

In section 5.3.2 it was shown that averaging over all farget and
solenoid settings still left a term TsinX in the asymmetry
expression, see equétion 5.3.7. The averaged asymmetry needed to
be corrected for this remaining T term. The only energy where this
correction is significant was at 325.40eV. In section 6.2.1
valuass of T are evaluated at all energies from transmission data,

these results confirmed the values of T obtained using the
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asymmetry data. A scaling factor appnlisd to ths asymmetry,zii,
to allow for non zero T values, was obtainad from equation 5.3.13
which considers the change in th= averaged asymmetry caused by the

T term.

[€ (W)~ €, (wrour )]/ eulWirnour T) = “TsinX BCy. /
Pal cosk 0s(g -6 )BCs + SN (§g - 01pr) B¢, ]
Where BC,= €05 O r B + 51N O

BCa = €05 Org U = 4N Oy B

Using equation 5.3.13 the scaling factors to‘apply to the calibration

5.3.13

factors were obtainsd, The valuzs of T, the scaling-factors and the

new calibration factors are listed in table 5.7. The scaling changes

the weighted mean value of the calibration factor, CNMR’ to
1.070 T 0.028.
The value of C can bs comparsd and combined with the independ-

R

ently derived calibration obtain=d from the thermal equilibrium
. i Y + z

measurements., This value is,- from eguation 5.1.2, 1.014 -0.065,

which combinad with the chamber evaluation gives a final weightad

mean value of C,,_ = 1.001 * 0.026.

N
NI

5.%.5 Solenoid Unpower=sd Monitor Data
Asymmetries evaluated from the chamber data taken during runs when
the solsnoid was unpowered could be compared with phase shift

nredicted values.

Using the results from section 3 of appendix D it can be showm

that the asymmetry, with the solenoid unpowered, averaged over
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BEAM ENERGY T SCALING SCALED

(MeV) FACTOR Com
25,4 -0.16 -1.61% 0.995
419.5 0.06 0.87% 1.142
516.5 0.04 0.75% 0.998
TABLE 5.7 VALUES OF Cy.. SCALED TO ALLOW FOR NON ZERO COMPONENTS

OF T BEAM POLARIZATION, SHOWING VALUES OF T AND THE
CORRESPONDING SCALTING FACTORS USED ON VALUES OF A

m kg 2
CNMR IN TABIE 5.0



target polarization is glven by,

[E'(o'+)+E(O,"\ ]/ 2 = - PLS‘NXS\N(‘QG"Q

or)

~PPgosX + PTamXcos{§g-Orer) 5.%.1%4
The segcono term oa the right hand sidz was directly calculable and
could be compared with the averaged asymmetry once this had besn

corrected for any T and L beam polarization components.

Data taken with the solenoid unpowered and with both'targét
polarizations, was available at 325.4, 455.8 and 516.5M3V.' The
magnitude of T had been calculatad at 325.4 and 516.5MeV, using
monitor chamber data. It was also possible to calculate T ai all
energies using transmission data, see section 6.2.1. The value of
T at 325.4 and 516.5MeV was taken as the éverage of the twervaluat-

ions. The magnitude of T at 455.8MeV was consistent with zero.

Values of L had been calculated at 325.4 and 516.5MeV. A further
evaluation was, howesver, possible. Using the results in sections

2 and 3 of appendix D an asymmeiry proportional to L was formed.

[E("':*) '*‘&(_‘.ﬂ ]/2 - [E:.(+'_) + 2. (=) ]/ 2 =

2LP, [ 5in(§g-B1e) BC,aosX + <05 (Pg-6.,.) BC, ] 5.3.15
Using equation 5.3.15, L was evaluated at 325.4, #19.5 and 516.5MeV.

The results obtainesd ara ziven in table 5.8,

All the resulis were consistent with zero, in broad agreement with

the previous evaluations.
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BEAM ENERGY L

(MeV)

325.4 0.056 T0.12
419.5 0.12 %0.17
516.5 0.06 Y0.08

TABLE 5.8 VALUES OF THE BEAM POLARIZATION COMPONENT, L,
DERIVED FROM MONTTOR CHAMBER DATA RECORDED W ITH
THE SOLENOID UNPOWERED
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Equation 5.3.14 was rewritten assuming L = 0 at all energies to

define the ratio,R, which is given by ,

R = %[g (0.4) * g(o’_ )]-PT sianos(@e-eTGT)

5.%.16
-P Py cos’k

The values of R obtained at the three energies, 325.4, 419.5 and
516.5MeV are given in table 5.9 , which also lists the values of

T used.

The error in R includes both statistical and phase shift components.

The welghted mean value of R, 0.996 ¥ 0,046 showed that there was
excellent agreement between the measured and calculated asymmetries.

- +
This gave an absoluts check on P_ to - 4.6%.

B

5.4 ZXCiT Chamber Data Analysis

In the .AdT-experimental configuration two double arm monitors

were incorporated. These detected scattered and recoil protons to
the left and right of the beamline, see fig 5,5 . After applying
corrections to the proton trajectories for magnetic field deflect-
ions, the chambers were found to monitor scattered protons centred
on approximately SOocm (6300m)4t0 the left (right) of the 5eamliﬁe,

as seen by the besam.

For AujTthe count rate, N, of p-p events detectad by a counter

monitoring at an angle © is from equation 1.8.1.

m(@) = o< [ 142P(0) + PP(0) + PRAL(0) ] 5.4.1
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BEAM ENERGY R T

(MeV)

3254 0.998 Y0.075 - -0.163
455.8 0.980 f0.089 0.0
516.5 1.005 *0.075 0.042

TABLE 5.9 VALUES OF THE RATIO,R, DEFINED BY EQUATION 5.3.16
AND THE VALUES OF T USED TO OBTAIN IT
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where NO is the bzam rate incident upon the target and « is a
geometric constant dependent on the size and position of the

monitor counters.

Data for Ad was taken in runs whers the beam polarization was
reversed while keeping the direction of target polarization
constant. It was, however, inappropriate to derive a value for

PT from data obtained from individual runs. The change in
intensity of p-p events on reversing the beam polarization, while
keeping Py fixed, was determined by PBP(Q ) and PTPBANI.\I(G ), these
terms being similar in magnitude. The intensity change had, there-

fors, a sizeable dependence on the term PBP(EB) which was

independent of P..

The analysis proceedure adopted was to conmbine data taken with both

tarcet orientations, while kesping the orientation of PB constant.

Combining data in this way produced an intensity difference

dependent purely on terms involving PT'

The target polarization was obtained from the data with fixed
beam spin polarization and two target polarization orientations

by first forming an asymmetiry, &,,
N N

No (11) - 1o (4t)
Er = 5.4.2

B) N
Ny (41) + N, (41)

Substitution of equation 5.4.1 into equation 5.4.2 , assuming

PT@)= -P(-) = ?&, leads to,
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(l) (+, -t - X + X _
5. £ (24P " 4 pPUPREA]  pYpi, phd p o

[4)
[C(f,ﬂ+ C(—,t)] _ E—T[ C<+,ﬂ_ C(~,ﬂ]

5.4.3

£5H (ft £ &N
where C* 7 = P77+ Py 77 Agp 7 7. The first sign in the

bracketed suffix refers to target polarization, the latter to the
beam polarization. The angular distribution of p-p eventis
changes on resversal of the target or besam spin, because of the

o D ({ Mi b £ 5
terms Pop (8), PBP( B ) and PP ©). This, therefore, changed

the mean valuz of P and A}

N obtained from the histograms of the

scattering angles. This effect changed values of P and AHN by
S WP 5
only 1 - 2% on reversal of Py or P, therefore C* 277~ C' 77/,

Using the approximation that A,

nr P and PB are equal for both target

polarization orientations, equatioa 5.4.3 reduces to,
g |1+ PP

P+ PBANN

For the case of positive (negative) beém polarizafion and forward
scattering into the right (left) chambers, the two terms in C act
destructively. For these cases the denominator in equation 5.4.3
becomes small and the results obtained for PT unreliable. Déta

taken where this occured was not used in thes final svaluation

of PT’

As an independent check on the assumption, used in dsriving
equation 5.4.3, that PTGQ= -Pzﬂ—l th2 data obtained from individual

runs, (whers the beam polarlzation was reversed and P

T Was kept

fixed), was used to determine PT for each run.

N
(@]
(Ui}



Thz asymmetry €g was formed.

A N
e . Yo (1) - 1, (t4) 5.4.5

W) M
Vo (11) + 5 (1))

Substitution of equation 5.4.1 into equation 5.4.5 leads to,

(tl+’ (t,-l»] 1~ et T B x,- Tl
P EB[ZH% p +Pa(: )t )]__ PB( )P( N ) 1ol
T 4 x-) + ¥) o
[ -] - gg[c®4+ ¢ =] | 5.4.6

Making the assumption that P, AKIN and P_ are equal for both beam

B

polarization orientations reduces equation 5.4.6 to,

p. = €~ PgF

T 7 —
Phn- EeP

5.4.7

Valuzss of PT were calculatad using equation 5.4.6 for both left and

right chamber s=2ts for all runs.

For these evaluations of P values of P and A . were obtained using

N
weighted scattering angle histograms in an analogous manner to

vhi s Q v e . T
which values of ALL’ ALS and ASS were produced for l&dL he

values of P and AI used in this evaluation are tabulated, in the

n
N

_ o . .
centre of mass angular range 45 - 207, in appendix B.

The evaulations of PT from each run for each energy were combined
to give two mzan values of PT' weightad by the statistics of the
component values, one for each chambder set. Two further error

components were then incorporated in these values of P,.. The first
L

arose from phase shift normalization uncertainties, these ware



estimated by changing the data base that the phase shift analysis

program used to predict valuss of P and AI using the proceedure

N
given in section 5.3.1. The second additional error componsnt
cams from the uncertainty in the exact chamber position. As for
Ad, this was estimated from the difference between values of P
and ANN obtained from the scattering angle histograms from the

forward and recoil chambers.

The evaluations of the target polarization from the left and right
chambar sets were combined to give a weighted mean value of PT at
each energy. These results are listed in table 5.10. The error

quoted for P, in table 5.101is the error of the Weighted mean value

T
or the dispersion of the two chamber evalgations, wnich ever was
larger. The results showed the mazgnitude of the target polarization
to be of the samz order for both orientations., This Qas in sharp
contrast to the NIMR evaluation. The resulf thus verified that the,

positive NMR signal was being truncated as discussed In section 5.

1.2,

At 202.8MeV the right monitor efficiency fell to zero for all runs
with the target negatively polarized. Also the beam polarization
monitor recorded polarizations of approximately 2%% for beam

polarization off for all runs. This large value for PB(OFF)

could have introduced systematic errors into an evaluation of PT
from the chamber data. Consequently. the chamber data at 202.8MeV

was not used.
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BEAM ENERGY -P_(-) P..(+)
- T T
(MeV)

325.1 0.59 =0.0k 0.61 Yo.o4
374.8 0.65 To.on 0.67 Y0.03
519,14 0.64 *o.o4 0.67 *o.04
455.7 0.58 0.03 0.62 fo.o4
497.5 0.62 To0.03 0.66 *0.03
516.5 0.57 To.or - 0.63 T0.03

TABLE 5.10 VALUES OF THE TARGET POLARIZATION, FOR BOTH
ORIENTATIONS
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Although each value of PT negative was smaller than PT positive,
the errors were such that the two values of the target polarization
were consistent. This data was, therefore, interprsted as showing
the positive and negatiée target polarizations to be equal in
magnitude.

The target polarization'§£ was obtained from equation 5.4.3 using
data obtained from the left (right) chamber set with the beam
polarization up (down). The two results for'Ef, one from each
chamber s=t, wers combined to give a mean value, weiéhted by the
statistical error and the small chamber geometry uncertainty error.
Tha total error in the weighted msan was obtained by addinz the
phase shift normalization error in quadrature. These values of P.

and their errors are listed in table 5.11

The chamber evaluation of target polarization was to be comparad
with the VMR evaluation of Pé negative. An average NMR integral
was produced for all runs with negative target polarization at one
energy. This integral was converted into a target polarization
using the thermal equilibrium calibration. - The ratio of target

olarization calculated from the chambers to that derived from the

‘g

NMR was formed to give a calibration factor for use on the NMR
evaluations., The values of PT(NM@ obtained from the NIR and the
ratio of this to'ﬁi obtained from the chambers are giveh in table
5.11 , Thes= ratios at the five available energies were combined

to give a waighted mean‘value for use at all energies. To cover the

sprezad of the results, the standard deviation of the data was used

+
as the error, giving a final ratio of C.9%4 - 0.030.
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?ﬁg)wﬁm’y P, Pr(nm) R’

325.1 0.664 To.011 0.718 0.92% *0.016
374.8 0.662 *0.011 0.677 0.978 0.016
419.4 0.626 *o0.011 0.692 0.905 f0.016
455.7 0.627 *o.o11 0.649 0.966 *0.017
516.5 0.581 f0.013 0.611 0.950 %0.021

TABLE 5.11 VALUES OF THE TARGET POLARIZATION,P., AND THE RATIO,

1

R, OF THIS TO THE NEGATIVE TARGET POLARIZATION,

, DERIVED FROM THE N
P am) IVE MR
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The chamber data was used to normalize the NMR system, as a
saturation problem could have led to misleading results if the

thermal equilibrium signal had also be=n used.

The value of PT for all ruas at 497.5MeV was set to the value
obtained from the‘chambers. This was becausz the NMR signal was

seen to saturate for both target polarization orientations.
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CHAPTER 6
Ao, D Ag, RESULTS
6.1 Evaluation of AO_Land AO-T

Values of Z&i, and [SdTare calculated using equation 2.1.7. The
transmissions t{4+) and tlx~) were evaluated by an offline analysis
of the scaler data for each run. The transmission, f{ of the beam,
by the target, was evaluated for each consecutive counter pair of

the transmission array,

1 | 6.1.1

for i = 1-5. The transmission was correctad for random coincidences
between the besamline and transmission counters. This random

, . [ 3
correction,ri,to the ti th transmission is,

~—— . . . ot
r; = S1238.Ti.Ti+l (1- ui) 6.1.9
S123B ‘
(~~ = delayed by U43ns) .
The efficiency of the transmission arrays ith counter is,
i—_i = S123B.71.32.Ti.Ti+l ~ " 6.1.3

S1278B.Z1.E2
The final transmission,t., corrected for both random events and

the inefficiency of tha transmission counter is given by,

t, = i -Tj 6.1.4
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Values of Atand ¢ , equation 2.1.8, wers obtainad using transmissions
evaluated from equation 6.1.4. Generally, the random corrazctions
viere ~0.03% of the magnitude of ti . Beam rates for both beam
polarizations were such thgt the random corrsction to ti beam
polarization up, and ti beam polarization down, differed by less

than 10%. The efficiency of the transmission array for all data

acquisition runs was generally ~99.98%, it never fell below 99.9%.

Beam polarizations wers obtained using equation 3.3.1l, for all three
conditions of beam polarization. The value of fe and P (26°) used
are listed in table 3.1. The asymmetry, Eo ., measured when the ion
source was supplying unvolarized beam, was subtracted from the
asymmetries measured when the bsam was polarized. This subtraction
removed instrumental asymmetries. Tne beam polarization was
given by,

P, = (E-—E.O) fe

B 6.1.5
P(260)

In almost all runs !Eol <0.018. The value of P_, for use in

BJ
equation 2.1.7, was obtained from tne averaze of the two beam

polarizations, and was thus independent of instrumental asymmetries

in the beam polarization monitor.

Valuss of P, for use in the Ag calculations were obtained using
s + ~ .
equation 5.3.10, with the wvalue of Cv“q = 1.0C1 -~ 0.026 as derived
: RYiRiad
at tne end of section 5.3.4. The value of the NMR integral used

for each run was the average value of all the NI'R integrals recorded

for that run,



Obtaining ths target poiarization for [}&Twas cohplioated by the
NMR saturating. The average NVR integral was evaluated for all

runs where the target was negatively polarizasd, from which PT was
obtained using the thermal equilibrium calibration. The indep=sndent
chamber calibration of 0.94h4 ¥ 0.030 was then used to produce final
values of PT. For runs whers the targ2at was positively polarized,
the target polarization at sach energy was taken to have a magnitude
equal to thz negative polariéation, averaged over all runs at that
energy,'see section 5,4 . However, during ths runs at 497.1MeV
for [561.the MR was producing truncated results for both target
polarizations. At this energy, thercfore, the target polarization
was taken directly from the chamber results, and was found to be

Pp = 58.2 ¥ 1.3%, see section 5.4

6.1.1 Target Hydrogen Density

The target beads consisted of 95% l-butanol <C43100) by weight, and
5% water (HQO), plus in all data taking runs, Cr{V)EHBA dopant

(NaCrC The actual recipe used to produce the targst beads

1207200+
was 20ml of butanol (16,196g) with 0.8524ml of H20 (0.8524g) and
0.5109g of Cr(V)IHBA. The percentasgz composition by weight of

this mixturs was butanol 92.23€0%: H,0,4.8544% and Cr{V)iBA,
2.9096%. The ratio by weight of hydrogsn to all other constituents
of =sach of the‘components in the mixture were, butanol,0.1360;

H20,0.1119: and Cr(V) EHBA,0.0574, In the gquantities in which

thay were mixed the total density of hydrogen fM was,

P
P

[ko.1360x09224)+(o.1119xo.0485)+(o.0574xo.0291313

0.1325D ' ‘ 6.1.6
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e

where D was the measured density of the *arget.
. V4 —
The [Sdl and [kd}-experiments usad two separate target bead

containe.z, ~mach fabricated from FEP. The containers were cylindrical

in shape, of dimznsions given in table 6.1.

The weight of ths target material was found by filling the contéiner
with the targst beads in a systematic way.v The bsads were then
emptied into a container for weighing. The whole proceédure being
carried out at LHZ temperatures. To investigate the reproducibility
of the filling factor of the target, a series of fillings and
weighings were carrisd out oa the Adstarget container. Five
measurements ware macds using target beads with diameters in the

sams range as those used in the experimental runs, namely 1.0 - 1.7mm.
Two further measurements were mads to inveétigate any effect of

using beads with a different range of diameters, 1.0 - 1.4mm.

The stability of the individual wesighings was found to be poor due

to changing packing fractions of the target beads. For the series

2.375g, the average baing 2.3155. The rangs of diameters of the

beads made no systematic change to the weight of the target.

Including results of measurements on the beads uséd in the Aé¢

experiment gave an average weight of 2.%085g. The result of the

measurement for the /A&, beads used in the data acquisition runs

was 1.719g. Unfortunately, the ZkéL tarzet contéiner was accident-
)

ally damagaed and thus a set of systematic weighings could not be

carried out on this target.
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EXPER IVENT LENGTH (mm) DIAMETER (mm) VOLUME (ml)
+ + +
Ao‘L 20.79 20,10 14,55 ~0.15 3.457 20.073

Ao 23.68 *0.10 15.07 *0.10 4224 o 059

TABLE 6.1  TARGET CYLINDER DIMENSIONS AT 300K



The weighings gave target densities of 0.4973 (O.5466)gm1-l for
[&dL(ZXdT). These two results combined statistically gave an
average target density of 0.5411gml“1 giving a hydrogen density,

from equation 6.1.6, of 0.0?l?gml—l.

Tha error on the hydrogen density was assesed from the spread of
the individual weigh ings and was * 4.87%. The error in A4, or
[XdT arising from the combination of me, is the error in
(weight of target) / (area of target cylinder). The error in the
arsa of the target, averaged over Ad, and Aér, was 1.69%. The
quadratic addition of the two independent errors gave a normal-
ization error on [XdLand ﬁxdrof 5.2%.
Tne me2asuremsnts of dimensions werse perfofﬁed at room tempesraturs.
However, the weighings were all carrizd out ét LN2 temperatures.
Tn changing ths temperature from 295 - 77X, the F=ZP contracts by
1.3%: the density of the target was therefore 0.0?thml-l. The

FEP container has a negligible contraction in the range 77 - OX.

6.1.2 Zxtrapolation to Zero Detection Angle

In the ﬁkﬂ_experiment the first counter in the transmission array
of radius ~9.0cm was positionad ~1.7m from the target centre. At
each enzrgy in the lﬁdTexperimant th2 transmission array was moved
to centra it on the bzam wnich was deflectzd by tha target field.

Thase movemanss changad the separation of the first counter from
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thz target by a fow millimetres, the average separation was 1.184m.
In table 6.2, the angles subtznded by the first five counters to
tha target ars given for [Sdl and ZXdT. The solid angle covered by
each counter is also listed, where the solid angle,J2, ié related

to the detsction angle\P by.

SL = 27w(1 - cosVY) 6.1.7

In thes centre of mass the angular range covered varied from 9.10—
21.9° (9.8° - 20.4°) at the lowest (highest) energy for A&, , and

from 8.3° - 20.3° (8.9° - 21.7°) for Ad,.

valuss of A\ ,and Adr were calculated for each of the five
transmission array counter pairs. The values were to be extra-

polated to zero detection angle.

6.1.3 Coulomb Corrsctions

To obtain valués of [ﬁdLand l&d@-arisimg from purely nuclear
effescts, corrections for Coulomb contributions were evaluated and

removed from the resultis.

The contribution to NG and A&y from purely elastic scattering

is,

€L ’
EL do
Ao, = -4w| A, [d_H] sING dO 6.1.8
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1/ 2

EL
Ew do
AGT = =27 (ANN+A55) {——dﬂJ snNd do 6.1.9
e 0
whare |dO is the elastic differential cross section and O

df

is the centre of mass scattering angle. The Coulomb scattering and
Coulomb-nuclear intzrference components contained in the measured
value of [&dk_and [XdT-from counter i, were calculated by
evaluafing the appropriate integral over the angular range,EBi—;WVQ,
where 8 1 was the maximum centre of mass angle subtended by the

1th transmission counter. The integrals were performed numerically
using the BASQUE phase shift program. Two evaluations of these
integrals were performed. Firstly, with all Coﬁlomb amplifudes
present, see section 1.6, and secondly with the Coulomb phase
shift,§ , set to zero, f_ =0, (for both thess integral evaluat-
ions tha Coulomb barrier terms A and d) were retained). The

Coulomb-nuclear intarferance was taken as the difference between

these two integral evaluations.

The BASQUE predictions of the Coulomb-nuclear terms were compared
to values calculated using the phase shift analysis of Arndt. The
two values differed by at most 0.06mb over the angular rangs and
energy covered in the experiment. The error of the Coulomb-nuclear
correction was taken as the maximum discrepancy between the two

evaluations.

The Coulomb-nuclear corrections for A&, ( Ady) are plotted

against S] for the approximate angular range covered by the

cMm’

_ transmission array counters, in fig 6.1 (6.2) . The corrections
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as a function of E)CM change rapidly, particularly at the lower
ensrgies. The corrections were, therefore, applied to the values
of [Sdkand ZXdTvbefore extrapolating them to zero detection

angle. The corrections which were applied to each counter for both

experiments are listed in table 6.3.

The largest Coulomb-barrier corrections are in low partial waves
which produce effects varyiﬁg only slowly with angle. The
Coulomb-barrier could therefore be assesed by using the optical
theorem. This relates the total cross section to the imaginary
components of the scattering amplitudes at © = 0. The correction

was evaluated using normal values of A and 4) and then re-evaluated
setting A = Q = 0, ie switching off the Qoulomb force. The difference
in the two evaluations being the applied corrections. The correct-
ions used for both experiments ars listed in table 6.3. The error

of the Coulomb-barrier correction was assesed by varying the phasg

shifts by the maximum reasonable amount.

Extrapolations of the A, and Ad.data were performed as a function
of detector solid angle, by a least squares fit. Plots of the

data, with Coulomb-nuclear corrections applied,‘shOWed it to

require a quadratic fit, except at the lowest energy in both

experiments.

The predominant error in the data arose from the statistical error
in the number of protons counted by the transmission array. The
binomial counting error in the transmission of the 5th counter,.

]1/9.

t5,6 , is given by [Not5,6 ( l-t5,6 ) , Wheare No is
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the number of protohs incident upon the'target.' This error is
corfelated and affects all counters pushingAall ti values up or
down together. There is a further small statistical error arising )
fro@ the different number of protons counted in eaéh counter pair.
The number of protons counted increased by<;0.1% oﬁ going from.
.counter pair 1-2 to counter pair 5-6. The leaét squares fitting

routine, therefore, assumed an equal weight for all five points.

6.2 Z&Cﬂ_Results

At an early stage in the data acquisition the éffect of thg
solenoid precession angle on At was investigatéd. Data was taken
at 497.1MeV. The solenoid was energised to produée beam
polarization precessions of up to 180o in 300 steps. A polariz-
ation precession of 4¥ produces a longitudinai beam coméonenﬁ at.

the target of PB51n 41 , Where P

B is the beam polarization componenﬁ

in the vertical plane incident into the solenoid.

Values of [\OLwere evaluated for each of thé five counter.pairs;

using values of,PB obtained from the monitor of beam polarization.
~For these tests,-Coulomb~nuclaar correctioﬁs were not applied and
"the results were extrapolated assuming a linear relétionship with

solid angle.

The first set of data produced results inconsistent with the

‘dependence. Thes solenoid was found to be steer-

expected sin 4%

ing the beam. A further s=t of data was taken, recentring the beam
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on the target after each change in solenoid setting. Tﬁe results
from the second sef of data, are presented in fig 6.3, the errors
shown are purely statistical. The values of AO’L have been
normalizgd by the value obtained with lps o= 90,[ AQ-L(go) ]. The
results follow the exbected sin 41 dependenceAwhich is

represented on the figurs by a solid line.

Equation 2.1.7 assumes PB and PT are parallel to the. beamline axis.
However, PT was aligned at 1_29 to the left, as éeen by tr;e beam,
and PB was affected by the fixed 350 bend and preéess'ion in the
target's magnetic field. Values of the components of the beam

" polarization at the target centre aré derived in appendix D

For the case whére the solenoid is energi_sed to producg @ s =+90°,
section 1 gives expressions for Al » _B' , and ¢’ the polarization

components along n, r and 1 respectively.

1

A

“Teosk — siv[ Pacos(@3-0) ~ L sin{ Qg —GT&T)] |
- sm@Tﬁ[%sm(QB—éTm) + Leos(dy )

+ 08O ~Tswk + cos X[ Py cos( @, Sm)—Lsm(QB—GTGT)]} |
¢ = cosGT(,T[PBsm(%—GT,,T) + Leos (93 =076 B

+ S\NSTGT{—Ts\NX +cos X[ P, cos(Pg= 6 147 -Lsm(&a—em)]} :

Bl

]

The longitudinal component of beam polarization at.the target, C',

setting T = L = O, reduces to,
¢ = sINGg— (1= 05 X) SING 7 08(Qg—Opr) 6.2.1
Pa o ‘

The first term allows for the non-alignment of Pé arising from
(PB # 90(:J The second term allows for the precession of the beam

polarization in the target's magnetic field. The change in values
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of AO‘L due to the effect of the target field were small. The
second term in equation 6.2.1 varied from 9.36 x lO—3 at 202.7MeV

-4
down to 5.8 x 10  at 516.5MeV.

The transverse component of the beam at the target, again setting

T=L=20, is,

6.2.2

_]i' = cos (pB%l-cosX)cos@TGTcos(CPB .-eTGT)

Fe
Allowing for the 120 target rotation, the transmission difference

At is given by,

o . 7 ]
At = tL'nHPBPT(C.AO'LcoseTGT - BAOTsmeTGT) 6.2.3
giving,
= A 5’ .
Ao, . t + _AO-TEI taneTGT 6.2.4
C tLM_P_P cosB C
HB T TGT

The above expression showed that values of A t had a contribution

from a term depsndent on AO‘T . Values of the coefficients (¢ ) -1
!

and ]Cé, tan eTGT for the run energies, are listed in table 6.4. This
table shows that the coefficient of AO’T in equation 6.2.% is
small for all energles. Using values of AO‘T s, given in section

6.4, corrections to AO‘L were evaluated. These are also listed

in table 6.4.

To values of Ao‘L calpulated using équation 6.2.4, Coulomb-nuclea_m,
Ao',‘_ , and Coulomb-barrier corrections were applied. The data

was then extrapolated using a 3 variable quadratic function. There
was found to be significant run-to-run jitter, at each energy, in

the quadratic coefficient obtained from these fits. To smooth out
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BEAM ENERGY

* (MeV) [¢'Th [B/c]mawe wor  B/C]AcyTANG
202.7 1.0037  0.0M11 0.01
325, 1 1.0078  0.0157 0.00
$19.5 1.0020 -0.0079 -0.03
455.8 1.0031 -0.0142 -0.10
497.1 1.0068 -0.0240 - _o.25
516.5 1.0099 -0.0287 -0.33

ot ’
TABLE 6.4 VALUES OF THE CORFFICTENTS [c], [B'/cT] Tan® .

ap Aoy [ /c] N0 o
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this Jjitter, the coefficients at each energy were combined by
firstly taking a weighted mean of values from runs with the same
solenoid and target settings, and then averaging over all settings

of solenoid and target.

Evaluation of the integral equations 6.1.8 and 6.1.9,‘including-
Coulomb effects, over the angular range covered by the counters,
suggested that the extrapolations should be linear below ths 1T
produgtion threshold. The curvature was though£ to érise from
p~p-—d1T+. The quadratic coefficient was plotted as a function of
incident pfoton energy, see fig 6.4. This showed that the coeffic-
ient followed a roughly linear trend of increasing,with increasing
energy. The valuz at 202.7MeV was consistent with zero, Errors
are not plotted on fig 6.4, however, the dispersion of the data

was generally t75mb/msr. To smooth the coefficienﬁ, a linear
function was fitted to data above 325MeV, assuming an equal weight
%or each point, the solid line on fig 6.4. The final values of the
coefficient obtained from the fit, are given in table 6.5. Using
these smoothed values of the quadratic coefficient, a two

parameter linear fit was then used to repeat the extrapolation for

each run.

A value of AO‘L was produced for each setting of target and
solenoid by taking a weighted mean of ZXGl obtained from- individual
runs. For the error on the individual AATL value, the binomial
counting error of the run was combined with an estimate of the

error on the intercept from the least squares fit.
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BEAM ENERGY Q (mb/msr)

(MeV)

202.7 0
325.4 151
419.5 206
455.8 228
497.1 252
516.5 | 264

TABLE 6.5  SMOOTHED QUADRATIC COEFFICIENT, Q, USED IN AO’L
EXTRAPOLATIONS. THE VALUE AT 202.8MeV HAS BEEN SET
TO ZERO
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These values of z&ol were then averaged over positive and negative
solenoid precession angle, This averaging removed any dependence
of Ao on L components of beam polarization, see equation 6.2.%4,
and sections 1 and 2 of appendix D . As a further precaution,

see section 6.4, the results were further averaged over target

polarization.

The error on Ao‘L was increased to allow, for the spread of the
component values being outside the assigned errors. The error

was assessed using the expression,
N . 12

i.?’.L (AO-LE. - AGL) [ N]l/’)‘
N-1

where AC,; is the individual, and AC, the mean valus, N is the
number -of available target and solenoid settings over which tha
result was averaged. However, at 497.1MeV, the two available
values agre=d within statistical errors and thus thess were used to
form the error on the mean Combined with these errors was the
contribution from the Coulomb-nuclear and the Coulomb-barrier
corrections. These were treated as independent and added in
quadratature to give the final total error. These values of‘ACﬂ_

and their errorsare given in table 6.6,

To show the extrapolation to zero solid éngle, all the data was
combined, by averaging over target and solenoid settings, and then
-fitted using 2 linear fit, incorporating the smoothed quadratic
coefficient. The extrapolations are shown in fig 6.5, the errors

show the spresad in the component values.
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BEAM ENERGY Aoy (mbd)

(MeV)

202.7 -30.28 t0.66
%25.4 . -25.55 11,21
419.5 ~21.39 0.96
455.8 ~16.90 fo.97
497.1 -14.69 Yo.m
516.5 -12.87 To.u5

TABLE 6.6 AC,  RESULTS AVERAGED OVER TARGET AND SOLENOID
SETTINGS. COULOMB-NUCLEAR, COULOMB-BARRIER AND
CORRECTIONS HAVE BEEN APPLIED
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6.2.1 Beam Spin Contamination

With the solenoid energised, averaging over both settings cancels

L components in C' and B’ giving G and B,

C= ~TsnOgp o X + Pb[cos'XS\NeTwcos(cPG-91-&1)

+ Cosgfers‘N(@a_gwr)] 0:2:5
B= ~TosOrom + Py [cosX 0591y 05Dy =0 4r)
— SNO ¢ sIN(Jg —em)] 6.2.6

Combining the above with equation 6.2.4, it is seen that the

dominant term in the transmission arises from PTPBCOSQG TGTAG’,_sin

(d,-0..),D ; extracting this as a factor,

At (soLon) xDe1+ Ao, TP\N'LQWT ~ 0S A TANO+er 6.2.7
AO}_ TAN ( CQB - eT(:T)

+ OSXTANG e — TanXTanBver | Ao, —Ao,
T’\N(@s" 91&‘1‘) PB S‘N(QB_GTGT) Ao .

A similar proceedure can be followed for the case of solenoid off.
From section 3 of appendix D , equations fo_r_ ¢’ and B’ are

obtained for substitution into equation 6.2 .4, giving the following

At(sot. orr)=xDg 1+ TANOrcosh o Aoy (TANemT — tosX
P Bl . TAN(QB 91'6’\') AO',_ TAN ‘9@, efe,-r) 6
| I
+_L_ , 1 _TANe-rmCOSX Aoy TN wor +Cos¥.] + 1__AO'A SINYTAND o1 ;
R[Ny 6xc:) Ao, |m(3-6.) A (-6 |

It was shown in section 5.3.5 that the L component was consistent
with zero at the energles where measurements wére made. Values of
I, were therefore assumed zero at all energies , in order that
values of T could be obtained. Note that the coefficients of

L/Py in equation 6.2.8 are smaller than those for T/PB'

i
i
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To evaluate the magnitude of the T component values of At from
each counter pair were extrapolated using a linear relationship
with solid angle. The intercepts were averaged over solenoid and
target settings for runs with thé solenoid on, and over target
polarization for runs with the solenoid off. The ratio of At
(solenoid off)/At (solenoid on) is given in table 6.7. Using
these ratios and equations 6.2.7 and 6.2.8, values of T were
obtained, and are given in table 6.7. The erjr'ors' quoted arise

purely from statistics.

These values can be cpmpared and combined with the independent
evaluation of T from the monitor data, which is also listed in
table 6.7. The values obtained from the two methods were in
agreement at the three available ener‘gies, final values, T , were
taken as the average of the two evaluations. T was small at all

energies except 325,4MeV where a value of — 0.16 was found.

The effect of a non-zero T component on At can be evaluated using

equation 62 .7,

Ae(T=0)— At(T#£0) _ T | SINKTANO rgr (1— _A_O‘_T)

A't(T-:O) PB SlN(QB_eTG\‘) AO’L / 6.2.9

-1
1+ cosXTaNOrer 4+ Aoy| TAV'O — 05X TANGver
TAN(Q =B )  Ac, TAN( Qg ~O var

Values of T at 202.7, 455.8 and 497.1MeV were assumed to be zero.
Values at the remaining three energies were set to values of T.
Using these values it was found that At had to bes scaled by

1.0161, 0.9930 and 0.9924 at %*25.4, 419.5 and 497.1MeV respectively.
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At(SOL OFF)

]?ﬁg)ENERGY At (50T, Oy T (TRANS) T (MONS) T
202.7 -0.063 *o.012  0.024 *0.009

325.4 ~0.278 *o.011 -0.147 to.007 -0.176 *0.026 -0.162
419.5 0.003 T0.0z0 o0.051 T0.020 o0.072 *0.025 o0.0562
455.8 ~0.05% To.029  0.017 t0.018

497.1 ~0.026 To.043 0.049 to0.029

516.5 -0.041 *0.0%9 o.o42 *0.026 o0.om1 fo.019 -o0.o042

TABLE 6.7 THE RATIO OF TRANSMISSION DIFFERENCES, At , RECORDED
WITHOUT AND WITH THE SOLENOID ENERGISED AND VALUES OF
T, T(TRANS), OBTAINED FROM THEM. VALUES OF T
OBTAINED FROM THE CHAMBER MONITOR DATA, T(MONS), FROM
TABLE 5.4 ARE ALSO LISTED. THE MEAN VALUE OF THESE

TWO EVALUATIONS, T, IS ALSO GIVEN
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These scaling factors were incorporated into the data by firstly
removing from AO’L the Coulomb-nuclear, Coulomb-barrier and AO‘T
corrections. These raw values were then scaled and thé corrections
were reapplied. A further correction was applied to the data to
allow for the curved path that the beam travelled in tﬁe target
volume, caused.by the component of magnetic field transverse to

the beam momentum. This increased the path length through the
target by ~0.09% (0.02%) at 202.7(516.5)MeV. The largest
correction was at 202.,7MeV vhere A{&.changed by only 0.03mb.

Final valuss of Z&OL s after appl&ing the above corrections, are

given in table 6.8.

6.3 A UT Results

Values of A&rT were calculated for each counter pair for each run,
Coulomb-nuclear and Coulomb-barrier corrections were applied and
the results extrapolated to zero detector angle. The curvature,
slope and intercept of these extrapolations were found to be
dependent upon the orientation of the target polarization, but they
did not correlate systematically with it. These differences wersa
understood in a qualitative fashion to arise from small mis-
alignments of the transmission array, coupled with the large differential:
cross section 105mbsr~-l,and analysing power,P(7)~0.4, of elastic
scattering from carbon at small angles, which cause an asymmetry

in scatters proportional to PBPC(E)).
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BEAM ENERGY  ° Ag (mb)

(MeV)

202.7 -30.25 *0.66
%25.4 -25.98 11,21
419.5 -21.23 T0.96
455.8 -16.90 *0.97
497.1 k69 Toom
516.5 -12.77 %0.45

TABLE 6.8 FINAL AC,_ RESULTS CORRECTED FOR T COMPONENT BEAM
' POLARIZATION AND THE CURVED TRAJECTORY IN THE TARGET
VOLUME
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A transmission array misalignment introduces an additional component
INST’ into equation 2.1.4 and 2.1.5, which ignoring the spin

independent scattering, can be rewritten,

, ( 3
t) = exe | LB R Aoy ~ o nee R(4) 6.3.1
| 210079 -
r ' 3
)= EXP| W LRUW) R(YH) Aoy~ Oy Pol4) 6.3.2
L 2x1.0079
which leads to,
Ao:= AUTM + 20’\713; . | 6.3.3
P
where
AGTM= 1.0079A¢ ; O’-I'NST =10079 Gmsr
?nHF?rﬁgL ‘n-H L
Values of(TIUST were evaluated from data contained in the paper of
Besset et al (6.1 ), using equation 6.3.4,
'~ 10079 TNe dcr)
G,
INST A . P(dﬂ. dfy ' 6.3.4
hS2

where the suffix p-c implies the elastic proton-carbon differential
cross section and A is the atomic weight of carbon, N, =NAP“ where
NA is the Avogadros number and Pc the density of carbon in the
target. The integral was evaluated over‘the’ asymmetry in solid
angle subtended by a counter displaced by lem. Five counters

were considered which covered the angular range 2 - S.SOLAB. The
data was then extrapolated linearly to zero solid angle, the

results are listed in table 6.9.

Combining the data for A Oy obtained with the target polarized up

and down, (Ao (1) and Aoc(4)), values for O_INST can be
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TABLE 6.9

BEA!N ENERGY
(MeV)

330
380
425
460
500

520

o
(mb)

INST

-0.84
-0.72
-0.63
-0.63
-0.57
-0.51

-0.51

EVALUATION OF O.

INST

(CALC) 6w (MEAS)

INST
(mb)
-0.14
0.96
0.59
0.61
-0.46
0.15

“1.17

A) ARISING FROM INSTRUMENTAL

ASYMMETRY, CAUSED BY A lcm MISALIGNMENT OF THE

TRANSMISSION ARRAY, O

!

INST (CALC), B) EVALUATED FROM

EXPERIMENTAL RESULTS, O 'INST(NEAS)
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extracted from the experimental data, usingequation 6.3.5,

! Ao, (%) - '
O_INST = O ) Aﬁ;ﬂ( )

6.3.5
1 1

-2z - X
Frayy  Prgy)

Values of AOC..were produced for each run by extrapolation using
a 3 parameter quadratic least squares fit. All the results from
one energy and one target polarization were combined to give a
weighted mean value for AO’W. From the value of A0y, from each
target polarization orientation, values of O&%ST were evaluated.
These are listed in table 6.9. Coﬁparison of the ekperimental,
and calculated valueé showed that a misalignment of the trans-

mission array by ~ lcm was enough to explain the differences in

[xc}mfound between the two targzet polarization orientations.

The results indicated that there was an average transmission array
misalignment of ~1lem. The position of the cross wires on the
transmission array, with respect to the centre of array, was found
to be good to < 3mm, and the scintillators were positioned to

t 0.5mm with respect to the array's centre. A close examination of
the setting-up at each energy, detailed in log books, suggested
that misalignments of ~lcm could have béen presant, Th? data at
516.5MeV, the last energy to be tuned, was rather hurriedly set-up-

and a transmission array misalignment of more than lem could have

occured.

!
INST

showing the dependence of A&IT on the orientation of the target

The experimental and calculated results for o were taken as
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polarization to arise from the scattering of polarized beam from
the carbon in the target, coupled with a transmission array
misalignment. This being the case, the instrumental effect is
removed by averaging A0, over both target polarizations. Extra
care was taken during the AG, runs to align the transmission array,
However, as the effect arises because of the transverse components
of polarization, the effect is small for Ag, . WValues of'AO‘,_
were, however, averaged over target polarization in order to

remove any instrumental effects.

The quadratic coefficient for the extrapolation to zero solid

angle was dependent on the orientation of the target polarization.
This qoefficient was to bs smoothed as a function of energy, to
follow a similar proceedure as that adopted forl&Ol . Values of
ZXO} calculated from each counter pair, were averagsd over all

runs with the same target polarization at all energies. A three
parameter guadratic extrapolation to zero solid angle was then
performed. The quadratic coefficient and values of ZXO} from

each counter pair were then averaged over targgt polarization. The

averaged quadratic coefficients are plotted on fig 6.,4.

The dispersion of the coefficient for each target setting was
generally b 120m5/msr. The coefficients are seen to be very
similar to those obtained for A0’ , apart from the value at 419.4MeV
which was anomalously high. The coefficient was smoothed by taking
values from a linear fit to the data above  325MeV, the dashed

line on fig 6.4. The value at 202,.8MeV was taken to be zero as for

Ao, . The smoothed coefficients are listed in table 6.10.
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BEAM ENERGY Q (mb/msr)

(MeV)
202.8 0
325.1 201
374.8 230
419.4 - 256
455,7 278
497.5 302
| 516.5 314

TABLE 6.10 SMOOTHED QUADRATIC COEFFICIENT, Q, USED IN AO’T '

EXTRAPOLATIONS. THE VALUE AT 202,8/MeV HAS BEEN
SET TO ZERO
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All the AO‘T data from all runs at one energy was then combined

and one extrapolation to zero solid angle was performed using a

2 parameter quadratic function, with smoothed quadratic coefficient.
These extrapolations are shown in fig 6.6. The errors on this
figure show the statistical error only. The final error in AO‘T
needed to be increased at a few energies to allow for the run-to-run
variation in AO‘T being higher than statisties. In thése'cases Ythe ‘
errors were evaluated from the spread of AG + obtained from
extraéolations performed on the data from each run. The final

error was composed of this error plus estimates of errors in
Coulomb-nuclear and Coulomb-barrier terms and a small error
reflecting the uncertainty in the intercept of the extrapolations.

These components were added in quadrature to give the final error,

In the AO'T expariment the beam was deflected by the large
component of magnetic field pervpendicular to its momentum. As for
Ao‘L this increased the effective length of the target, for which
corrections were applied ranging from 0 at 202.7MeV, up to —0.02mb

at 516.5MeV, The final values of ACy, are given in table 6.11.
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TABIE 6.11

BEAM ENERGY
(MeV)
202.8
325.1
374.8
419.4
455.7
497.5
516.5

A0, RESULTS

Ao, (mb)

0.29
0.16
2.68
4.20
6.75
10.82

11.15
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CHAPTER 7
CONCLUSION

These experiments have measured Aoy (Aoy) at six (seven) energies.
The results are pfesented in tables 6.8 and 6.11 . An important
improvement in these experiments over all previous measurements was
the inclusion of a nuclear physics experiment to independently
determine the target polarization. The evaluation of the target
polarization from the NMR system agreed well with the result from
the nuclear scattering detectors, see section 5.3.4. The results
have an independent overall normalization uncertainty of t6.5(6.8)%

for A()'L (Aoy). This uncertainty arises from three soureces.

1. Ths main contribution came from the variation in the
packing fraction of the target beads. Repeated measurements
showed a variation of 4-1!-.9%. As the two experiments used
different targets this is an independent normalization on each
experiment, which combined with the uncertainty in target

dimensions, gives a normalization of t5.2%.

2. The target polarization for AO’Lwas obtained from the NMR
and the independent chamber evaluation to an accuracy of t2.5%.
In the Ao‘.,. experiment the target polarization was evaluated

to an accuracy of t3.2% using only the monitor chamber data.

3. Lack of detalled knowledge for the precise function to fit
the background in the monitor chambers was judged to introduce

an uncertainty of f}% into the overall normalization.
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The total normalization error was obtained from a quadratic
addition of these three independent errors. The normalization
uncertainty in the beam polarization, fl.S%, contributes very little
to the experiment's overall normalization. A oL and Ao‘_r are both
inversly proportional to (PBPT). The target polarization was
evaluated only by the monitor chambers for.AmIr, and prédominantly
by them for‘A(TL. The evaluation of the target polarization from
the chambers depends on a term (PB)~l. Thus PB approximately
cancels out in the evaluation of AO‘L.andAo'.,-.

The values of Ao and ACy presented in this thesis and in Stanley

et al(7'l)

update those values given in Axen et al (7'2), which

were evaluated usi.ng a linear extrapolation to zero detection

angle, and a quadratic fit to the background in the monitor chambers.
Errors on AO‘T. in the ssearlier publicatibns were inflated to cover
the spread in the values obtained for each orientation of the target
pola;-ization. These differences have now been understood in terms

of small misalignments of the transmission array, see section 6.3,

and the errors reduced accordingly.

An independent check on thes normalization of the AT L experiment
was possible at the two lowest energies of 203 and 325MeV. The
phase shift predictions at these ensrgies are secure as inelast-
icities are zero or negligible, and the dominant phase shifts
are accurately fixed by extensive data. At higher en—ergies
predictions are sensitive to the poorly determined elasticity
parameters. The BASQUE phase shift analysis, excluding all AO‘L

and Ao, data , predicted values of -30.88 ¥0.32mb ana -25.78 %0.63mb
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for 202 and 325MeV respsctively. Similar predictions were obtained
from the phase shift analysis of Arndt (7'3). From a comparison of
these predictions with ths experimental results, a scalihg factor
for these rssults of 1.016 t0.0?} is implied, which éonfirms the

correct normalization of this experiment.

Results for AJTT at the tﬁo lowest energies were also in agreement
with phase shift predictions of 0.16 %0.3 (0.51 T0.59)mb at

203 (325)MeV. Owing to the near zeré magnitude of these results
no conclusion could be drawn as to thé experiment's normalization.
Comparison of A&TLiS made in fig 7.1, with early Argonne (1.14-16)
newer LAMPE (7. ‘) and preliminary SIN<7'5) results.
Coulomb-nuclear and Coulomb-barrier corrections calculated by

the method described in this thesis have been applied to these

data. This has moved the early Argonne points around 500MzV more
negative by ~0.4mb. The early Argonne data point at 1.17GeV/c
(560MeV) has now been withdrawn. The BASQUE results are consistently
3mb more negative than other data. If they are renormalized by

30%, so as to agree with other groups above 400MeV, 7(1 in the

phase éhift fits is found to increase by large amounts, ~ 150(50)

at 203(325)MeV.

Exhaustive discussions with the Argonne, LAMPF and SIN groups have
been unable to account for the discrepancy in the del results.

However, in the Argonne and LAMPF experiments the smallest counters
in their ten counter transmission array, which are the most crucial

in the extrapolation, were furthest away from the target. Deuterons
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stopping in the array and not reaching the furthest counter, will
change the extrapolation. However, this effect is too small to

explain the discrepancy.

The solid line in fig 7.1 is the phase shift fit to all Ag, data
using the solution of Dubois et al (l'aoz The SIN data points
below the 77 production threshhold are seen to disagfee with the
phase shift solution. As a positive bound for the phase shift
predictions, values were recalculated using OPE predictions of
elasticity parameters for partial waves with J 2 4 and putting all
other inelasticity into 1D2 which contributes positively to [&OL s
ses equations 1.9.3 and 1.9.5. The implication of the BASQUE data,
which lies away from the positive bound , is that the contribution
3

from RJJ (ie

in broad zgrezement with the limited data on pp-de+ (736)’ which
>

Py and/or 3Fj) is significant. This conclusion is

shows that inelasticity starts at threshold in Pl,is overtaken at

, and in the energy range 400-500M2V BF} and

inelasticity becomes significant. The Argonne, LAMPF and SIN

about 3%25MeV by 1D2
>
Pa

data which lie near the positive bound require most of the inelast-

icity to be in 1D and the contribution to Aoy from Ry

3Pl and ij partial waves, which

is in contradiction to the pp-d?ﬂ’data. Conversely, a component

3
F3

which would be suprising as this wave is

> T to be

small,ie small inelasticity in the

of inelasticity could be introduced into

3
Py

at the expense of a
large inelasticity in
forbidden in pp-dw"’.

(1.13)

BASQUE Ao results are compared with data from Argonne

(7.7

and Saclay in fig 7.2. The BASQUE results-at 497.5 and 516.5MeV
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are seen to be 2mb larger than the Saclay point at ~ 500MeV.
Shown on fig 7.2 is the phase shift solution Q.EO{ s0lid line,
and the positive bound, dashed line, calculated using the mgthod
detziled for Z&ol. The BASQUE data lies close to the positive
bound, implying that contributions from RJ, RJ—l,J and RJ}I,J
are small up to 515MeV, see equations 1.9.4‘and 1.9.6., The best
phase shift fit to the data is obtained with zero inelasticity
in 392 which is in contradiction to the pp-d7™ data. The data

is, however, in agreement , including normalization error, with

the phase shift solution of ref 7.7 apart from at 497.5MeV,

The early Argonne data was used in a dispersion analysis by

1.28
Grein and Kroll( ) to produce values of ReF3 which were in
conflict with phase shift predictions , see section 1.9. The

(7.2)

dispersion analysis was re-evaluated using the broken curves
on fig 7.3, which were drawn through the phase shift solutions of
ref1l.20, up to 580MeV and which thereafter follow the curves drawn
through LAMPF data. Much better agreement was found between ReF5
obtained from phase shift analysis » and that obtained from this new
dispersion analysis. The dispersion analysis is very little

altered by the changes in 1&01 between those in ref 7.7 and results
presented in this thgsis. The most recent calculations by Grein

and Kroll (7.8) report satisfactory agreemeﬁt for ReF, and both
BASQUE aﬁd Arndt phase shifts. |
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APPENDIX A

HELICITY AMPLITUDES

In this appendix the five independent heliecity amplitudes, <p @s‘

(1. 23) are given in terms of tra_nSJ.tlon amplitudes, see section 1.4,

This information was taken from table VIIT in ref 1.24,

X
cg) (2TH)R; + TRy, - +(To)Ry 5+ 2VT(THIR | Pylx)
1 T even L . ’ p

)
(Px= 2 -(ZJ'H)R +TR313+(I*1)R3+1,7+2 TTAR Ry tx)

\ .

(Pa - = (J’+1)R:,“.+,TRJ,”—2 JJ'(J'JH)RT]dT <)+ & (2]'+1)R1rdn(x)

1
T,EVEN | J,00p

¢

C?lr=£ (T+1)R§13+J'RS*H——2JT(J+ SR]d (x) 2(23'-5-11? d

()
e 1%

(95:: < { TT*) [Ryqr-Ry sl +R° } d;(x)

Whers x=cosB, Bis the centre of mass scattering angle.

3 _th
PJ(x) is the J = order Legendrs polynomial

~

d 4(x) = (x)+-(3'+1 P-_;_&(x)-%(__) m(ac)T
(1 —DC) L 2T+ 27+

4

d (x)=_1__ —P(x)+ T1\Pr. (x)+(__l_ P*(x)‘
e (1-x) (23'*-1) 2]\-1) R

3

dl () =VIT+)  [Pralx) = Ry ()]
© (2T+1) 1=
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APPENDIX B

PHACE SHIFT PREDICTIONS OF THE POLARIZATION PARAMETER, SPIM
CORRELATTION PARAMETZERS AND THE TARGET ANALVSING POWER, M.
The error in M, AM, was assessed using the method set out in

section 5.3.1. eCm is the centre of mass scattering angle.

ENERGY, 202.7M2V

QmP Ay Agq %L ALS M An
45 0.298 0.752 -0.565 0.687 -0.512 0.670 0.047
50 0.282 0.826 -0.633 0.763 -0.480 0.746  0.040
55 0.259 0.877 -0.698 0.81% -0.433 0.799 0.0%
60 0.231 0.910 -0.756 0.84%  -0.376 0.831 0.023
65 0.198 0.928 -0.804 0.857 -0.314% 0.848 0.019
70 0.162 0.936 -0.842 0.859 -0.249 0.852 0.029
75  0.123 0.937 -0.871 0.853% -0.185 0.850 0.0%0
80 0.083 0.93% -0.891 0.845 -0.122 0.845 0.050
85 0.042 0.9%2 -0.902 0.839 -0.060 0.841 0.056
90 0.000 0.931 -0.906 0.837  0.000 0.8%0  0.060
ENERGY, 325,1MeV

S%m F Aww Ass A Ars M Ax

45 0.400 0.783 -0.546 0.7THO -0.359 0.773 0.007
50 0.371 0.798 -0.597 0.72F -0.%18 0.754% 0.009
55 0.335 0.792 -0.6%2 0.690 -0.272 0.716 0.012
60 0.293 0.772 -0.681 0.645 -0.225 0.668 0.017
65 0.248 0.745 -0.714 0.595 -0.179 0.615 0.022
70 0.200 0.715 -0.741 0.546 -0.137 0.562 0.029
75 0.151 0.686 -0.763 0.501 -~0.099 0515 0.03%6
80 0.101 0.663 -0.779 0.466 -0.064 0.476 0.042
85 0.050 - 0.648 -0.789 0.443 -0.031 0.450 0.045
90 0.000 0.643 -0.793 0.435 0.000 0.439 0.048
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EZNERGY 374.81eV

Oem
45
50

55
60

65
70
75
80 -
85
90

P

423
.391
.352
.306
.257
.206
.154
.103
.051
.000

eNoNoNeNoNoNoNoNeoNo]

A

0.74%
0.748
0.734
0.709
0.677
0.644
0.614
0.590
0.574
0.568

ENERGY, 419.5MeV

Ekﬁ]

45
50
55
60
65
70
75
80
85
90

0.445
0.410
0.368
0.320
0.263
0.215
0.161
0.107
0.053
0.000

Ay

0.698
0.694
0.673
0.643
0.608
0.573
0.542
0.517
0.501
0.496

ENERGY, 455.7MeV

e%nﬁ

45
50
55
60
65
70
75
80
85
90

P

0.404
0.429
0.385

-0.336

0.282
0.226
0.170
0.113%
0.056
0,000

Ay

0.661
0.656
0.635
0.604
0.571
0.537
0.507
0.48%
0.468
0.463

53

-0.500
-0.547
~-0.589
-0.625
-0.655
~-0.680
-0.699
-0.71%
-0.722
-0.725

SS

-0.480
~0.525
-0.566
-0.602
-0.633
-0.658
-0.679
-0.694
-0.70>
-0.707

0.650
0.604
0.544
0.478
0.412
0.351
0.297
0.256
0.230
0.220

0.601
0.551
0.489
0.423
0.358
0.297
0.245
0.204
0.178
0.169

259

-0.267
-0.228
-0.187
-0.149
-0.114
-0.083
-0.058
-0.03%6
-0.017

0.000

LS

-0.235
-0.199
-0.162
-0.127
-0.097
-0.070
-0.048
-0.030
-0.014

0.000

M

0.69%
0.640
0.572
0.499
0.426
0.359
0.301
0.256
0.226
0.21>

M

0.643
0.584
0.514
0.440
0.367
0.301
0.243
0.199
0.169
0.156

.011
.019
.025
.030
-035
034
035
LO34
033
0233

eNeoNoNoNoNoNoNoNoNe

AM

0.010
0.018
0.025
0,030
0.032
035
033
033
.032
.032

cNBoNoNeo N,



EMERGY, 497.1MeV

O m
45
50
55
60
65
70
75
80
85
90

P

0.495
0.463
0.421
0.370
0.314
0.254
0.191
0.128
0.064
0.000

Py

0.621
0.624
0.611
0.591
0.567
0.544
0.524
0.508
0.498
0.495

ENERGY, 516.3MeV

E%n1

45
50
55
60
65
70
75
80
85
90

ANN

0.596
0.600
0.590
0.574
0.556
0.538
.523
511
.504
.502

[eNoNeoNe

S
-0.445
-0.490
-0.531
-0.567
-0.599
-0.626
-0.649
-0.667
-0.679

- -0.684

SS

-0.441
~-0.483
-0.521
-0.555
-0.584
-0.611
-0.634
-0.653
-0.666
-0.670

0.567
0.533
0.487
0.433
0.375
0.317
0.263
0.218

© 0.189

0.179

0.540
0.508
0.464
0.414
0.360
0.305
0.254
0.211
0,182
0.172
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-0.

-0
-0

-0
-0

-0

-0.

-0

226

193
-0,

157

121
.089
.062
=Q.

~0.
.011
.000

040
024

210

177
-0.
-0,
-0.
-0.
-0.
-0,
-0.
.000

143
109
079
054
035
020
009

M

0.612
0.568
0.511
0.446

- 0.379

0.3213

10.253

0.205
0.172
0.158

M

0.581
0.538
0.484
0.423%
0.360

0.297

0.240
0.193
0.161
0.148

AR

0.043
0.048
0.038
0.041
0.041
0.037
0.036
0.049
0.055
0.051

Lol4
L040
.038
No'5]
.039
.036
Q37
.043
.055
.061

sNeoNoNeoNeoRNoNoNoNoNo]



APPENDIX - C ERROR EXPASSSION FOR €,

The asymmetry, £, , is defined by equation 5.3.2. Simplifying the
notation, in this equation, to show only the beaﬁ polarization,
+(=) = —» («). The number of incident protons, N,, are counted
explicitly and there is therefore no error in this term. Errors

in &, arise from the terms MN(+) and N(-),
. 2‘ 7\
2
Aty =|8u | ANG +|28s | AN) c.1
ONE) ON(-)

From equation 5.3.2

-2
W = 2 NO| NE 4 NE) c.2
ON(H) N NG| N+) N |
-2
D = =2 NE) | NW ¢+ NE) c.3
NG NF) N | N N()
Substitution of equations C.2 and C.3 into C.1 gives,
KS * % > 2 }
Ae, =& O AN+ | ) | ANG) ¢
[r)+r(=)] N{+ (=)

where r = N/N,.
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The total area of the coplanarity histogram, T, is composed of two
terms. The p-p, N, and the background,B, signals. The area B
was assessed by integrating the background gaussian over the range
of the coplanarity histogram. N was oﬁfained by subtracting the

background gaussian from the central section of the histogram.

T=N+2DB ‘ c.5
Therefore
AN = 82T + 628 . C.6

1
The error in T is T/x, similarly for B, therefore
APN =N + 2B C.7

Substitution of C.7 into C.4 leads to

18

[NE)+28H)] c.8

A
Ne,= 5% r(-)] [NG) +2B6] +{ ()
[r(e) #r(9)]° ND(+>J NGO
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APPENDIX D

BEAM POLARIZATION AT THE TARGET ALLOWING FOR NON-VE.'RTICAL
COMPONENTS IN THE POLARIZATi’ON OF THE BEAM EXTRACTED FROM

THE CYCLOTRON

Define the polarization of the beam incident into the solenoid
as P,

Po=Pgn+Tr+LL D.1
where N 1is vertically upwards, I 1is to the right, as seen by

the beam, | is along the beam direction.

The solenoid precesses the polarization component perpendicular
to the momentum vector by an angle (?S , taken as positive for
a right handed screw travelling along L. After the solenoid

the beam polarization is,

.(F%CO“?S‘T&N Qs)!’l +(P35\NQ$+T505@6)£.,— LL . D2

The beam now traverses a 35 bending magnet.This precesses the
beam polarization components along I and _L_ through an angle
Pﬂ’ which is in the same sense as the beam momentum bend angle.

After the magnet the beam polarization is,

An+Br+Cl | D.3
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where,

A = Pjcos Qg ~ Tein @5 D.3.1
B =(Pyom®, + Teos §s) cos c@e —Len LDB D.3.2
C =(Pesmd>5+ T cos c?s) S\N®6+Lcos QB D.33

The beam polarization of equatioﬁ D.3 is incident upon the

polarized target's mggnetic field, B. This field is at an

angle of I2° to the left as seen by the beam,eTGT. The magnetic
field precesses the beam. The angle of precession about B, X ,

is taken as positive for a right handed screw travelling along L._ .
To accomodate this precession a new set of axes L._' along B and _r_‘

at right angles to it are used. The incident polarization is now,

An+ (BeosOrr + CoinOipyr) '+ (CosB e — BsinO ) U D.4
The field precesses this to,

[Acos % - (Bos O1r + CsnOegr)sin Xl + ( CcosOrer — Bsm@ﬁ) U

+H Asn X + ( BeosBrert CsinBrer) cos k] v D.5

Resolving back onto r and L,

Pi=An+Br+CL ‘ | D.6
- where,
, .
A = AcosX-(BeosB e +CoinOipr) s X ' D.6.1

‘B = [AsnX +( BCose.ﬂ,T*-Csmem-)cosx]ms@ﬂ;

- StNe-n;r(Ccos eTGT - BS\Ne-rGT) D.6.2
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C'=[AsnX +( B 058 rgr + C5iNOrar) cos L] SING 141

+ 058, (C c05B81er - BownOrer) ‘ D.6.3
. o o] 2]
The three cases for CPS=+9O,-9O and O are now dealt with.

D.1

¢s=+9oo

From equations D.3.1, D.3.2, and D.3.3 ,

A=-T; B=Rcwos@g-Lomg 3 C= Pyondg +LeosPg
Hence from equations ﬁ.6.1, D.6.2 and D.6.3,

A= -TeosXe- sk Py cos (9 -0 r) = Lom{§g -8 1er) ]

B'= 050 rert-TemX+ (05X [Py cos(Dg —Brer) ~Loin(Py = Bpr) ]

— 51N el Pysin{g =B re) + L cos( 9 — 640 )]
C= on eTGT{—Tsz + cosX[PBcos(Qe —Oqer) - Ls\N(@e—Gfm)]}

+ €08 Oger| Pg (g~ G'ij + Lcos(y - Orer)]

p.2_
§=-90°

A=T ; B= —PB"OSQB"'L“NQ‘I& H C= -—P(5 SlNC?B+ LCOS&B

Comparing the above equations with those in section D.l one sees

that terms involving T and Py have changed sign, but terms

involving L have remained unchanged.

‘A’ = TCOS—X + s\NX[PBCOS( &3-9101) + LS‘N(@S"QTGT)]
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B'= cosenf{ Tan X + cosX[—Pa cos(@e—em) - Lsm(c?e—em)]}
- slNGT(,T[—PBst(QG—Gm) + Lcos( QB— O 1o )]
C'= SN reet TomX + 08X [_Pa cos(QB"Gm}) ~Lsm(&)s-em)]}

+ 058147 ['Pe SN(Qy= O 1or) + LS (QG - Otr) ]

‘Qs =0°

A=PFg 3 B=TC°5&B“L5\N(S>3 3 C='l's,m(p&“l-l_cos@B

K = P, cosX= sin X[ Teos( 90 1s) = LsIN( Qs =B 1))

B = cOSGTGT{PB an X, + cosX ] Tcos(y ~Oer) ~Lsin (g ~Oreo)r
~ SINO e L T (g = Bp0) + L cos 8 ~Oer)]

C = O Ran X + 03 X Teos( Dy ~Brer) ~ Lot (g ~OrecllT

+ (-OSGTGT[TslN (('06 - eT(sT) + LCOS(&B_GTG\’ )]
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