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Abstract 

An experiment to measure the parity violating analyzing power, A,, in proton- 

proton scattering at  221 MeV is in progress using the TRIUMF cyclotron. At 

this beam energy, a unique opportunity exists to isolate the PZ-' Dz parity mixed 

partial wave amplitude, which has not been measured before. In terms of the single 

meson exchange mode1 for the weak nucleon-nucleon interaction, this experiment 

will determine the weak pproton-proton coupling constant, h p .  The scale of il;, 

which is set by the relative strength of the weak interaction, is of order IO-'. The 

goal of the TRIUMF experiment is to determine A, to &O.% x IO-', which has 

been achieved in existing measurements at  lower energies. The experiment is made 

extremely challenging by the need to control and minimize coherent fluctuations in 

the properties of the polarized proton bearn, which can introduce large systematic 

effects to the measured anaiyzing power. The first result from the experiment, 

based on 105 hours of data taken in Febmary 1997, is A= = (0.34 f 0.67) x IO-'. 

This result includes corrections for helici ty correlated beam Buct uat ions. It was 

found that one correction term, due to  an intrinsic first moment of transverse 

polarizat ion, dorninated the total correction for the February 1997 data. 
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Chapter 1 

Theory 

1.1 Introduction 

The weak and electromagnetic forces are unified in the Weinberg-Salam (WS) 

model, which, together with the quantum chromodynamics (QCD) description 

for the strong interaction? is known as the Standard Mode1 for particle interac- 

tions [1][2]. The fundamentai particles which participate in the weak interaction 

are the quarks, leptons, and neutrinos as well as  their corresponding antiparticles. 

The force carriers in this model are the intermediate vector bosons: the charged 

W' and the electrically neutral 2''. 

Since the Standard Model was introduced, experimental work has confirmed 

many aspects of its weak interaction structure in the leptonic, semi-leptonic, and 

strangeness-changing nonleptonic sectors. In the strangeness-conserving (AS = 

O) ,  nonleptonic sector, however, very little information is available due to the ex- 

tremely challenging nature of the associated experiments. A typical exarnple of 

such an experiment is pp -+ pp scattering, which is dominated by the strong 

interaction; weak interaction effects in such a system are studied by exploiting the 

parity violating property of weak interactions, which gives rise to pseudoscalar ob- 

servables of order IO-' relative to the parity conserving strong interaction effects. 
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It is because the magnitude of the parity violating signals in strongiy interacting 

systems is so srnall that such experiments are notoriously difficult to perforrn. 

From a t heoretical standpoint, though, these tiny signals are interest ing since 

they provide a unique and sensitive probe of Our understanding of the interplay 

between the strong and weak forces. 

In the WS model, there are two types of currents as shown in Figure 1.1. 

For the charged current, J F ,  the interacting particle emits or absorbs one of the 

Figure 1.1: The charged and neutral currents of the weak interaction. 

charged vector bosons, and the electric charge of the particle in question changes 

by one unit. The neutral current J,"', mediated by t h e  Zo boson, involves no 

change in the electric charge of the interacting particle. The general form of the 

weak current is: 

where XL denotes a doublet of left-handed particles, for example: 

where the particle names are used for the Dirac spinors, and the usuai left-handed 

projection operator $(l-%) is used to extract the  left-handed part of the particle 
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spinon. The r,, 7 s  denote the Dirac matrices, and r; are the Pauli spin matrices 

for isospin'. Equation 1.1 defines an isospin triplet of weak currents which forms 

a symmetry group, SU(2)L for the we& interaction; note that the weak isospin 

current couples only left-handed fermions. It is this unique feature that leads to 

parity violation in processes involving the weak interaction. 

The physicai currents shown in Figure 1.1 are related to the weak isospin 

currents as follows. For the charge raising and charge lowering currents: 

where T* = +(q f i 5 )  are the "step-upn and "stepdownn isospin operators. In 

contrast to the charged current which has a pure V-A form in which only left- 

handed particles participate, the weak neutral current h a .  both left- and right- 

handed components, dthough the left-handed component dominates by an order 

of magnitude [3]. This feature was incorporated into the mode1 by including 

the electromagnetic current, a neutral current with both left- and right-handed 

componentç. This was achieved by introducing the weak hypercharge current, j:. 

which is a weak isospin singlet. The weak neutral and electromagnetic currents 

are then formed by the  two orthogonal combinations: 

where the weak rnixing angle, or Weinberg angle, Bw is a parameter to be deter- 

mined from experiment. The Standard Mode1 consists of an isotriplet of vector 

fields, WL, coupled with strength g to the weak isospin current of Equation 1.1, 

and an isosinglet vector field B, coupled to j: with strength conventionally writ- 

ten as 612. The basic electroweak interaction is then [3]: 

'The conventions for the Dirac and Pauli matrices are taken from Reference [3] 
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The physical force carriers, or mass eigenstates, of the weak and electromagnetic 

interactions are given by orthogonal linear combinations of the vector fields: 

2, = -B, sin Bw + W: COS OW 

where W", Zo are the massive carriers of the weak interaction, with masses of 

approximately 90 GeV/c2 [4], and A, the photon field, is the massless carrier of 

the electrornagnetic interaction. 

In order to make quantitative predictions for processes involving the weak in- 

teraction, it is necessary to evaluate the inmiant amplitudes for diagrarns such 

as Figure 1.2, which shows an example involving vq scattering. This is accom- 

Figure 1.2: Neutra1 current vq -t uq scattering. 

plished using an effective current-current interaction appropriate for low momen- 

tum transfer, 1 q2 I< M g  2 Mg, where the amplitude iM is given by: 

M"'= ( 9 
cos BW 
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and similarly for the charged current-current interaction, with 1/ cos Bw replaced 

by 1/& To make a connection between the weak interaction of point-like par- 

ticles (quarks, leptons, neutrinos) and that of composite particles (protons and 

neutrons for this work) is much more complicated than this basic picture. Since 

the massive vector bosons exchanged between weakly interacting particles are vir- 

tua1 particles, they can exist only for a short time os determined by the Heisenberg 

uncertainty principle. Equivalently, they can only travel a distance which is in- 

versely proportional to their mass before being re-absorbed. Hence, for 90 GeV/c2 

force carriers, the range of the corresponding interaction is about 0.002 fm. In 

contrast, the nucieon-nucleon (NN) interaction has a range which is a t  least two 

orders of magnitude greater. For exarnple, the hard core of the NN potential is of 

order 0.2 fm. 

From this simple argument, it follows that direct W and Z exchanges between 

nucleons are unlikely to play a major role in the non-leptonic weak interaction [JI. 

A second complication in describing the hadronic weak interaction is that the 

quarks are not free, but are confined in the nucleons via the strong interaction. 

and any qumtitative predictions for that system rnust account for the strong in- 

teraction effects. Unfortunately, the QCD description of strong interactions is 

difficult to calculate a t  low energies, where perturbative methods are not applica- 

ble. This leads to relatively large uncertainties in predict ions of the observables 

of the hadronic weak interaction. It is convenient to parameterize t his interaction 

at Iow and intermediate energies in t e m s  of meson exchange between nucleons, 

as has been successfully done for the strong interaction. The  effective weak meson 

exchange mode1 is discussed in detail in the next section. 
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1.2 Hadronic Parity Violation 

1.2.1 Meson Exchange Model 

By andogy with the single and multiple meson exchange theory of the strong NN 

interaction, the weak NN interaction can be described by an effective single meson 

exchange mode1 where one of the vertices is govemed by the strong interaction, 

and the other by the weak interaction, as shown in Figure 1.3. The weak vertex? 

Figure 1.3: The single meson exchange model of the parity violating M V  interac- 
tion. The strong vertex is shown as a circle, with strong coupling constants g,. 
The weak vertez is shown as  a square, with weak rneson-nucleon coupling constants 
h W  

parameterized by the  weak meson-nucleon-nucleon (MNN) coupling constants hW, 

incorporates al1 of the  Standard Model physics a t  the quark and vector boson level. 

In the weak meson exchange modei, only those mesons with mass less than about 

800 MeV/c2 are considered, due to the hard core of the parity cooserving NN 

interaction (51. A further simplification cornes from CP conservation, which s u p  
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presses by a factor of 103 the exchange of neutral, spinless mesons [6]. The mesons 

which are included, then, are ri, p, and w, whose properties are summarized in 

Table 1.1. 

Table 1.1: Properties of the mesons considered in the rneson ezchange mode1 for 
the weak NN interaction. J~ denotes the total angular momentum and intrinsic 
p a d y  of each meson, and I denotes its isospin. 

The weak interaction does not conserve isospin; the parity violating weak 

Range (fm) 

1.4 

0.25 

0.25 

Meson 

7rf 

P 

w 

Harniltonian can couple initial and final hadronic states Ï; = + AT where the 

vector sum follows the standard angular momentum coupling procedure and 9 1  = 

O 1 .  The AI = 2 Harniltonian receives contributions only from the product of 

JP 

O- 

1- 

1- 

isovector charged currents; the AI = 1 piece is dominated by the product of 

neutral currents since the charged current portion is proportional to sin2 Blv - 
1/25 < 1. The A I  = O weak Hamiltonian receives significant contributions from 

both neutral and charged currents [5]. 

I 

I 

1 

O 

From isospin considerations, it can be shown that the most general form of 

M a s  (MeV/c2) 

139.6 

769.9 

781.9 

the parity violating effective Hamiltonian is given by [ 5 ]  [7]: 

In- Hwk = - N ( r  3 x T ) ~ N  
L 

where the interaction is parameterized in terms of the seven unknown weak cou- 

pling constants fi, h:g1t2, h',L, hW1, and the particle names (N, n, p, w) denote 
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their wavefunctions. The superscripts on these constants represent the isospin 

change associated with each component of the interaction. The pion coupling 

is purely isovector, so the superscript is usually omitted: f, 1:. Theoretical 

models suggest that hy is negligible [8], and this term is generally omitted. This 

leaves six constants to be extracted from experimental observables and compared 

wit h t heoretical predictions. 

In the meson exchange model, predictions of paxity violating observables in 

the NN interaction require several key components: numerical values for the six 

weak MNN couplings, a parity violating potentiai, and a reliable model for the 

initial and final nucleor or nucleon wavefunctions. The general form of the p* 

tential is derived from the effective weak Hamiltonian shown above and its strong 

counterpart, and is given by [5][7]: 

exp(-mvr where the subscripts (1,2) refer to  the interacting nucleons, fv(r) = 4rr 1 is 

the usual Yukawa form of an exchange potential for a meson of mass mv, and 

p1.1 are the particle momenta. The symbols [ ] and { ) denote commutation and 

anticommutat ion operations respectively. 
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1.2.2 The Weak Meson-Nucleon Couphg Constants 

Two excellent review papers by Haeberli and Holstein [9] and Adelberger and H w -  

ton [5] were very usefd in preparing this discussion of the weak rnatrix elements. 

Figure 1.4 shows examples of charged and neutral c m e n t  weak interactions be- 

tween 2 protons at the quark and vector boson level. The generic form of the 

weak MNN coupling constants to be determined from such diagrams is: 

hW = (ilfNlR,r. IN). (1.10) 

In 1980, Desplanques, Donoghue and Holstein [8] perfomed a cornprehensive cal- 

culation by combining the quark model with techniques such as current algebra 

and SU(6), symmetry, which enabled predictions to be made for al1 the MNN 

couplings from both charged and neutrai current pieces of the weak Hamiltoniân 

in a semi-relativistic treatment. Although the DDH treatment of the weak M N N  

couplings was successful in unifying quark model- based and symmet ry- based cal- 

culations, t hey have emphasized that there remain significant problems wit h the 

techniques, leading to large uncertainties in t heir quantitative predict ions for the 

coupling constants. These problems stem from uncert aint ies in t reating st rong 

interaction effects in the non-perturbative regime of QCD, and include: 

1. Uncertainty in the absolute d u e s  of the current quark masses; 

2. Strong enhancement factors associated with the renormalization group treat- 

ment of the effective weak Hamiltonian; 

3. Use of a relativistic versus a nonrelativistic quark model; 

4. The size of the vector meson versus pseudoscalar meson amplitudes due to 

SU(6) ,  breaking effects. 

Because of these and other theoretical uncertainties, DDH presented their 

findings as ranges of values within which it is extremely likely that the coupling 
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Figure 1.4: Examples of quark mode1 diagrams showing charged and neutral weak 
current contn'butions to the weak p p  interaction via p rneson ezchange. 
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constants will fall. DDH also provided a = b a t  value" for each of the coupling 

constants based on their own theoretical bises. The DDH results are summarized 

in Table 1.2. It is apparent from the DDH ranges that the uncertainties in the 

coupling constants are large, and that in some cases even the sign cannot be 

predicted with certainty. Tighter constraints must corne from experiments, and 

will hopefully discriminate between the various theoretical assumptions made in 

the calculations. Since the DDH results were published in 1980, a variety of 

extensions to their model, and alternate models, have been proposed. These are 

described in the following section. 

Coupling 

Table 1.2: The DDH predictions (1980) for the weak meson-nucleon coupling 
constants, in units o j  IO-?. 

frr 

1.2.3 Extensions and Other Models 

DDH 

Table 1.3 summarizes the results of several other calculations of the weak meson- 

nucleon coupling constants. The models used for these calculations are described 

here, with emphasis on how they compare with the DDH results. 

Dubovic and Zenkin [IO] (DZ) used a self-consistent quark model approach 

DDH 

Range [8] 

0 + 11.4 

Best Value [8] 

4.6 



CHAPTER 1. THEORY 1.2 

similar to  the DDH technique to calculate the couplings. In most cases, the 

DZ values lie within the reasonable ranges suggested by DDH. More recently, 

Feldman, Crawford, Dubach, and Holstein [Il] (FCDH) generalized the work of 

DDH to include the A sector by calculating parity violating vertices between A's, 

nucleons, and mesons, and using these to predict effective meson-nucieon-nuclem 

couplings. Their results also include reasonable ranges as well as best values. 

Coupling 

Table 1.3: Other predictions 

FCDH 

Best Value [SI 

for the weak neson-nucleon coupling constants, in 
units of  IO-^. 

Grach and Shmatikov [12] (GS88) and Kaiser and Meissner [13] (KM) have 

pursued an alternate approach to investigate the weak meson-nucleon vertices, 

using the framework of a nonlinear chiral meson theory in which nucleons emerge 

as solitonic excitations. Both GS and KM predict values for f, which are close 

to zero, in agreement with experiment, and in contrast with the Iarger quark 

mode1 prediction. This is of particular interest since the weak pion coupling is 

expected to  be dominated by neutral current contributions. The  p and w coupling 

constants predicted by GS are, with the exception of hi,,, roughly 10 times larger 

than the other predictions, and are in disagreement with experiment. The KM 

vector meson coupling constants are reasonably consistent with the quark mode1 
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values . 

Iqbal and Niskanen [l4] [15] (IN) have considered another mechanism for the 

NN weak interaction, with mesons of opposite parity mixing via W* and Z ex- 

changes between the qq pair in the meson. In this picture, the standard meson 

exchange picture with strong meson-nucleon couplings is used, and parity viola- 

tion is introduced by the mixing of, for example, the p and al or w and fi rnesons. 

While the work of IN has produced results which are roughly consistent with low 

energy proton-proton scattering experiments, it is unclear how rnuch of the meson 

mixing rnechanism is already accounted for in the DDH formalism, and there ex- 

ists the danger of double-counting when one tries to combine the two approaches. 

In a recent review of this method, Desplanques [16] has pointed out an incon- 

sistency having to do with the sign of the expected observable for proton-proton 

scat tering. 

An alternative to the meson exchange model for the proton-proton system has 

also been considered by Grach and Schmatikov [17][18] (GS93), where the two 

nucleons are treated as a six-quark system with direct, point-like vector boson 

exchanges between the quarks. However. GS93 do not treat the strong nucleon- 

nucleon interaction in a consistent manner in their calculations. In addition, 

Desplanques [16] has shown that this model predicts a sign for the observable 

which disagrees with experiment . 

1.2.4 Parity Violating Observables 

Given the parity violating nuclear potential, VPNC, and Standard Model-based 

predictions for the coupling constants, the next task is to make a connection 

with experimental observables in order to test the meson exchange model for the 

strangeness-conserving hadronic weak interaction. These observables have the 

generic form: 

PlVC ~ ~ ~ ~ - h , ( f l V  li) 
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where hW represents a linear combination of the six basic couplings and depends 

on the specific system in question, and the matrix element of the potential is 

evaluated bet ween initiai and final nuclear states. The experimentai challenge is 

to provide six measurements which are sensitive to  Linearly independent combi- 

nat ions of the weak meson-nucleon couplings, wi t h sufficient precision to signifi- 

cantly constrain the coupling constants. The remainder of this section provides an 

overview of the different types of measurements which have been performed, and 

a summaxy of what is now known experimentally about the coupling constants. 

Parity violation experiments in nuclear physics fall into two main categories: 

1. Type 1 experiments measure the rates of processes that would m i s h  if 

parity were conserved. The only practical example of such experiments is the 

parity forbidden alpha decay of an odd parity state into a O+ final state, such as 

160(2-) +12 C(O+) + a. This competes with the 160(2-) - t 1 6  O + -y process. 

which is parity allowed. Since the observable here is a transition rate, it is sen- 

sitive to  the square of the weak matrix element between initial and final states, 

which makes the expected transition rate extremely small. A measurement of 

the parity nonconserving a decay width of 160(2-) yielded a result of impressive 

precision, rPNC = (1.03 f 0.28) x IO-" eV [19]. Unfortunately, due to difficulties 

in correctly accounting for the nuclear structure, the interpretation of this mea- 

surement in terms of the meson exchange mode1 is oot precise enough to challenge 

the predictions for the weak MNN coupling constants. 

2. Type 2 experiments measure pseudoscalar observables arising from the in- 

terference between parity conserving (PC) and parity nonconserving (PNC) ma- 

trix elements. As discussed below, there are several types of observables which 

can be determined from such experiments, in a variety of systems. Type 2 ob- 

servables are proportional t o  the weak matrix element between initial and final 

nuclear states and for this reason are more accessible to measurement than Type 

1 observables, since the weak matrix elements are very small. 
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Since most of the existing data in nuclear parity violation, including the work 

of this thesis, corne from Type 2 experiments, the following discussion will focus 

on what can be learned from rneasurements of pseudoscalar observables. Exper- 

iments in this field are performed in many different systems, which are broadly 

classified as either two nucleon (NN) or complex nuclear systems. In each of these 

areas, there are several observables that can be measured. The following discus- 

sions explain the principles of the key experiments that have been carried out; a 

summary of the significant experimental data is provided in Table 1 A. 

The Two Nucleon (NN) System 

The NN system is the most attractive to study from a theoretical standpoint, since 

the physics interpretation is relatively straightforward. Experiments are carried 

out in neutron-proton (np) and proton-proton (pp) scattering and in thermal 

neutron capture on the proton. The neutron-neutron (nn) case is experimen- 

tally impractical. Since the expected signals are very small, of order IO-'. these 

experiments are extremeiy sensitive to  t iny systematic effect S. 

pp Scattering Experiments: The measurements are performed using a longi- 

tudinally polaxized proton beam scattering from an unpolarized hydrogen target, 

with the helicity of the incident protons rapidly reversed to determine the helicity 

dependence of the total scat tering cross section. Al1 three componeots, isoscalar, 

isovector and isotensor, of the weak interaction contribute to the weak pp in- 

teraction, so the observable is sensitive to the p and w weak couplings summed 

over isospin. The observable in this case is the longitudinal analyzing power. A,, 

defined by: 

where Pz is the longitudinal beam polarization, and cf are the total scattering 
- 

cross sections for f beam helicity. The scale of A, is of order IO-'. A more 

comprehensive discussion of pp scattering is deferred to the next section. 
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np Scattering Experiments: Four different parity violating observables are of 

interest in the np system, as discussed briefiy below. 

1 ) PT: the circular polarization of the 2.2 MeV y ray emit ted when unpolarized 

thermal neutrons are captured by protons. The inverse reaction, yd + np, c m  

also be studied using circularly polarized 7 rays of positive and negative helicity, 

where the observable is the helicity dependence of the photodisintegrat ion cross 

section, AL. P, and AL are sensitive to a linear combination of the AI = O 

and A I  = 2 weak couplings. The highest precision result in this area is P, = 

(1.8 k 1.8) x 1 0 - ~  [20]. Unfortunately, even this high level of precision is not 

sufficient to provide a significant constraint for the weak coupling constants. 

2) 4: the asymmetry of the 2.2 MeV y ray emitted when polarized thermal 

neutrons are captured by protons. 4 is sensitive to the A I  = 1 component of 

the weak interaction, and is dominated by the f, component. A measurement of 

k, exists [Z], with the  result A, = (-1.5 I 4.8) x but again is not precise 

enough to challenge the  predictions for the weak couplings. A new experiment has 

been proposed to measure k, to 315 x 10-g at the Los Alamos Neutron Science 

Center (LANSCE) [22]. If this precision is reached, the result will determine f, 

to  =ti x 1 0 - ~ .  

3) 4 p r ~ C :  the spin rotation of polarized cold neutrons transmit ted t hrough 

a parahydrogen target. 4PNc is sensitive to AI = 0,1,2  PNC amplitudes, but 

is predicted to be dominated by f, [23]. There are as yet no measurements of 

4pivC in the Zp system, although an ongoing programme to  measure neutron spin 

rotation in a helium target (described below) may be expanded in the future t o  

include dpNc in a hydrogen target [24]. 

4) AS: the helicity dependence of the capture cross section of polarized thermal 

neutrons by protons. At is sensitive to the same combination of amplitudes as 

+PNC.  There are as yet no data available for AL. 

The experimental results in np scattering can be summed up by noting that  
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none of the measurements thus far have provided a compelling constraint on the 

weak MNN coupling constants, although the new proposal mentioned above will 

hopefully provide significant information. 

Complex Nuclei 

In order to provide enough independent measurements to determine al1 of the 

weak meson exchange coupling constants, more complex nuclear systems must be 

considered. As the nurnber of nucleons in the system increases, the experiments 

become sornewhat easier from a technical standpoint as there exist, in some cases, 

amplification factors arising from nuclear structure effects which make the parity 

violating signals significantly lager t han the IO-' scale set by the weak coupling 

constants. However, the interpretation of these experiments is much more compli- 

cated than in the NN system, due to the requirement of having an accurate mode1 

for the nuclear states. The few-body and light nuclei experiments are briefly dis- 

cussed here; PNC experiments in heavy nuclei are described below, followed by a 

summary of the numerical results. 

For the few-body system, there are several measurements precise enough to 

challenge theoretical predictions: pd scattering at 15 MeV [125] and 43 MeV [26], 

and p a  scattering at 46 MeV [27] respectively. However, the interpretation of 

the pd experiments in terms of the MNN weak coupling constants is complicated 

by uncertainty in how to  account for inelasticities. In both cases, the incident 

protons are longitudinally polarized, and the measured quantity is the parity 

violating analyzing power A, as defined by Equation 1.12, with typical scales of 

 IO-^. In addition, a measurement of the parity violating spin rotation of cold 

neutrons transmitted through a liquid helium target has been completed [%4], 

with the result +PNC = (3.7 I 6.7) x radians where the error is statistics 

dominated. Although this result is not precise enough to provide a significant 

constraint, a program is underway to repeat the experiment after an upgrade to 



the apparatus, with the goal of reaching a precision of f 1 x IO-' radians. The 

observables in these systems are sensitive to the A l  = O and AI = 1 components 

of the weak interaction. 

A very important class of experiments involves light nuclei in the mas-20 

region, where the measurements study electromagnetic decays of parity mixed 

doublets. Ln the ideal case, two opposite parity excited states lie close to each 

other, and relatively fax from other excited states, so that the system can be 

treated as an effective two-level problem. Furthermore, because only two levels are 

involved in the mixing, specific isospin cornponents of VpvC can be studied. The 

case of lSF is particularly interesting [28], because it provides the most sensitive 

determination of f, to date. The  parity violating observable in this case is the 

circulâr polarization of the 1081 keV y ray emitted in the decay of the 1081 keV 

(O+; r = 1) state to the ground state. The circular polarization arises due to an 

admixture of the nearby 1042 keV (O-; I = O)  state in the nuclear wavefunction 

of the even parity member of the doublet. The  measurement probes only the 

AI = 1 cornponent of the hadronic weak interaction, which is dominated by the 

f, contribution. The decay of the 1081 keV state is  isospin suppressed, while 

the 1042 keV opposite parity admixture is isospin favoured; these circumstances 

lead to  an enhancement of the circular polarization by the square root of the 

lifetime ratio, approximately two orders of magnitude. These experiments have 

shown [28][29] that the value of f, is much smaller than that predicted by DDH, 

and is consistent with zero. 

Heavy Nuclei 

There are many examples of parity violation experiments in heavy nuclei, study- 

ing both the 7 ray circular polarization or asymmetry of transitions fed in ,û decay 

(see References [30] and [31] for comprehensive reviews) and, more recently, the 

helicity dependence of compound nucleus formation cross sections when a low 



energy polarized neutron beam is scattered from heavy nuclei [32][33]. The more 

recent asymmetry measurements are of suficiently high precision to compare with 

the theory. The interpretation of these experiments involves quite different meth- 

ods than for the few-body measurements, since precise knowiedge of the nuclear 

wavefunctions in high mass nuclei is not feasible. Instead, t heorists use stat istical 

models of the nucleus, where only average properties of the nuclear wave functioos 

need to be calculated, to compare the measured asymmetries with the expectation 

from the weak meson exchaage model [34]. 

The most significant high precision results amilable are from a set of mea- 

surements performed a t  LANSCE [32], involving polarized epithermal neutron 

scattering from 239U and 232Th and other heavy nuclei. The measured asymme- 

tries result from the PNC mixing of S-wave and P-wave states of the compound 

nucleus, and are sensitive to  the f,, hy and h<P coupling constants. Parity violat- 

ing scattering asymmetries in the P-wave resonances are enhanced by the square 

root of the ratio of S to  P wave resonance widths, analogous to the Iifetime ratio 

in the I8F case discussed above. In addition, the very small energy denominators 

a t  the eV level lead to relatively large wavefunction admixtures even though the 

weak matrix elements are  small. Amplification factors as large as 106 are possi- 

ble, yielding PNC observables of order 0.1! Xlthough there is still some debate 

regarding the correct interpretation of the recent LANSCE results in terms of the 

weak MNN coupling constants, it appears that the measurements can provide a 

stringent test of the meson exchange model. 

Summary of Significant Const raints 

Table 1.4 summarizes the currently available nuclear parity violation measure- 

ments in the NN system and in light nuclei that are of sufficient precision to test 

the underlying meson exchange theory [351[5]. Also shown are the linear combi- 

nations of coupling constants to which the experiments are sensitive. Note that 



Figure 1.5: Constraints on the isovector R and isoscalar p weak M N  coupling 
constants placed by U U ~ O U S  ezperiments. References are giuen in the tert.  The 
solid dot is the best value predicted by DDH, and their reasonable range includes 
the entire parameter space s h o w  on this graph. 

the coefficients (a, 6: . . .) must be obtained from calculations accounting for the 

strong nucleon-nucleon interaction and are diKerent in each case. 

Figure 1.5 shows how the results in Table 1.4 constrain f, and the linear com- 

bination (h: +0.6hW) [9] [32], with the coefficients (a, b, . . .) of Table 1.4 taken from 

the 1985 review paper by Adelberger and Haxton [5] (AH). For the 21Ne result, 

an dternate interpretation is also shown, with coefficients taken from Horoi and 

Brown [45] (HB), who predict a much weaker dependence on the isoscalar coupling 

constants than what is indicated by the AH analysis. The DDH reasonable range 

covers the entire parameter space of this figure. The 18F measurement indicates 

that f, is consistent with zero at the f i  x 1oe7 level, in contrast to the DDH best 

d u e .  This suggests a suppression of the oeutral current contribution to this am- 
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plitude whose origin is not understood. While dl of the experimental constraints 

admit the small value of f, required by the 18F experiment, two of them (lgFI 

Fa) indicate a value for (h: + 0.6hy) close to the lower limit of the DDH range. 

The interpretation of the 21 Ne result h a  been under some discussion (461 [47]. The 

AH analysis indicates that the isoscalar coupling must be close to zero in order 

to satisfy the 18F limit, while the HB interpretation of the 2'Ne datum places a 

constraint which is consistent with the lgF and Fa limits. However, Haxton has 

argued that the wavefunctions in the HB calculation are unphysical [17]. 

In their review paper, AH presented the results of a two parameter fit to the 

data available at the tirne (51. Table 1.5 shows the results of that fit, and an 

updated version ivhich includes the high precision pp scattering data. Analysis of 

the *'Ne data point in the updated fit is consistent with that of HB. Al1 of the 

results shown in Table 1.4, with the exception of 43 MeV j'd and '4N, are included 

in this fit. The constraints placed by the pp experiments alone are discussed in 

Section 1.3.3. 

Since there are not yet enough independent experimental constraints to deter- 

mine the  six weak coupling parameters, some theoretical input is required. AH 

used the Desplanques [8] expressions for the vector meson amplitudes, which are 

parameterized by the three quantities A', T', q" as defined in Reference [SI. In their 

fit, and for the updated fit shown above, AH chose h- = 4, 7' = q", and allowed 

the values of and r)' to vàry. The ranges shown in Table 1.5 were obtained by 

allowing and r)' to vary over their theoretical limits (1 5 K 5 7, O < 17' < l) ,  

and by allowing the DDH range for f,. 

The fitted f, from the original AH analysis is intermediate between the DDH 

best value and the small value favored by the 18F experiment, due to the inclusion 

of the 21Ne result. A much improved fit is obtained by using the HB interpreta- 

tion of the latter data point, as indicated in Table 1.5, but as noted above, this 

reanalysis has been disputed by Haxton [47]. 
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Weak Coupling 

Constant 

Weak Coupling 

Constant 

Fitted Range [5] Fitted Best Value [5] 

Fitted Range (updated) Fitted Best Value (updated) 

Table 1.5: The weak coupling constants eztracted /rom a f i t  t o  the existing data [SI, 
and updated numbers  including the high precision pp expen'rnents, and a recent 
reanalysis of the 2 L N e  da tum.  T h e  X2 per degree of freedom for the original AH 
fit is about 2, while that  for the updated fit is about 0.5. T h e  n e w  interpretation 
of  the 2 L N e  result is responsible for the improved XZ of the updated fit 
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The NucIear Anapole Moment 

A different type of PNC observable in nuclear physics is the anapole moment, an 

electromagnetic m d t  ipole that violates parity and charge conj ugat ion inmiance. 

The nuciear anapole moment is related to the parity violating electroweak form 

factors of a nucleus. It is sensitive to both the weak pion coupling constant f, 

and the isoscalar coupling (h: + O.6hy) [48]. The rnost precise rneasurement of the 

anapole moment t o  date cornes from an experiment measuring the amplitude of a 

parity violating El  transition in atomic Cesium, with the resulting value for na, 

the parameter indicating the size of the anapole moment, na = 0.38 f 0.07 [49]. 

Assuming the DDH best value for (h: + 0.6hy), this experiment suggests a value 

of f, near the upper limit of the DDH reasonable range, about an order of mag- 

nitude larger than the value implied by the 18F measurements and the compound 

nuclear data [50]. However, this interpretation of the Cesium measurement has 

been contested by Wilburn and Bowman [51] (WB) who argue that. due to the 

sensitivity of the anapole moment to the isoscalar component of the weak interac- 

tion, there is a combination of the weak -MNW coupling constants which satisfies 

both the Cesium result and the 18F data. There d s o  exists an earlier nul1 mea- 

surement of the anapole moment in atomic Thallium, K ,  = -0.22 f 0.30 [Z], is 

in disagreement with the result of the Cesium experiment. 

1.3 The Proton-Proton System 

1.3.1 Partial Wave Analysis 

Since the proton-proton system has total isospin 1, the weak interaction can p r e  

ceed via al1 three isospin components, A I  = 0,1,2. It follows that only two linear 

combinations of weak meson nucleon coupling constants can be determined from 



CHAPTER 1. THEORY 

this system: 

where the numerical predictions are the DDH best values, and have associated 

factors of several hundred percent t heoret ical uncertaint ies. Recall t hat single ïro 

exchange is excluded by CP (charge conjugation and parity) conservation frorn 

contributing at a significant level to parity violation in the pp system. 

Parity violating pp scattering can be described independent of any weak inter- 

action mode1 via a partial wave analysis. Since the overall pp wavefunction must 

be antisymmetric under particle exchange, the possible parity mixed partial wave 

amplitudes involve even total angular momentum, triplet (S = 1) and singlet 

(S = O) states differing by orbital angular momentum AL = f 1. In the singlet 

state, L = J ,  while the triplet states may have L = J & 1. The J* notation in 

the remainder of this section, for example in Equation 1.15, refers to the change 

in orbital angular momentum between the singlet and triplet pp states. 

The three lowest partial wave amplitudes are, using the usual LJ nota- 

tion, 'So -= Po, P2 -' D2 and IDZ -3 FZ. The analyzing power .ill is a linear 

combination of t hese t hree ampli tudes, with energy-dependent coefficients2. The 

relative angular distribution and energy dependence of each terrn are governed 

by the strong interaction, while the scale of each contribution is set by the weak 

coupling constants h;P and hzp. 

The following discussion is taken frorn Simonius [53], who provided significant 

early t heoretical motivation and guidance for the TRIUMF experiment described 

in this thesis. In general, A, can be written as the sum over even J amplitudes: 

'Higher partial wave contributions are not significant below 1000 MeV ([ab), dthough the 
situation is more complicated above the pion production threshold (280 MeV) where inelastic 
processes play a role. 
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where the fi* are completely determined by the known strong phase parameters, 

and the fJ* are reduced PNC partial wave transition amplitudes. Including the 

two lowest partial wave contributions, A: is given by: 

Here, g,,, are the known strong meson-nucleon coupling constants, x , ,  are the 

anornalous magnetic couplings of the strong interaction, and the superscripts s, 

t indicate whether the highest L partial wave of each amplitude is a singlet or 

triplet respectively. The numerical values of these constants are g, = ig, = 2.6, 

and x P  = 6.1, X ,  = O as used in the Bonn potential [53], which is conventionally 

taken as the state-of-the-art NN interaction mode1 for calculations of parity v i e  

lation in hadronic systems [54]. Each term in Equation 1-15 is a product of three 

quantit ies: a combinat ion of weak and strong meson-nucleon coupling constants 

which sets the overall scale of the  contribution to  .4, (square brackets); a parity 

mixed partial wave amplitude ( f )  which is calculated as an overlap integral of the 

even and odd parity partial waves with the weak meson-nucleon potential; and an 

energy dependent strong interaction contribution (K) whose angular dependence 

is uniquely specified by the partial wave quantum numbers J, L. The first term 

of Equation 1.15 represents the 'So -3 Po contribution to A,, and the second one 

corresponds to the 3P2 -' D2 contribution. The terms which have been neglected 

contribute less than 10% to the value of A, [53]. This approximation is valid for 

proton energies up to  at  least several hundred MeV (lab). 

Equation 1.15 demonstrates the  different structures of the two dominant par- 

tial waves. In particular, using the Bonn potential values for the anomalous cou- 

plings, the  J = 2 contribution is proportionai only to h y  since X, = O, whereas 
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the J = O contribution depends on both the p and w coupling constants with 

approximately equal weight [53]. Hence, in order to extract both amilable pieces 

of information from the weak pp interaction, these two partial wave contribu- 

tions must be measured independently, which can be accomplished by appropriate 

choices of beam energy. 

Calculation of the parity mixed partial wave amplitudes requires knowledge 

of the pp wavefunctions, which are obtained from the solution of the Schrôdinger 

equation with a particular strong NN potential. The matrix elements are deter- 

mined using a distorted wave Born approximation (D WB A). Finally, t heoret ical 

predictions for A, are made by combining the known strong interaction parame- 

ters, the calculated PNC amplitudes, and the weak interaction coupling constants. 

Given a reliable mode1 for the strong interaction from which to obtain the ampli- 

tudes, measurements of A, can be compared to the predictions to yield constraints 

on the weak meson-nucleon coupling constants. 

To summarize, the parity violating observable -4, at  low and intermediate 

energy has contribut ions frorn two parity mixed partial wave amplitudes: 

where each term is proportional to a different linear combination of the weak 

coupling constants hzP and hy and the relative energy and angular dependence 

of the two terms are known from the strong interaction. The goal of pp parity 

violation experiments is to determine the absolute normalization which multiplies 

each term. It is this scde factor which is sensitive to  the weak meson nucleon 

couplings. 

The most comprehensive recent calculation of A= in pp scattering was carried 

out by Driscoll and Miller [55][56] (DM) who used the  Bonn potential for the 

nucleon wavefunctions, and the DDH best values for the  weak coupling constants. 

DM explored the effects of treating the p meson as a composite particle, expressed 

as a form factor. Ln contrast, the Simonius work [53] treated the p as pointlike, 



and used the Paris potential for the nucleon wavefunctions. As will be shown in 

Section 1.3.3, the DM calculation predicts a somewhat larger A, at the TRIUMF 

beam energy than the Sirnonius calculation using the sarne coupling constants. 

Total 
1 I -- 

Figure 1.6: Driscoll and Miller's [55][56] (DM) prediction for A,, showing the 
contributions from the individuai parity rnized partial waves. Also shown are the 
highest precision data available at low and high energies; these references are giuen 
in the test. 

Figure 1.6 shows the DM prediction for A= as a sum of the three lowest partial 

wave contributions [55][56]. Note that the 'So -3 Po contribution vanishes at 330 

MeV, which motivates the choice of beam energy for the TRIUMF experiment, as 

discussed in Section 1.3.3. Also shown me two recent high precision measurements 

of A, a t  low energy [41][43], which set the precision standard for the TRIUMF 

experiment, and an earlier measurement at  800 MeV (571 which demonstrates that 

the general trend of the meson exchange predictions with energy is confirmed by 
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experiments. There are not sufficient data  available to  determine the two effective 

weak coupling constants that set the scale of the various partial wave contributions 

shown in the figure, although it appears clear that the DDH best value predictions 

overestimate the effect a t  low energy by about a factor of two. 

Possible additional contributions to A, from multiple rneson exchange, such 

as pal and 2n via an NA intermediate state can d s o  be considered. Kloet, Silbar 

and Tjon [58] have calculated the 27r contribution, which is proportional to the 

f, weak coupling, where the weak interaction occurs at an NNn vertex. Because 

t his mechanism is characterized by J = 2, and hence contributes to the P2 - ' D2 
amplitude, it has very little effect on A, a t  low energy. For the DDH best value 

of f,, the predicted 27r contribution to A= varies smoothly from -0.2 x IO-' at  

50 MeV to +0.5 x IO-' at  900 MeV. This effect is smaller by a factor of 1 if f, 

is taken as the experimental upper limit from the 18F measurements [35]. If the 

weak interaction occurs instead at  an NAT vertex, the contribution is strongly 

suppressed at low and intermediate energy by a kinematical factor proportional 

to & where MN is the nucleon m a s .  Kaiser and Meissner [59] have calculated 

the fb,, coupling in their soliton rnodel, and find it to be as small as their f, 

value. It would appear then that this mechanism for multiple meson exchange is 

not expected to constitute a significant contribution to A, in general. 

A second type of A excitation, induced by the p meson, has been considered by 

Iqbal and Niskanen [15] (IN), where the weak interaction occurs at a NpA vertex. 

The dominant NA component is again J = 2, although the J = O channel pre- 

dicts a non-negligible contribution to the 'So -3 Po amplitude. Figure 1.7 shows 

a cornparison of A, predictions with and without t his mechanism; the agreement 

with experiment is improved at 800 MeV, and made worse at low energy. The 

A contribution calculated by IN has simply been added to the DM single meson 

exchange prediction. A more comprehensive calculation which includes both ef- 

fects in a consistent rnanner would perhaps provide a better prediction. Feldman, 
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Figure 1.7: Cornparison of A, wzth and without the h excitation considered b y  
Iqbal and Nislcanen (IN) [Ili],  using the DM calculation for the single rneson er-  
change prediction. 
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Crawford, Dubach and Holstein [Il] have calculated the weak hXpA coupling as 

part of their extension to the DDH model. It is approximately a factor of 3 smaller 

than the equivalent effective coupling found by IN, implying a corresponding sup 

pression of the contribution to A,. This mechanism has not yet b e n  supported 

or ruled out by experiment. 

1.3.2 Existing Measurements in pp Scattering 

The parity violating andyzing power, A,, can be measured in two complementary 

geometries, via the helicity dependence of either the total scattering probability, 

or the probability of transmission through a target without being scattered. These 

are referred to as the scattering method and the transmission met hod respectively. 

In both cases, the common elements are a hydrogen target and a detector which 

measures the total bearn intensity. The incident proton beam is longitudinally 

polarized, and its helicity is revened rapidly to cancel the effects of slow drifts in 

the beam properties and detector response. Because .4z is so srnall, of order IO-', 

it is impractical to perform a ucounting experiment" to adequate precision, and 

hence the helicity dependence of the scattering cross section is deduced from the 

integrated curent  in detectors which detect eit her the scattered or transmit ted 

protons. 

.4t low energies, the maximum useful target thickness is limited by energy loss 

of the beam, and the scattering geometry is preferred. At intermediate and higher 

energies, where energy loss and multiple scat tering are less severe, the targets can 

be made thicker to  increase the scattering probability, and transmission experi- 

ments becorne feasible. For the latter experiments, however, the parity violating 

signal is diluted by the ratio of the total scattering to transmission probabilities. 

A, is unavoidably convoluted with the angle dependent detector response in the 

formation of the measured helicity asymmetry in al1 cases. This can be accounted 
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where the integral is over the effective angular acceptance of the detection appa- 

ratus, 4 9 )  is the detector response and o ( E , 6 )  is the diEerentia.1 scattering 

cross section for unpolarized beam. Equation 1-17 highlights the importance of 

understanding the detector response as  well as knowing the angular dependence 

of A, a priori in order to interpret the experimental results, as will be discussed 

in the next section for the TRIUMF experiment. The angular dependence of each 

partial wave contribution is independent of any mode1 of the weak interaction, 

and the unpolarized scattering cross section is typically known to better than a 

few percent from ot her experiments. 

Of prime importance in any parity violation experiment that utilizes a po- 

larized beam is the ability to  reverse the bearn helicity rapidly with negligible 

changes to ot ber beam propert ies. Helicity correlated beam propert ies can cause 

a difference in the detector signals between positive and negative helicity, which 

mimic the parity violating asymmetry. The usual approach to correcting for these 

systernatic errors is to measure the helicity correlated beam properties during the 

course of the experiment, and to independently measure the sensitivity of the 

apparat us in auxiliary experiments wit h relat ively large, controlled modulations 

applied to the beam. The non-parity-violating effects can then t ~ e  deduced and 

subtracted from the measured asymmetry. 

In this field, new experiments rely on the expertise gained by previous efforts. 

"First generation" experiments in pp scattering typically reached precision lev- 
-. 

els of f (1 - 2) x IO-' while the "second generationn measurements plotted in 

Figure 1.6 (those below 50 MeV) have attained precision levels an order of magni- 

tude smdler. The major sources of systematic error and strategies for minimizing 

them have been identified in the first generation experiments, and were discussed 

during two symposium/workshops at TRIUMF in 1987 [60] and 1989 [61]. These 
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workshops provided important motivation and guidance during the early planning 

stages of the TRIUMF parity violation experiment. The systematic error sources 

and minirnization techniques for the TRIUMF experiment are discussed in detail 

in Chapter 3. 

System Bearn Energy 

(MeV) 

Geometry 

Scat t . 

Scat t . 

Scatt. 

Scat t . 

Scatt - 
Trans. 

Trans. 

Reference 

Table 1.6: Summary of existing measurements of pan'ty violation in proton-proton 
scattering. The second generation ezperiments are the 13.6 MeV and 45. MeV 
measurements. 

Table 1.6 summarizes the total available data for parity violation in proton- 

proton scattering. The high energy data point at 5.1 GeV which was carried out 

using a water target is particularly interesting since the effect is an order of magni- 

tude larger than that predicted by the meson exchange model. This anomalously 

large value of A, continues to draw considerable interest and speculation. At such 

a high energy, the meson exchange mode1 loses much of its predictive power due 

to uncertainty in how to include inelastic processes. Alternate models, such as the 

diquark description proposed by Goldman and Preston [65] and a model based on 

intrinsic parity violation in the nucleon wavefunction proposed by Nardulli and 

Preparata [66], have succeeded in reproducing the 5.1 GeV point. However, the 

diquark model has been criticized for predicting an effect which grows unphysi- 



cally at high energy [67] and it has been shown that the Nardulli and Preparata 

description implies low energy results which are inconsistent with the existing 

data [68]. 

With the exception of the 5.1 GeV point, all of the measurements listed in 

Table 1.6 are qualitatively consistent with the single meson exchange mode1 of 

the weak pp interaction. Of these, the second generation measurements stand 

out as being of high enough precision to provide a more quantitative test of the 

theory: the 13.6 MeV experiment at Bonn [41]; and the 45 MeV experiment at 

SIN [43], whose results are plotted in Figure 1.6. It is clear from this figure that 

these measurements are sensitive almost exclusively to the * So -3 PO partial wave 

contribution which, from Equation 1-15, is proportional to the linear combinat ion 

(21.lhp + 15.6hW). Figure 1.8 shows only the J = O component of A,, where the 

solid curve is the DM prediction using the DDH best values for the weak coupling 

constants. The dashed curve in this figure, which shows good agreement wit h the 

Bonn and SIN data points, was obtained by multiplying the DM prediction by 

a factor of 0.5. This demonstrates that these measurements provide important 

information about this particular combination of the weak coupling constants. 

The scaled J = O curve in Figure 1.8 lies within the reasonable range implied by 

the DDH calculation of the weak coupling constants. 

Since the Bonn and SIN data points set the standard by which subsequent 

measurements in the field are judged in terms of statistical and systematic errors, 

it is worthwhile to point out that the dominant systematic correction applied to the 

SIN data [43] was due to residual transverse polarization components, including a 

contribution from non-uniform distributions of transverse polarization within the 

beam envelope. The published result from Bonn (411 in 1991 reported a larger 

error bar than the final result in 1994. The latter result is quoted in Table 1.6. The 

largest systematic correction in the published result from 1991 is due to coherent 

intensity modulation. 
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Figure 1.8: The J = O contribution to A,, together with the high precision mea- 
surements at 13.6 and 45 MeV. The solid curve is the D M  prediction using the 
DDH best values i o r  the weak coupling constants. The dashed curve is scaled by a 
factor of 0.5 from the DM prediction to  fi the low energy data points. 
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1.3.3 The TRIUMF Experiment 

The importance of a pp parity violation experiment around 230 MeV has been 

emphasized by Sirnonius and others [53]. The motivation is clear from Figure 1.6. 

which shows that the lowest partial wave contribution to AL vanishes near this 

energy. This is purely a strong interaction effect. The angular distribution of the 

'So -3 Po amplitude integrated from O" to 90' in the center of mass crosses zero 

at around 230 MeV as a result of cancellation between the S and P phase shifts, 

which are small and of opposite sign in t his regioo [69]. Consequently, a measure- 

ment of A, at this energy is sensitive only to  the Pz -' D2 component, with a 

very small (approximately 5% [53]) contribution from the IDz -3 F2 amplitude. 

This unique situation is essentially mode1 independent - neither the  strengths of 

the weak coupling constants nor the strong potential model affect the zero cross- 

ing energy of the lSo -3 PO term. Because of this choice of beam energy, the 

TRIUMF experiment constitutes the first measurement of the P2 -' D2 parity 

violating amplitude in the pp interaction. The actual beam energy is chosen so 

that the integral of the lSo -3 Po angular distribution, determined from phase 

shifts fitted to strong scattering data, vanishes for the specific geometry of the 

experiment, as discussed below. The goal of the TRIUMF measurement is to 

reach a final precision in -4, of f 0.2 x IO-', which meets the standard set by the 

low energy experiment s [4l] [43]. 

In the context of the meson exchange model, it has already been noted that 

the f2- PNC amplitude, corresponding to the p2 -' D2 parity mixed partial wave, 

is sensitive only to  h p .  Hence, the result of the TRIUMF experiment constitutes 

the first measurement of h z p  which, combined with the existing low energy data, 

completely determines the weak pp interaction for energies up to  several hundred 

MeV. Predictions for the Pz -' D2 amplitude obtained by including multiple 

meson exchange, and the prediction of the six quark model, are discussed below. 

Table 1.7 shows recent predictions for A, at  230 MeV. 



CHAPTER 1. THEORY 

Author(s) 

Driscoll and Miller 

1 Iqbal and Niskanen 

1 Grach and Shmatikov 

Ref. 

Table 1.7: Recent predictions for A, (230 Me V). 

Multiple meson exchange has been predicted by some authors to be a signifi- 

cant effect at this energy, but, as discussed earlier, these results axe not consistent 

with the quark or soliton model predictions. Iqbal and Niskanen [15] pointed out 

that, if their calculation of the pinduced A excitation is correct, A, a t  230 MeV 

has approximately equal contributions from single and multiple meson exchange 

which would double the size of the predicted effect . 

The six quark model calculation of the weak coupling constants by Grach and 

Shmatikov [17] has a very steeply rising J = 2 component which gives rise to a 

prediction for A, (230 MeV) that is significantly Iarger than the other values listed 

in Table 1.7. However, as mentioned in Section 1.3.3, the strong NN interaction 

has not been treated in a consistent rnanner in this model. 

The J = 2 component of A= is shown in Figure 1.9, where the solid curve is the 

DM prediction using the DDH best value for hy and the dashed curves represent 

the reasonable range allowed by the DDH cdculations. The point a t  230 MeV 

assumes that Ag takes on the value predicted by DM, and shows the size of the 

proposed error bar for the TRIUMF experiment. This figure demonstrates the 

significant new information about parity violation in the pp system that can be 

obtained from t his measurement. 
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Figure 1.9: The J = 2 component of AL, showing the DM prediction using the 
DDH best value of the coupling constants (solid curve), and the reasonable range 
admitted by  DDH (dashed curves). The proposed error bar for the TRIUMF ex- 
periment is indicated, assuming the A= takes on the value predicted b y  DM. 



Figure 1.10 shows the constraints placed on h;P and hW from the existing high 

precision measurements, and the lirnit to be placed by the TRIUMF experiment 

assurning again that A, is measured to the stated precision and that it takes on 

the value predicted by DM. 

DDH range > 

P+P 
(45 MeV, 13.6 M ~ V )  

DDH 
- range 

Figure 1.10: Constraints placed on the weak coupling constants b y  experiments in 
the pp system. The limit placed by the ezisting measurements is shaded, and the 
DDH reasonable range is indicated. 

Choice of Beam Energy 

From Equations 1.15 and 1.17, the rneasured analyzing power c m  be written as: 

A?' ( E )  = Ht fto+ (E) (ho+ (E)) - H, f ; - (E)  (&- ( E ) )  

= [21 .lhzp + 15.6hcp] ft+ ( E )  (ho+ ( E ) )  

- [15.9h!~] fi- ( E )  (K2- ( E ) )  
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where the first term is the 'So -3 Po contribution, the second term is the Pz -l  DZ 

contribution, and the IDz -3 Fz term is ignored. The constants H t ,  Hs are deter- 

rnined by the weak and strong coupling constants, and by the strong anornalous 

magnetic couplings (see Equation 1.15). The  (K) factors are integrated over the 

effective angular acceptance of the detection apparatus, weighted by the detector 

response (see Equation 1.17). For the TRIUMF geornetry as discussed in the fol- 

lowing chapter, the recent phase shift solution VZ40 [70] predicts that (ho+) goes 

through zero at a beam energy of 221.7 MeV at  the entrance to the target ['il]. 

At this energy, the first term in Equation 1.18 vanishes, and the measured ana- 

lyzing power for the TRIUMF experiment AYt(2S1 MeV) is determined by the 

P2 -' D2 amplitude, which varies slowly with energy. 

The sensitivity of A"'(221 MeV) to  the lSo -3 PO amplitude in the range 

210 MeV to 230 MeV is 2 x 10-' MeV-'. Alternate phase shift solutions (SPIO, 

NI93, VVlO [70] for example) predict zero crossing energies which differ by about 

3 MeV, with an average value of 221.3 MeV. For the TRIUMF experiment. the 

beam energy is measured to 1 3 0  keV as discussed in Section 2.5.2. Hence, the 

maximum 'So -3 Po contribution to Azqt(221 MeV) is expected to be 6 x IO-', or 

10% of the DM prediction. By contrast, the theoretical uncertainty in Al at  this 

beam energy is f l5O%, dominated by the lack of knowledge of the weak meson- 

nucleon coupling constants. The final experimentd precision goal corresponds to 

4130% uncertainty in A,, based on the DM prediction. 

To compare the experimental analyzing power with tbeory, the predicted A, 

at the TRIUMF energy is given by: 

Aih(221 MeV) = - Hs f& (221 MeV) Kp(221  MeV) 

where the 'So -3 Po term has been set to  zero and Klf(221 MeV) is integrated 

from O0 to 90' (center of mass) with unit detector response function. From this 
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equation and Equation 1.18: 

Kp(221 MeV) ) 
~ p ( 2 2 1  MeV) = ( A"' (22 1  MeV). 

( 6 - ) ( 2 2 1  MeV) 

where the term in the brackets is a weighting to be applied to the experimentd 

analyzing power for cornparison with predictions, and has the d u e  1.13 for the 

VZ40 phase shifts [70][71]. Finally, the weak coupling constant hF is related to 

the measured analyzing power by: 

h y  = - Kp(221 MeV) 1 
f;- (221 MeV) Kp(221 MeV)) (A) Azwt(221 MeV) 

= -33.811Yt(221 MeV). (1.21) 

The value of h'3221  MeV) is -1.746 from the VZ40 phase shift analysis, and 

fG(221 MeV) = -1.203 x 10-3 is based on Simooius' analysis [ S I .  The factor 

2 15.9 is determined from the strong interaction parameters g,, y, defined earlier 

(see Equation 1.1.5). For the balance of this thesis, the notation dl a .1:@ (221 

MeV) is adopted. 



Chapter 2 

The TRIUMF Experiment 

The balance of this thesis is presented in three chapters, the first of which provides 

an introduction to the Parity experiment at TRIUMF and descriptions of the 

apparatus used for the measurements. Chapter 3 is devoted to discussions of 

the various systematic error minimization procedures. Chap ter 4 presents the 

analysis of data taken in February 1997 during the first extended period of data  

accumulation for the experiment, and reports the preliminary result for A: at 221 

MeV based on this analysis. 

This chapter is organized into five parts. Section 2.1 provides a general 

overview of the TRIUMF parity violation experiment, a summary of the beam 

property requirements, and introductory discussions of the main sources of sys- 

tematic error. The Parity apparatus and data acquisition system are described 

in Sections 2.2 and 2.3. The TRIUMF polarized ion source and injection system 

are discussed in Section 2.4, and the cyclotron and beam transport system in 

Section 2.5. The latter two sections include descriptions of the beam tuning and 

optimizat ion procedures. 
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2.1 Overview 

The parity violating longitudinal analyzing power, A,, is related to the helicity 

dependent total proton-proton scattering cross section via: 

of =a0(l f IPzIAz) (2.1) 

where 1 P.1 is the magnitude of the longitudinal beam polarization, the sign is 

determined by the beam helicity (+ for positive helicity beam, - for negative 

helicity beam), a' are the angle-integrated cross sections for the two helicity 

states, and oo is the total cross section for unpolarized beam. In this and following 

discussions, the superscripts f and O refer to polarized and unpolarized beam 

respectively. Equation 2.1 can be written as: 

The aim of the TRIUMF experiment is to measure A, to a final precision of 
- 

bA, = I0 .2  x IO-' , including both statistical and systematic errors. A s  will be 

shown in Chapter 4, the overall error for the Parity experiment is dominated by 

statistical contributions, and this level of precision is a feasible goal. In terms of 

the single meson exchange model, and using the DDH best values for the coupling 

constants, A, is expected to be 0.6 x IO-' [%], although this prediction carries 

large uncertainties associated wit h the calculation of the coupling constants, as 

discussed in Section 1 .M. 

The TRIUMF experiment measures A, in transmission geometry, with two 

transverse electric field ionization chambers (TRICs) operating in current mode to 

measure the integrated beam intensity before and after a liquid hydrogen target. 

The target and detector system is shown schematically in Figure 2.1, with the 

beam passing through the system with either positive or negative helicity. The 

TRIC current signals, denoted i&, are related to the beam current in each detector 

by : 
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Figure 3.1: Schernatic of target and detector system. The csrrent signal from the 
detectors is denoted il,2, and g is a variable gain of order unity applied to one of 
the signals before subtraction. 

1 - - .  
-HV 

where GlT2 is the gas gain in each detector, and is proportional to the stopping 

power of the chamber gas for 221 MeV protons, and to the gas pressure in the 

TRICs. The parity violating part of the proton-proton interaction in the target 

causes a small helicity dependence in the TRIC:! signal, which is measured using 

a precision analog subtractor to detect the signal (gii - i2)* synchronously with 

the helicity switching, where g is a variable gain of order unity. The following 

discussion shows how this difierence signal is related to A,. 

_L - - 
-HV 

The TRIC signals are related to each other via: 

where Tf is the transmission probability. Tf depends on the scattering cross 

section t hrough: 

1.i - - e-ntLo* (2.4) 

TRIC2 LH, torget beam - 
I 

+( +) 

pz . * \  
11 

+ ( -1 

TRICI 

9 

r . * !  
' 2  

I 
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where nt is the number density of the target materid and L is the target length. 

For a 221 MeV incident bearn, d' = 23 mb. In this experiment, the target density 

is 0.07 g/cm3 and L = 40 cm, yielding: 

In this case, Equation 2.4 simplifies to: 

where S" is the scattering probability. Substituting Equation 2.1 into Equa- 

tion 2.6, and using this in Equation 2.3 gives: 

and the difference signal is: 

From this, it follows that: 

The gain g is adjusted to make the term involving (i: - i ;  ) vanish, as is discussed 

in Section 3.2.4. In this case: 

This is the expression which links the asymmetry in the analog subtractor signal 

to the parity violating analyzing power, A,. 

2.1.1 Systemat ic Errors 

Two types of beam fluctuations affect the measurement of A,. Random fluctua- 

tions which are not correlated with the beam helicity increase the counting time 
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required to achieve the desired precision in A,. In contrast, fluctuations associ- 

ated with the spin flip mechanism at the ion source can couple with sensitivities 

in the Parity apparatus to produce systernatic effects which mimic the true parity 

violating signal. If t hey are not carefully moai tored and controlled, t hese system- 

atic errors can be at least as large as the expected A;. It is crucial to the success 

of the experiment that the fdse effects not only be minimized, but also that they 

be measured precisely enough so that they can be subtracted from the raw an- 

alyzing power. The main helicity correlated bearn properties which can cause 

systematic errors are: current; energy; position and direction; size and emit t ance; 

and transverse polarization. Of these, al1 except the beam energy are measured 

in the Parity beamline during the course of the experiment with the custom built 

apparatus described in Section 2.2. The Parity experiment is sensitive to energy 

modulation in the 221 MeV beam at the electron volt level. It is not practical to 

measure the beam energy to this level in the Parity beamline but, as described 

later in this chapter and in Chapter 3, other techniques have been developed to 

determine the systematic effect due to energy modulation. 

The systematic errors are modelled by writing the measured asymmetry as: 

z; -x -  
where A: is the parity violating effect, Ax; G are the helicity correlated 

beam properties, and axe the associated sensitivities of the target and TRIC 

system. The summat ion term in Equation 2.11 is the false analyzing power, A&. 

The generd philosophy of the Parity experiment is to rninimize AA, by the tuning 

procedures described in this and the following chapter, and to measure as many 

of the remaining systematic effects as possible over the course of the experiment. 

The most significant portion of the data analysis, as discussed in Chapter 4, is 

to deduce the total A.4, from these measurements, and to apply this correction 

to A I w .  The experiment was designed with the goal of limiting the uncorrected 
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AAz in the final result from each individual contribution to 10% of the predicted 

value of A,, approximately 6 x IO-', or to rnake corrections which are precise to 

that level. 

The procedure to ensure that AA, remains acceptably small is to minimize 

both the Axi and the sensitivities 2 simultaneously for as many beam properties 

as possible. The sensitivit ies are determined from independent calibrat ion mea- 

surements with enhanced Asi, as described in Chapter 3. The systematic error 

in the measured asymmetry is deduced by combining these pieces of information. 

Some of the helicity correlated bearn properties, for example, energy modulation, 

are too small to be rneasured directly. The contribution to AA, frorn al1 such 

sources is deduced by periodicdly reversing the sign of the helicity in the Parity 

bearnline with respect to the ion source polarization direction, and the effect is 

cancelled by averaging the data appropriately. 

Table 2.1 lists the important beam propert ies, t heir nominal average values 

during the experiment, and the maximum tolerable helicity correlated change in 

each one. The latter were determined from the design goal mentioned above 

using sensitivities predicted from Monte Car10 simulations (721. The upper limit 

for the longitudinal polarization mismatch between helicity states was set to keep 

the intensity modulation within its tolerable value. The correlation between a 

polarization mismatch and intensity modulation is described in Section 2.1.4. The 

values for the average beam intensity, position and size were chosen to minimize 

either the statistical error in A l W ,  or the false analyzing power AA,, as discussed 

later. 

The Parity beamline is shown in Figure 2.2. Besides the target and detector 

system, there are two polarization profile monitors (PPM1, PPM2) to measure the 

transverse polarization profiles of the beam and three intensity profile monitors 

(IPM1, IPM2, IPM3) that provide bearn position and size information during the 

course of the experiment. The position information from the IPMs is also used 
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- - 

Beam Property 

Position 

Size 

Longitudinal 

Polarizat ion 

Transverse 

Polarizat ion 

Intrinsic First 

Moments 

Symbol 
-- 

Nominal Average 

Value 

(xi) 

221 MeV 

- 

Maximum Tolerable 

Helicity Correlated Value 

(4x i )  

Table 2.1: B e a m  pmper t i e s  for the P a r i t y  experirnent. 
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Transverse Electric Field 
lonization Chambers (TRiCs) 

, Magnets (FCSMs) 

Polarization 

Profile Monitors (PPMs) 

Ferrite Core Steer 

Quadrupole 
LH, Target 

Intensitv 

bearn 

Figure 2.2: Layout of the Parity apparatus in the bearnline at TRIUMF (beamline 
4@). 

as part of a feedback loop to keep the beam position stable during data taking. 

Table 2.2 lists the locations along the Pari ty beamline of the target and measuring 

apparatus shown in Figure 2.2. The remainder of this section describes how each 

of the beam properties listed in Table 2.1 can give rise to a false asymmetry. 
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Item 

1 IPMl 

Positions (mm) 

(f 3 mm) 

LHÎ Target (US) 

(center ) 

(DS) 

( center ) 

Table 2.2: Positions of the P a d y  apparatus along the beamline. Unless otherwise 
indicated, the positions correspond to the center of the sense region of the detectors. 
YUS", "DS" refer to the upstream and downstream end windows of the TRICs and 
the LH2 target jiask. 



Transverse Polarization 

The source of the largest systematic error in the measurement of AL is related 

to  residual transverse polarization components, Pz and P,. The proton beam ex- 

tracted from the cyclotron is vertically polarized, with average polarization 1 (P,) 1 
of approximately 0.80. A combination of two solenoid and two dipole magnets 

(SDSD system) in the beam transport system is arranged to rotate the polariza- 

tion to longitudinal before the beam arrives at the Parity apparatus, as  explained 

in Section 2.5.2. Any small rotation errors in the beam transport system, due to 

magnetic field drifts for example, can introduce small transverse polarization com- 

ponents of the beam in the Parity beamline which reverse sign with the helicity. 

These Pz, P,, components introduce a helicity correlated updown, left-right scat- 

tering asymmetry for proton-proton scattering in the LH2 target, via the parity 

allowed transverse analyzing power At.  The following discussion focuses on a beam 

with transverse polarization Pz and centroid position y, with the understanding 

that similar arguments and expressions apply to P, and x. 

The parity allowed scattering asymmetry is illustrated in Figure 2.3 for a 

pencil beam with transverse polarization Pz. From this picture. with the beam 

offset from the TRIC2 symmetry axis, it is clear that the signal deposited in 

the downstrearn ionizatioa charnber is smaller for the positive helicity state. and 

larger for the negative helicity one. It is this difference that causes a systernatic 

error in A:". Figure 2.3 also suggests that if the beam travels exactly along the 

symmetry axis of the target and detector system (y = O ) ,  then the TRICZ! signal is 

equal for both helicity states and the systematic error vanishes. The contribution 

to AAz is proportiond to the transverse polarization at the target multipliecl 

by the displacement of the beam from the symmetry axis a t  the entrance of the 

TRICS active volume. With the reasonable assumption that the beam polarization 

is independent of z in the absence of magnetic fields, this is equivalent to  yP, 

measured at the TRIC2 entrance aperture. The symmetry axis is referred to as 
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Positive Beam Helicity 

beam 
protons 

-Px @ 
T Ay =- symmet ry 

OXlS 

Negative Beam Helicity 

beam tar et 
protons pro?ons 

symmtery 
oxis 

1 beam 

symmtery 
nvlc 

1 TRIC 7 

Figure 2.3: Example of the up-down scattering asyrnmetry introdvced by a Pz corn- 
ponent of beam polarization, for each helicity state. The pencil beam is travelling 
along an ax2s parallel to the symmetry axis, but displaced from it by  an amount 
Ay. The thicknesses of the arrows represent the relative amount of scattering in 
each direction. 

the polarization neutral axis. and y P, is the first moment of transverse polarization 

for a pencil beam. 

The total first moment of polarization for a bearn intensity distribution in one 

dimension is given by: 

where [(y) and P,(y) are the beam intensity and transverse polarization ai func- 

tions of position y, and the superscript t stands for total. The quantities (y) and 

(Pz) are defined by: 
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where (y) is the centroid of the intensity distribution 

(2.11) 

relative to the polarization 

neutral axis averaged over both helicity states, and (P,) is the average transverse 

polarization. (y)(P,) is known as the extrinsic fint moment of transverse polar- 

ization, and is equivalent to y P, for the pencil beam of Figure 2.3. With these 

definitions, (yP,) of Equation 2.12 is the intrinsic first moment of transverse polar- 

ization, and is a measure of the variation of Pr with y within the beam envelope. 

The sensitivity of AEaW to the total first moment of transverse polarization was 

predicted to be 3 x 10-5 mmhL for a beam with (Pz) = 1 [73][74]. In order to 

meet the design goal of the experiment , this prediction implied t hat the total first 

moment must be less than 0.2 Pm. 

Due to the symmetry of the TRIC sense regions, even moments of polarization 

such as (y2P,) do not give rise to a false asymmetry. Also, the sensitivity to terms 

such as (x Pz) is predicted to be an order of magnitude smaller than the sensitivity 

to the (zJP,) components. 

In principle, it is a relatively simple matter to minimize the contribution to 

AAz from the extrinsic first moment, both by fine tuning the SDSD system for 

small (Pr), and by arranging the bearn trajectory to be as close as possible to 

the symmetry axis. Indeed, as shown in Section 4.6.2, the correction to AIaW for 

(y)(P,) is at the 10-~ level or smaller. By contrast, the intrinsic first moment 

is very difficult to control, and can cause a systematic error via the mechanism 

shown in Figure 2.3 even if (y)(P,) is zero. In this model, the (yP,) contri- 

bution to AA= vanishes only if the intrinsic first moment goes through zero at 

the TRIC2 entrance aperture, which can be achieved by an appropriate choice 

for the beam size convergence in the Paxity beamline. This is explored in detail 

in Section 3.2.1, together with the method for finding the polarization neutral 

axis. As demonstrated in Chapter 4, the dominant systematic effect in the Parity 

experiment is at  the IO-' level, and is caused by the intrinsic first moments of 
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polarizat ion. Consequent ly, a solid understanding of the behaviour of the int rinsic 

f i s t  moments, and the associated sensitivities, is vital to the analysis of the Parity 

data. 

Examples of beam intensity distributions with (y) = O, (Pz) = O, and (yP, )  # 
O are shown in Figure 2.4 for Gaussian beams of standard deviation 5.0 mm and 

2.5 mm. For the discussions of Sections 3.2.1 and 4.4.1, it is important to point out 

that bot h the ext rinsic and intrinsic polarizat ion moments are expected to  scale 

linearly with distance dong the beamline (2). For the extrinsic case, since there 

are no magnets in the bearnline downstream of the ferrite core steering magnets, 

(Pz,,) should be independent of z ,  and (x), (y) should vary linearly with z. For 

the intrinsic first moment, Figure 2.5 shows how (yP,) scales with the beam size, 

which, in the absence of multiple scattering, also varies linearly in the drift space 

except around the region of a waist. Bearn transport calculations predict that the 

intrinsic moments continue to scale linearly in such a region, and go through zero 

at the waist position provided that the polarization is only a function of position 

within the beam envelope, as illustrated in Figure 2.5 for (y Pz). 

In the mode1 described here, the sensitivities to Pz,, are entirely due to the 

presence of the LH2 target. However, since there are foils and windows with 

transverse analyzing powers upstream of the target in the Parity beamline, the 

sensitivities have contributions from both ionization chambers. This generaliza- 

tion is adopted in Section 3.2.1. 

Position Modulation 

Helicity correlated beam position and size fluctuations can introduce a false an- 

alyzing power, AA,. Both of these sensitivities are related to the beam size at  

TRIC2, which is approximately four times wider than that at TRICl due to mul- 

tiple scattering in the liquid hydrogen target and the upstrearn foils and windows. 

The position modulation effect is discussed first. For convenience, the discus- 
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Figure 2.4: (a) Gaussian beam intensity distributions in one dimension, centered 
at y = O mm. The distribution on the right has half the standard deviation of 
the one on the left. (b)  The distribution of Pz in one helicity date  for each of 
the beams in the top figure. The arro3ws reverse direction with the beam helicity. 
The significance of the two 6eam sizes, and the magnitude of the corresponding 
intrinsic polarization moments are discussed in the text. 
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wais t 
position 

Figure 2.5: Behavioor of the beam sire y' and intrinsic first moment (y Pz) as 
functions of position r along the beamline. Note that the linear scaling of (yP,) 
with y' only applies in the region far /rom the beam waist. 
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sions refer only to  position and size modulations in x with the understanding that 

similar arguments and expressions apply in y. 

Helicit y correlated beam position modulations are defined by : 

where (x)* is the centroid of the bearn intensity distribution (see Equation 2.13). 

The most general type of position modulation is the case where both the position 

and the angle of the beam axis change in step with the helicity, so that A x  varies 

with position z dong the beamline. 

To illustrate the mechanism responsible for the sensitivity e, consider the 

special case of parallel modulation, where the angle modulation is zero and Ax is 

independent of z. For a given Az, there is a differential signal loss between helicity 

states in each detector due to the tails of the beam intensity distribution being 

outside the active volume of the detector. The larger bearn size a t  TRIC3 causes 

its response to be more sensitive to Ax than TRICI. The position modulation 

sensitivity is itself beam position dependent. If the beam path is centered on 

the symmetry axis of the apparatus, the signal loss is the same for the beam 

axis in each helicity state, and there is no contribution to AA,. This symrnetry 

axis is referred to  as the position neutral a i s .  For a beam displaced from the 

position neutral axis by 1 mm, the contribution to AA, assuming perfect detectors 

was predicted to  be 0.5 x 10-5 per mm of helicity correlated parallel position 

modulation [73]. With this prediction, Ar averaged over the course of the data 

accumulation time should be less than 1 prn in order to meet the design goal of 

the experirnent. For the more general case of non-parallel modulation, 9 rnay 

be larger than the above prediction, placing a tighter upper limit on the tolerable 

Ax. 

The experimental procedure used to  measure the sensitivity t o  position modu- 

lation is described in Section 3.2.2. As shown in Sections 4.3.2 and 4.5, the helicity 

correlated As for the Parity experiment is extremely small, and its contribution 
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to AAz is negligible. 

Size Modulation 

Helicity correlated size modulation is defined by: 

- 21- 
Ax' = 

9 
L 

where XI* is the standard deviation, or size, of the bearn intensity distribution 

in the Parity bearnline. As for the case of position modulation, the sensitivity to 

Ax' is caused by a larger fraction of the tails of the beam profile being detected 

by the ionization chambers in one helicity state than in the other. Due to the 

increased beam size, the signal in TRIC2 is more sensitive to  size modulation 

than is the signal in TRIC1. For a given Ax', the difference in the TRICZ signal 

between the two helicity States is larger than the difference in the TRICL signal. 

This inequality in the two detectc,r signals causes the false asyrnmetry, A&. For 

a nominal beam size of x' = 5 mm incident on the LH2 target, the sensitivity 

was predicted to be 1 x I V 5  mm-' [73]. To meet the design goal of the d i  

experiment, Ax' averaged over the course of the data accumulation should be less 

than 0.15 Fm. 

Section 3.2.3 describes the calibration study that is required to measure the 

sensitivity e. As discussed in Section 4.43, the size modulation sensitivity study 

was not performed in the optimal manner in February 1997, and the experirnental 

sensitivities were not available for the analysis. However, as shown in Section 4.5, 

the A?" data indicate that the contribution to AAz from this source is negligible 

for this data set. 

Intensity Modulation 

Another source of systematic error in the Parity experiment is the possibility of 

the total beam intensity at  the Parity apparatus changing in step with the helicity 
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reversal. Helicity correlated intensi ty rnodulat ion is defined by : 

where If is the beam current in the TRICs. If the signals from the ionization 

charnbers were strictly linear functions of the beam current' the sensitivity to 

y would be elirninated at al1 beam currents by tuning the analog subtractor to 

match the detector outputs. However. there is a smdl nonlinear component in the 

TRIC signals caused by recombination in the detectors (see Sect,ion 2.2.4) and in 

addition, the response of the analog subtractor itself is not perfectly linear. These 

nonlinearities imply that the subtractor can be tuned to cancel the sensitivity to 

y at only one value of the beam current. If the beam intensity is 1 nA away 

from the value at which the subtractor is tuned, then the contribution to A& due 

to y was predicted to be 6 x IO-'! The maximum tolerable y implied by this 

sensitivity in order to meet the design goal of the Parity experiment is 1 x IO-'. 

For the reasons discussed in Section 2.2.4, the nominal beam current was 

chosen to be 200 nA. The tuning procedure to minimize the sensitivity to y at 

300 nA is described in Section 3.2.4. The meaçured sensitivity for beam current 

fluctuations away from 200 nA is consistent with the predicted value. as shown in 

Section 4.4.4. The resulting contribution to y for the February 1997 data is at 

the IO-' level. 

Energy Modulation 

The Parity experiment is extremely sensitive to helicity correlated beam energy 

fluctuations. Coherent energy modulation is defined by: 

where E* is the energy of the accelerated beam. The sensitivity to A E  arises 

because the beam loses energy as it passes through the liquid hydrogen target. 

The response of each ionization chamber is proportional to the energy lost by the 
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beam in the detector gas, as determined by the stopping power of the hydrogen. 

Since is a nonlinear function of the beam energy, the 27 MeV beam energy 

difference between TRICl and TRIC2 implies that they have a different response 

to a given AE. This is shown schematically in Figure 2.6. It is this difference 

€2- b+ El- E If 
< > Beam Energy 

27 MeV 

Figure 2.6: Schematic explunation of the sensitivity to energy modulation (not to 
scale). E: and E: are the beam energy in TRICI and TRIC2 respectively, /or the 
+ and - helicity states. The vertical arrows represent the detector responses to a 
given AE.  Sinee is not a linear function of E and the beam loses energy in the 
LH2 target, the TRIC responses are unequal, which gives rise to the sensitivity. 

in the TRIC responses that causes a systcmatic error. From the known variation 

of 2 with beam energy, the contribution to BAz from A E  was predicted to be 

2.8 x eV-', which implies a maximum tolerable A E of 0.2 eV. 

2.2 Apparatus 

2.2.1 Polarization Profile Monitors 

The polarization profile monitors ( P P Ms) rneasure the distributions of transverse 

polarizat ion within the beam envelope, P,(y) and P, (x), at two positions upstrearn 
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Left counter (n,) 

z 

Right counter (n,) 

Figure 2.7: Schematic of a conventional proton polarimeter to  measure P,. The 
polarimeter target is located at x = t = O .  The counting rates in the lep and right 
detectors are nr. and nR respectively. 

of the TRICs (see Figure 2.2). These devices measure the updown and left-right 

proton-proton (pp) scattering asymmetries as functions of position as thin CH2 

blades scan through the beam verticdly and horizontally. The PPM design is 

similar to the monitors described in Reference [75]. The transverse polarization 

distribut ions are related to the scattering asymmetries through the  transverse an- 

alyzing power. Figure 2.7 shows the schematic of a simple twebranch polarimeter 

designed to measure P,, with the left and right detectors placed to measure pr* 

tons scattered into f O. In this case, P, is given by: 

where At(Q is the transverse andyzing power and n ~ ,  n~ are the  counting rates 

in the  left and right detectors respectively. 
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The stat içt ical uncert ainty in the measured P, varies as ( A @ )  ,/a)-'. 
Since the total counting rate (nL + nR) is proportional to the differential cross 

section for pp scattering at  angle 9, the figure of merit for a polarimeter can be 

defined as: 

If the counters are placed such that F is maximized, the resulting statistical 

error in the measured polarization is minimized. Figure 2.8 shows the transverse 

analyzing power and figure of merit as functions of scattering angle in the lab 

for pp scattering at 221 MeV. These data were taken from a recent phase shift 

analysis of scattering data (SM93) using the SAID interactive dial-in computer 

software [70]. 

O XI 20 30 40 

Scattering Angle (lob. degrees) 

Figure 2.8: Transverse analyzing power and figure 01 merit -4:(8)%(8) (in or- 
bitrary units) as functions of lab. scattering angle for 221 Me V protons. The 
maximum figure of merit occurs ut 17.50 lab. angle, and At(17.5') = 0.3. 

The PPM detector arrangement is shown schematically in Figure 2.9 for the 

left branch. The detectors are fast plastic scintillators coupled via light guides 

to RCA 8575 photomultiplier tubes which detect the energy deposited in the 

scintillators by the passing particles. Each branch consists of a forward arm 
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Figure 2.9: Top view of the detector arrangement for the lej? branch of one PPM. 
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to detect scattered protons and a recoil arm to detect the recoil protons. The 

forward arm counters are at  the nominal maximum figure of merit, 17.1i0, and 

the recoil detectors are placed to  detect the corresponding low energy recoils, at 

70.6'(lab). The forward arrn contains a coincidence counter (C) to detect protons 

coming from the CH2 target and a solid angle defining counter (O). The recoil 

arm contains a recoil counter (R) and a veto counter (V) to  discriminate against 

inelastic scattering events from the carbon in the target blades. Mounted behind 

each R counter is a thin aluminum degrader to ensure that al1 recoil protons from 

elastic pp events are stopped before reaching V. With this detector arrangement, 

pp elastic scattering events are detected by the four-fold coincidence (C-R)-(R-V). 

Accidental or random coincidences are measured by forming the coincidence of 

(C-0) with (R-V) delayed by one 43 ns period of the cyclotron RF. 

The phototube voltages are typically around 1200 V, and are set so that the pp 

elastic pulse heights from the C, 0, and R counters, after passing through a x 10 

prearnplifier, are 100 mV. For the V counters, the maximum pulse height after the 

~ 1 0  prearnplification is set to be 300 mV. With these pulse heights, the singles 

counting rates are low enough to avoid saturat ing the phototube preamplifiers. 

The voltages are fine tuned to match the counting rates between corresponding 

detectors on opposite branches. For example, the left and right C counting rates 

are matched by small adjustments, typically 5 to 20 V, t o  the phototube voltages. 

This tuning procedure eliminates any count rate dependence of the rneasured 

asymmetries. The coincidence signals are formed from the raw phototube signals 

using LeCroy 622 discriminators and LeCroy 429 coincidence units. The R dis- 

crirninator thresholds are set to 50 mV to reduce the accidental coincidences, and 

the other thresholds are set to their minimum value, 30 mV. Al1 of the logic pulse 

widths are 10 os, except for the V discriminator output, which is 20 to 30 ns wide 

to ensure that al1 the inelastic events are vetoed. The threshold values and pulse 

widths were optimized to  reduce the statistical error in the rneasured polarization 

component S. 
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Typical maximum counting rates under normal data taking conditions for a 

target blade centered on the beam intensity distribution are shown in Table 2.3 

for the four detectors, and for the raw and accidental coincidences. Each target 

blade is 1.6 mm wide and 5.0 mm thick dong the beam direction. 

Detector 

(C-Q)-(R-V) 

(C-Q)*(R*V + 43 ns) r i -  

Peak Singles Rate (MHz) 

Coincidence 

Table 2.3: Counting rates in the PPMI deteetors when Ihe target blades are cen- 
tered on the proton beam, and the raw and accidental coincidences, for the nominal 
beam conditions ( I  = 200 nA,  5 mm beam size). 

Peak Rate (kHz) 

The conventional detector arrangement of Figure 2.7 rvould give rise to a geo- 

metricai asymmetry in the polarization distribution measured by a scanning blade 

polarimeter. This is caused by the variation of scattering angle 8 with the target 

blade position, since the coincidence counting rate is proport ional to ( 8 )  nR(6). 

An important feature of the PPMs is that the R counter is rotated by 49" as indi- 

cated in Figure 2.9, so that the corresponding change in AR with blade position 

compensates for the variation in % ( O ) ,  and the product is independent of the 

blade position over a range of several centimeters [76]. With this design feature, 

the counting rate asymmetry measured with unpolarized beam has no position 

dependence within severd centimeters of the beam mis. 

Figure 2.10 shows the  target wheels and detectors for one PPM; the second 
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polarimeter is identical to the first. The target wheels, which hold two blades 

each, are mounted so that one wheel scans horizontdy to  measure P,(x), and the 

Rototing target blades 

Figure 2.10: PPM target wheels and deteetors. The detectors of the lefi branch 
are highlighted. 

other scans vertically to measure P,(y), controlled by a stepping motor mounted 

on one of the wheels. An optical shaft encoder is coupied to the motor drive shaft 

to provide position information. 

For each cornplete revolution of the target wheels, the shaft encoder provides 

one index logic pulse and 2500 clock pulses. The PPM rotation is controlled by 

a PC-based system, which keeps the rotation period constant to within k1 clock 

pulse and also synchronizes the two polarimeters. In addition, the PPM rotation 
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is synchronized with a controlled phase slip with respect to the 60 Hz line. The 

phase slip period is controlled by a software parameter, and was chosen to be 

45 minutes for the February 1997 data taking period. Individual mns are timed 

to correspond to  an integrai number of phase slip periods in order to completely 

cancel any systematic effect associated with the PPM phase reIative to the 60 Hz 

li ne. 

For the Parity experiment, the PPMs are operated at  5 Hz. That is, each of 

the eight blades scans through the beam 5 times per second. The clock pulses from 

the shaft encoders are separated by 80 ps, and are used as the channel advance 

for LeCroy 352 1 A mu1 t ichannel scders which record ei t her the left raw (&., ), 

left accidental (iVL,acc), right raw (NR,raw), right accidental ( L V ~ , . ~ ~ )  information or 

the corresponding top ( NT) and bottom ( N B )  information as functions of blade 

position, depending on which blade is in the bearn. The scders are read out 

and cleared by the data acquisition system every 25 ms, after each blade passage 

t hrough the beam, and the profiles are accumulated in software. Each scaler chan- 

ne1 corresponds to  0.53 mm of blade motion, and 80 channeis are used to record 

the PPM information. The PPM integration window for each blade corresponds 

to 42.1 mm of blade motion, which places the upper limit on the beam sizr for 

the experiment. The lower limit for the beam size is effectively placed by the 

maximum counting rate in the PPM detectors before rate dependent effects are 

observed in the asymmetry profiles. The 5.0 mm beam size at  I P M l  is chosen as 

a compromise between these two limits, and the optimum beam size at IPMB is 

chosen to minimize the sensitivity to  first moments of transverse polarization, as 

discussed in Section 3.3.1. 

The electronics diagram for both PPMs is shown in Figure 2.1 1. The details 

of how the encoder signals from the polarimeters are used to drive the data ac- 

quisition system are discussed in Section 2.3. It is important to note here that 

the beam helicity is reversed every 25 ms, so each successive PPM blade samples 

the beam in a new helicity state. In order to calculate the helicity correlated 
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Figure 2.11: Schematic of the PPM electronics. The logic is described in the text. 
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quantities, at least two û-blade cycles must be combined. 

Focusing on the Ieft and right branches to discuss how the polarization infor- 

mation is deduced from the PPM data, the number of real pp elastic scattering 

events at blade position i is given by: 

where i = 1 to i = 80 corresponds to the scaler channel, and similarly for the right 

branch. The superscripts refer to the beam helicity. The transverse polarization 

in each charme1 is given by: 

and the helicity correlated polarization profile is calculated from: 

P z  (i) - PY- (i) 
Py(i) = 

3 ? 

which cancels the PPM geometrical asymmetry. With these definitions, the av- 

erage transverse polarization over the beam envelope is given by the sum over 

al1 channels of the transverse polarization, weighted by the total counts in each 

channel, and normalized to the channel-integrated counts: 

The intrinsic first moment of polarization in millimeters is given by: 

where 0.53 is the conversion factor between channels and millimeters, and (i) is 

the centroid channel: 

The helicity correlated (xP,) is then defined by: 
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- io O IO 
Relative blode position (mm) 

- 10 O 10 
Relative blade position (mm) 

Figure 2.12: The bearn intensity profile in x ,  and helicity correlated transverse 
polarization P,(x) measured by PPMl in one hour. For this run, (P,)  = 0.004 f 
0.002 and (xP,) = 30 f 7 Fm. 
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Figure 2.12 shows a typical helicity correlated polarization profile measured 

by PPM1. Under the normal data taking conditions of 200 nA beam current and 

5.0 mm beam size, each PPM measures (Pz), (P,)  to f 0.002 and (xP,), (yP,) to 

&7 pm in one hour. 

PPMl is fitted with a retractabie fixed target of 0.2 mm thick CH2 which 

intercepts the entire beam intensity distribution to allow for fast measurements of 

the average polarizat ion. The PPM blades are stopped and parked out of the bearn 

during the %xed target" measurements, which are used for tuning purposes. The 

fixed target thickness was chosen to match the rates in the individual detectors 

with the peak rates obtained while the blades are rotating. With the fixed target 

in place, the transverse polarization components (Pz) and (Pz) are measured to 

I0.001 in several minutes. 

2.2.2 Intensity Profile Monitors and Position Feedback Loop 

The beam position and size are measured using three intensity profile monitors 

(IPMs), as shown in Figure 2.2. During normal data taking, I P M l  and IPM3 

are used to monitor the intensity profiles for each spin state of the S-blade events 

to provide average and helicity correlated information. IPM2 is read out every 2 

seconds and is used as a beam tuning diagnostic to determine the convergence of 

the incident beam. The IPMl  and IPM3 position information is also used in a 

feedback loop with the ferrite core steering magnets (FCSMs) to keep the beam 

position locked on the desired axis during data taking. A comprehensive report 

of the IPM design and performance is presented in a M.Sc. thesis (771 and in 

Reference [78]. Only a brief overview of the important features is given here. 

The IPMs produce current signals by secondary electron emission from series 

of thin nickel foils cut into strips, which are precision mounted on readout boards. 

There are two readout boards, or harps, in each IPM containing 31 strips per harp 

to rneasure the beam intensity distribution in x and y. The  harps are grounded 
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and act as  cathodes. Interleaved with the two harps in each IPM are three biased 

aluminum collector foils. In addition, in IPM1, there is a grounded aluminum 

nomalization foil and an extra collector foil to measure the total beam intensity. 

The normdization foil signal is used in the liquid hydrogen target refrigeration 

feedback system, and as an extra diagnostic in the data stream. The foil pack for 

one IPM is shown schematically in Figure 2.13, and the thicknesses of the various 

foils and spacings of the strips are listed in Table 2.4. 

X Strips Y Strips 

*Q beam 

Figure 2.13: Foil pack for one of the IPMs. 

Since the sensitivities to many of the helicity correlated beam properties grow 

with increasing beam size, the amount of material in the beamline, particularly 

upstream of TRIC1, must be minimized to limit the bearn size increase due to 

multiple scattering. The IPM foils, which are the only material in the beam 

path upstrearn of the first ionization charnber, consist of material which is as 

thin as practically possible and there are no additional entrance or exit windows. 

The beam size a t  the LH2 target entrance is a critical parameter for determining 

the beam size at TRICP. Since IPM3 has essentially no lever arm to the target 

entrance, its foil thicknesses are less critical than those of IPMl and IPMS, which 
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Component 

Strip Spacing (mm) 

Thickness, each ( p m )  

Thickness, total (pm) 

Collectors 

Material 

Thickness, each (pm) 

Thickness, total (pm) 

Normalizat ion Foi1 

Material 

Thickness, total (pm) 

Table 2.4: Strip spacings and thickiesses of materials used in the IPMfoils. The 
stra'p spacing refers to the center-to-center distance between the harp strips. There 
is only one normalization foil, in IPMI. 
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are posit ioned futher upstream. For t his reason, the IP M3 harps are thicker than 

the IPM1/2 h q s  as shown in Table 2.4. 

The beam knocks electrons out of the harp strips as it passes through the 

foil pack. The electrons are couected on the collector foils, which are biased at 

+IO0 V. The value of this voltage is not critical as it is only required to overcome 

the effects of space charge around the strips. The secondary electron signals are 

read out from the 31 emitting strips, reducing the possibility of detecting stray 

electrons from ot her sources in the monitor. Since secondary electron emission 

is predominantly a surface effect, with most of the electrons emitted from within 

IO-' to mm of the foil surface, the gains of the individual strips are quite low 

- between 0.04 and 0.05 electrons per foil surface, per incident beam proton. The 

IPMs must be under vacuum that is high enough that  the ionization current from 

the residual gas is smaller t han the secondary electron current. A good vacuum is 

also required to prevent the buildup of deposits on the foils, which would change 

their gains. The harps are mounted in standard TRIUMF beamline monitor boxes 

which are maintained under vacuum at the level of 1 0 - ~  Torr by dedicated turbo 

pumps. 

Because the secondary electron gain is low, the monitor electronics are designed 

to have low intrinsic noise and high gains. Each harp strip signal is processed in a 

dedicated current-to-voltage preamplifier, with the circuit shown in Figure 2.14. 

This circuitry is located within a few meters of the IPMs to reduce the noise 

pickup on the secondary electron signds. The voltage signals are digitized in 

voltage-to-frequency (V/f) converters? and recorded in LeCroy 4434 32-channel 

scalers which are read out by the data acquisition systern. 

In order to extract accurate beam intensity profiles from the IPMs, there are 

two calibration procedures that are cmied out. With the beam off, the pedestal 

values of the 31 strips are measured for al1 the harps. The pedestals show small 

random variations between the strips, caused by miations in the preamplifier 
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Figure 2.14: The preamplifier circuitry for each IPM strip using Barr Brown OPA 
1-8 LM amplifier cuvent-to-voltage chips [79]. 

circuitry and in the idling rates of the V/f converters. During the experiment, 

the pedestals are rneasured every few days, or more often if drifts appear to have 

occurred. The pedestal values are subtracted from the measured signals to obtain 

the real signal from each strip. 

In addition to the pedestals, small variations in the preamplifier and strip 

gains are independently measured. Ideally, the relative gain of each strip would 

be exactly unity. In practice, the gains of the individual strips vary between 

approximately 0.95 and 1.05. The relative gains are measured by applying a 

steering signal gated by the data acquisition system to one of the ferrite core 

steering magnet (FCSM) power supplies. In response to this signal, the FCSM 

steps the beam centroid through three positions separated by 1.0 mm. Otherwise. 

the steering signal causes minimal changes to  the intensity distribution. The 

relative gains are calibrated by requiring that the measured profiles in the three 

positions be identical, other than the known centroid shift. For normal running, 

the harp signals are multiplied by the relative gain of each channel after pedestal 
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subtraction. 

The strip signals, denoted Si from strip i, are obtained by first converting 

the V/f output signals to nanoamperes of secondary electron current using nom- 

inal values for the V/f idling rates and the current to voltage calibration of the 

preamplifien, and secondly by subt racting the pedestal values and multiplying 

by the relative gains. Since the IPMs are positioned so that the center of strip 

16 is nomindy centered on the Parity bearnline for both the x and y harps, an 

absolute position xi or Yi can be assigned to  each strip: 

where w is the strip spacing. With this information, the centroids x, y and widt hs 

(or sizes) XI, y' of the intensity distribution are calculated for each beam helicity 

frorn: 

where: 

The average and helicity correlated beam positions and widths for each Ss ta te  

event are deduced from: 
cc+ + x- 

2 = 
2 

and similarly for the widths. 

Figure 2.15 shows typical beam profiles as measured by IPMl and IPM3, where 

the horizontal axes have been converted frorn strip number to relative position 

in millimeters. The beam positions and convergence are chosen to rninimize the 

sensitivity to transverse polarization components, as discussed in Section 3.2.1. In 
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Figure 2.15: Typical beam intensity profiles in x and y at [PMI and IPM3. 
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one hour, the IPMs measure the helicity correlated position and size modulations 

to precisions of ~ ( A x )  = rt0.2 pm and 6(Azf)  = f 0.2 pm. 

Occasionally, some of the IPM signals Si can take on large values unrelated 

to the beam intensity at  strip i. These are called "hot wiresn, and are easy to 

detect since they cause large spikes in the intensity profiles. Hot wires can arise 

from various sources, such as a bad connection in the preamplifier circuitry or in 

the rnilitary comector which feeds the signas from the IPM vacuum box. When 

hot wires occur at  strips which are far outside the main beam intensity distribu- 

tion they can be excluded from the sum in Equation 2.29 by setting appropriate 

software integration windows. Since these spikes, if they are not excluded, change 

the apparent beam centroid and size, it is vital that no data with hot IPM wires 

be included in the analysis. Section 4.2 discusses the data cuts placed to ensure 

that no hot wire data are included. 

The IPM harp signals are also used in a position feedback system with the 

ferrite core steering rnagnets (FCSMs). The preamplifier signals frorn each harp 

are fed into a custom built hardware beam centroid evaluator (BCE) whose output 

is a voltage signal between +5 and -5 V proportional to the beam centroid position 

relative to the central strip, with a conversion factor of approximately 1 V mm-'. 

The BCE output is fed into a pulsed integrating Feedback amplifier (PIF..\), shown 

schematically in Figure 2.16. 

The output of the PIFA is used to power the two FCSMs, which steer the 

beam to zero the BCE signal in response. The PIFA determines the correction 

signal by integrating the input over a time interval determined by the trigger, and 

the correction is applied at  the end of each integration period. The trigger also 

strobes the output signal to the appropriate magnet power supply, either FCSMl 

or FCSMZ depending on which BCE signals were integrated (x and y for IPMl or 

IPM3). The trigger frequency is 2.5 Hz, so that for each IPM, a new correction is 

determined and applied every 400 ms, alternating between FCSMl and FCSMZ. 
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Clock r7-l 

FCSM 
BCE 
output atoH integrator H Output Gain 

Figure 2.16: Schematic of the pulsed integrating teedback amplifier used in the 
position stabilization system. 

<*s v) 

The time constant of this feedback loop is 16 times longer than the 25 rns helicity 

I signal 

states, so helici ty correlated position fluctuations are not corrected by the system. 

The PPM interrupt indicated in Figure 2.16 gates off the integration during the 

PPM blade passages since the blades distort the beam intensity profiles. 

A variable amplitude dc voltage level may be added to the BCE output in 

the PIFA unit to steer the bearn to different positions. This feature is used dur- 

ing regular data taking to keep the beam on the optimal axis, and also during 

control measurements to map out the transverse polarization and helicity corre- 

lated position modulation sensi tivi ties. For the latter study, cont rolled position 

modulations are introduced by adding a 40 Hz square wave signal to the PIFA 

input. 

2.2 .3 Liquid Hydrogen Target 

The LH2 target for the Parity experiment was designed with a set of stringent 

tolerances determined from a Monte Carlo mode1 of a realistic beam scattering 

in the target and being detected in TRIC2. A schematic diagram of the target is 
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Beam - 
Ref riaerator 

/ LH, O 1.13 Atm, 19.3 K 

- 
l 

I 

1 - 40 cm LH, - - He gas Q 1.13 Atm 

Figure 2.17: Schematic of the iiquid hydrogen target. 

shown in Figure 2.17. The design features axial flow of the LH2 to reduce density 

fluctuations to Iess than 1%. The planar end windows of the LHa volume are 

achieved by pressurizing He gas cells at either end of the LH2 flask. The planar 

end windows greatl!~ reduce the sensitivi ty to beam position fluctuations wi th  

respect to more conventional targets wit h curved ends. 

The target length of 40 cm was chosen as a compromise between maximizing 

the scattering probability, which increases the parity violating signal detected by 

the TRICs, and reducing the multiple scattering of the transmitted beam. The 

target scatters 4% of the incident protons, and multiple scattering in the target 
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and all the material upstream increases the bearn size by a factor of four between 

the two detecton. The sensitivity to energy modulation, which increases wit h the 

target length, also places an upper limit on the target thickness. 

The hydrogen is cooled by an A20 refrigerator with 40 Watts of cooling power, 

which maintains the target a t  a stable temperature while absorbing the 6 Watts 

of power deposited by the 200 nA, 221 MeV beam. The LH2 temperature is kept 

constant at  an operating set point of 19.3 K to within f 0.2 K over the course 

of a several week data taking period, using a feedback loop in the target con- 

trol system which adjusts a s m d  heating element in the cryostat to compensate 

for variations in the beam current. Larger temperature fluctuations cause the 

downstrearn detector signal to  be unacceptably unstable, and make the difference 

signal more sensitive to helicity correlated intensity modulation. During a target 

empty test, it was found that the width of the raw asymmetry signal remained 

unchanged from target full mns with similar beam conditions, indicating that the 

noise introduced by target temperature fluctuations is a negligible contribution to 

the overall noise. 

2.2.4 Transverse Electric Field Ionization Chambers 

The main detectors for the Parity experiment are hydrogen gas-filled. transverse 

electric field ionization chambers (TRIC1 and TRIC2) operating in current mode. 

The detectors are identical to each other. The TRIC active volume is 15 cmx 15 

cm (x x y) x60 cm (r). The top plate is negatively biased at 8 kV, while the 

bottom plate is grounded and is used to read out the current signal. The gas 

pressure in each detector is nominally 150 Torr. Figures 2.18 and 3.19 show t!ie 

side and front views of an ionization charnber. The field shaping electrodes and 

resistor chains on either side of the collecter, which are illustrated in these figures, 

serve to define a uniform electric field at the edges of the active volume. 
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Figure 2.18: Side uzew of a transverse electric field ionirution chamber. 
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Figure 2.19: Front view of a transverse electnc Jeid ionization chamber. 
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As the proton beam passes through the detector gas, it ionizes the hydrogen 

in its path. The  number of ionizing collisions per beam proton depends on the 

stopping power of the chamber gas and on the gas pressure in the TRIC. The 

energy loss of 221 MeV protons in hydrogen is 10.2 MeV cm2 g-' [SOI which 

implies a gas gain of 5 ion pairs cm-1 per incident proton, or a total of 300 ion 

pairs per proton dong the full length of the TRIC active volume. 

The free electrons created in the collisions are accelerated towards the collector 

plate by the applied voltage, while the slower moving positive ions are collected 

at  the top plate. At the nominal beam current of 200 nA, the TRIC output signal 

is approximately 60 PA The two TRIC signals and their difference are detected 

synchronously with the beam helicity reversal to  measure the average and helicity 

correlated bearn current as well as the raw andyzing power, AZaW. Since the 

detector response time is at  the level of tens of microseconds compared to the 43 

ns period of the beam bunches, the TRIC effectively samples a dc proton beam. 

The Paxity experiment requires det ectors whose responses are highly linear 

and which have a low noise-tosignal ratios. Both of these properties are affected 

by various physical processes in the ionization chambers, and the final design 

incorporates many features to optimize t heir response. A comprehensive report 

of the TRIC design is presented in a M.Sc. thesis [al]. A brief discussion of the 

salient features is given here. 

It is important t hat the TRIC signals have low noise-tesignal ratios since the 

counting t ime increases wit h detector noise. For perfect detectors, the integration 

time required to reach a given statistical precision in A=, 6A:tat, is determined by 

the counting statistics of the protons scattering in the LH2 target, and is given 

by : 

t,, = 
So I(PzBA:tat)2 

where e is the electron charge, I is the beam current, and So = 0.04 for the 40 cm 

liquid hydrogen target. Equation 2.34 implies that, under the normal operating 
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conditions of I = 200 nA and 1 Pz I= 0.8, 28 hours of TRIC integration time 

are required to  reach bA:tat = f 0.2 x IO-'. In practice, the detector noise is 

dominated by processes such as delta rays, spallation and recombination, and the 

counting time is approximately ten times greater t h u  this estimate, as shown in 

Table 2.5 at the end of this section. 

Delta (6) rays are electrons with energies up to 0.54 MeV that are produced 

by collisions between 221 MeV beam protons and the detector gas. They cause 

noise when they escape from the TRIC active volume before depositing al1 of their 

energy in the detector. 6 rays are produced in the forward direction at angles up 

to 90° with respect to the incident protons, and the angular distribution is peaked 

close to the maximum value. Since the major contribution to the b ray signal is 

caused by 6 ray production at close to 90° with respect to the incident protons [82], 

the noise from this source increases with the transverse dimension of the TRIC 

( d ) .  In contrast, the main signal from the proton beam increases with the length 

of the active volume (L). Hence, the 6 ray signal to main proton signal ratio is 

reduced by making d l  L as small as practically possible. For the Parity detectors, 

d / L  = 15/60; L is limited by the available space in the beamline, while d must be 

large enough t o  accept the full bearn width at TRICP. 

Spallation products are produced through collisions of the beam protons with 

heavy atoms in the detector entrance and exit windows. The heavy, low energy 

products that are knocked out have high energy loss in the detector gas. Spallation 

events occur infrequently but can cause large fluctuations in the TRIC signal. The 

noise due to spallation products was minirnized by placing the TllIC windows 

approximately 80 cm from the center of the TRIC, so that spallation products are 

rangeci out in the hydrogen gas before reaching the sense region of the chamber. 

Recombination of the ion pairs and electron attachment to contaminants in the 

charnber gas are processes which contribute to nonlinearities in the TRIC signal. 

Both effects depend on the space charge density in the active volume, and are 
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sensitive to the bearn intensity profile. Space charge is caused by the relatively 

slow rnoving positive ions, and reduces the effective electric field near the bearn 

spot. This increases the probability that the free electrons will at tach to a positive 

hydrogen ion ( recombination) or to an elect ronegat ive contaminant (at tachment ) . 
The former results in a fractional loss from the collected charge, while the latter 

influences the detector's time response since the heavy negative ions are collected 

at a later time than the electrons. In general, the probability of both processes is 

reduced by using higher applied voltages and lower gas pressures. For the Parity 

detectors, the attachment probability was reduced by minimizing the impurities 

in the TRICs via thorough cleaning of the components during assembly, baking 

the assembled detectors under high vacuum for several weeks, and by careful gas 

handling during the filling procedure. 

Space charge effects influence the vertical electric field, E,, in the TRICs, and 

also introduce a horizontal component. Ez. The latter distorts the electric field 

about the bearn height plane, such that the field lines are no longer updown 

symmetric. Figures 2.20 and 2.21 show contour plots of the equipotentials, the x 

and y components of the electric field, E, and E,, and the total charge density, p, 

for a cross section of one TRIC, for 10 nA and 500 nA bearn current respectively, 

and a gas pressure of 760 Torr [83]. In the figures, Z points into the page and 

6 vertically upwards. The axes are in arbitrary units. The high voltage plate is 

located at y = O in each case. 

Figures 2.20 and 2.21 were derived from steady state solutions to Poisson's 

equation: 

with the ion pairs created by the proton bearn as the source of charge, and using 

the continuity equation given by: 

where is the total current density. The equations were solved iteatively using 
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Figure 2.20: Contour plots illustrating the space charge distortions in an ioniza- 
tion chamber, for 760 Torr gas pressure ar.d 10 nA benm current[83]: (a) the 
equipotentials; (b) E&,y); (c) &(x,y); (d) p ( x ,  y) = p+(x ,y )  + ~-(x,Y). The 
high voltage plate is at y = O in each case. Note that p(x ,  y )  is dominated by  the 
positive ions. 
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numericd methods, with the goal of making quantitative predictions for the TRIC 

nonlinearity. Alt hough reliable quantitative predict ions were not obt ained from 

these calculations, they do give a qualitative indication of the space charge effects. 

IR Figures 2.20 and 2.21, note that the É field components are syrnmetric in 

x but not in y, and that the field distortions are more pronounced at 500 nA. 

The presence of space charge causes the field lines t o  "bulge out" due to the Ez 

component, starting at approximately the beam height, wit h Iarger distort ions 

for higher beam currents. These distortions can introduce a nonlinearity via the 

presence of small-angle scattered bearn protons in the active volume, and through 

the presence of beam halo. The latter refers to a small fraction of the total beam 

intensity that lies far outside the main Gaussian intensity profile. typically not 

more than 1% outside of 40. If the edges of the TRIC active volume are defined 

by the field lines starting at the edge of the collecter, t hen the collection efficiency 

for halo and scattered particles increases with the beam current, and also depends 

on the beam position in y. 

The detector signal including these eEects can be writ ten as [84]: 

where G = 300 ion pairs per bearn proton is the gas gain at the nominal gas 

pressure P, = 150 Torr, Ib is the beam current, P and V are the gas pressure 

and applied voltage, and p is a factor that depends on the beam height, the beam 

halo, and the scattered bearn density in the TRIC. The nonlinear term is due to 

the distortion of the electric field caused by the space charge density. The field 

shaping electrodes mentioned earlier and shown in Figures 2.18 and 2.19 help to 

reduce the nonlinear contribution to I ,  since the edges of the sensing volume are 

not defined by the distorted field lines. Another space charge effect is that the 

tirne response of the TRIC signal becomes sensitive to the beam current and y 

position due to the associated change in the electric field strength. 

As is discussed below, the experimental asymmetry is deduced from the analog 
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difference between the two TRIC signals. It is in the diflerence signal that space 

charge effects in the TRICs become important, since they contribute to  the fdse 

asymmetry discussed in Section 2.1.1. Because of the different beam sizes in the 

two TRICs, the space charge distributions are not identicai. This leads to  different 

responses for a given helicity correlated intensity or y position modulation. The 

differential response has components from changes in both the relative magnitude 

and phase of the TRICl and TRICP signds. As verified experimentally, the TRICs 

are an order of magnitude more sensitive to  the beam position in y than in x. 

Independent of space charge, the larger beam size in TRICP also implies a 

longer transit time for the positive ions farthest from the high voltage plate com- 

pared with TRIC1. This introduces a frequency dependent phase shift between 

the signals, which can increase the noise in the rneasured asymmet ry. 

Figure 2.22 shows the TRIC2 response to applied voltage, normalized to the 

total beam intensity measured by TRIC1. Below the knee, the applied voltage 

/ knee 

typical operoting 
reqion 

f----3 
I I I 1 I I 

2 4 6 8 IO 12 1 

TRIC2 applied voltage ( - k ~ )  

Figure 2.22: The TRIC2 plateau curue ut 150 Torr gas pressure and I = 200 nA, 
normalized to  the total beam intensity. The operating voltage is chosen to be well 
above the knee. 
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is not high enough to prevent the ion pain from recombining. Above the knee 

voltage, in the plateau region, the response to high voltage is essentially flat . The 

TRICs are operated in this region so that the signals are independent of high 

voltage. 

The plateau region for both TRICs is shown in Figure 2.23, with fitted slopes 

of (7.7 & 0.2) x k W L  for TRIC1, and (5.1 f 0.3) x kV-' for TRIC3. 

The smaller slope for TRICZ is partly due to the lower ion density in that detec- 

tor. This difference in the TRIC plateau curves contributes to the experimental 

sensitivity to helicity correlated intensity modulation. 

I I I 1 
t 

- 
TRIC 1 

- - 

- - 
II 

TRIC2 - 
beam current 

siope = (5.1 f. 0.3) x 1 0 ~  kv-' 
- 

1 l 1 

4 6 8 1 O 12 

TRlC high voltage ( k ~ )  

Figure 2.23: The plateau regions for both TRICs, showing the P t e d  slopes. 
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Anaiog Subtractor 

The current signals from the TRICs are connected to a two-stage precision prearn- 

plifier and analog subtractor module, shown in Figure 2.24. The two detector 

I - V Preamp 

TRIC 1 
Subtractor 

1 
TRiC2 

'2 

Voltage to Frequency 
Convertor 

F, = Cd V, + 2.5 MHz 

Figure 2.24: Schematic of the custom built precision preamplifier and subtractor 
module, using Burr Brown OPA 1 I l  BM operational amplijiers[79j. GlV2 iJ the 

To Hex Scaler Fw 
V/F 

gas gain in each detector. The other syrnbols are defined in the text. In a bench 
test of this unit, a common mode rejection ratio (CMRR) of 127 db mas measured. 
The minimum required for the Parity experiment is 94 db. With the TRIC signals 

. 
", 

connected to the inputs, the common mode rejection ratio is optimized b y  adjvsting 
the fine gain, g. 

signals must be matched to within 2% to be within the operating range of the 

subtractor. This is achieved by operating TRIC2 at a lower gas pressure than 

TRICl to compensate for the lower beam energy in the downstream detector and 

for scattering out of the LH2 target. For Pi = 150 Torr gas pressure in TRICI, a 

gas pressure of PZ = 145 Torr is used in TRICZ for full target running. 

In the preamplifier stage of the subtractor circuit, the current signals are con- 

verted to voltages with a conversion factor RI = 1 3 . 6 ~  IO-' V nA-'. In the second 

stage, the TRICl signal is multiplied by a gain g of order unity, the two signds axe 
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subtracted, and the difference is arnplified by Gd = 1000. The subtractor output 

is proportional to  (gil - iz). 

The difference signal is converted to  a pulse train in a precision voltage to 

frequency (VI£') module with conversion factor Cd = 0.5 MHz V-', and is inte- 

grated for & s of each 25 ms helicity state in a Kinetic System 3615 scaler. The 

TRIC integration time was selected to average over one period of the 60 Hz line. 

The individual TRIC signds after preamplification are connected to a dual V/f 

converter with conversion factor Ct = 0.133 MHz V-' to monitor the average and 

heiicity correlated beam current. These signals are recorded in the same scaler as 

the difference signal. 

Figure 2.25 shows a sequential plot of the amplified analog difference signal 

for a 100 ms time period. The large distortions ore caused by the PPM blades 

scanning through the beam. The integration gates for the PPMs, TRICs, and 

IPMs shown in this figure are discussed in Section 2.3.2. 

In one 200 ms cycle, with the integrated V/f outputs averaged over the four 

states in each beam helicity denoted (FI)' for the TRICl signal and ( F d ) *  for 

the difference signal, the V/f signals are related to the current output from each 

detector by : 

where the idling rate of the subtractor V/f has been left out of the 1 s t  equation 

for clarity (see Figure 2.24). From these expressions, it can be shown that: 

where the electronics factor multiplying the V/f signals has the numerical value 

0.266 x W3. Comparing Equation 2.40 with Equation 2.9, and using Equa- 

tion 2.17 for the intensity modulation, it follows that: 
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Figure 2.25: Sequential plot of the analog subtractor output /or a 100 ms time 
period. The large spikes euery 25 ms are caused by the P P M  blades scanning 
through the beam. The integration gates for the PPMs, and fur the TRICs and 
IPMs are indicated. The fni;t two PPM blades record &(y), and the second two 
record P, (x) . 



CHAPTER 2. THE TRIUMF EXPER12CIENT 94 

where So = 1 - To = 0.04 and 1 Pz 1 = 0.80 are treated as constants, and the 

experimental asymmetry emw is related to the analyzing power by: 

The sign of Ayw is determined by the orientation of the beam polarization in 

the Parity bearnline relative to that a t  the ion source, as discussed in Section 

3.3.1. The superscript raw emphasizes that the measured asymmetry includes 

systematic effects from helicity correlated beam properties as well as the parity 

violat ing effect . 

Fiorn Equation 2.41, it is apparent that ifg = ~ T O ,  the sensitivity to intensity 

modulation vanishes. With the subtractor tuned for zero sensitivity to y, the 

experimental asymmetry from one eight blade cycle is given by: 

The gas gains are related to the stopping power and detector gas pressure via: 

where (%) i , 2  is the stopping power of the detectot gas, and PtVz is the correspond- 

ing gas pressure. From the known values of these pararneters, = 0.93. 

To optimize the subtractor performance, both the magnitudes and the phases 

of the TRIC signals must be matched. The former is required for minimum 

sensitivity to beam intensity fluctuations, and is achieved by adjusting g to match 

the subtractor inputs as discussed above. This procedure is described in detail in 

Section 3.2.4. The phase matching is performed by adjust ing the voltage applied to 

TRIC1 until the noise band of the difference signal (see Figure 2.25) is minimized. 

The optimal TRICl voltage setting relative to TRICZ is beam tune dependent, 

and is typically 0.1 to 0.2 kV lower than the TRIC2 voltage. 

The crucial figure of merit for the TRICs is the standard deviation of the 

eMw distribution (oc-) since the counting time required to achieve the desired 



CHAPTER 2. THE TRIUMF EXPERIIWENT 

Table 2.5: The total TRIC integration time required to reach 6A5'"' = k0.2 x IO-' 
versus the standard deviation of the Pw distribution for the 200 ms measurements. 
With the ezperimental conditions optimized, typical values of oc..- are in the range 
(450 to 500) x 

t 

Standard Deviation of a"" 

c p w   IO-^) 

statistical precision in A, grows as u$,. This illustrated in Table 2.5 for I = 

200 nA. While the experiment was originally designed to run at I = 500 nA 

and 250 Torr gas pressure in the TRICs, it was found that 0 , raw was reduced by 

decreasing the bearn current and the TRIC gas pressure, indicating that the signal 

noise is dominated by the processes discussed earlicr rather t han by the st atist ics 

of the proton beam. The nominal beam current for the Parity experiment, I = 

200 nA, was chosen as a compromise between reducing o c m w  and retaining sufficient 

precision in the PPM and IPM measurements, which do scale according to the 

statistics of the proton beam. 

-, 

Required TRIC Integration Time 

(houn) 

2.3 Data Acquisition 

2.3.1 Event Types 

The Parity data acquisition system has two functions: it generates the spin request 

and integration gate signds; and it accepts and records data from several different 
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data streams. Both functions are described in some detail in Reference [72]. Oniy 

an overview of the system is included here, highlighting the features important to 

this thesis. 

Table 2.6 surnmarizes the six data streams handled by the data acquisition 

system. The main Paxity data include the TRIC, IPM and PPM information, 

Event Type 

1 

2 

4 

Table 2.6: Summary O/ the euent types handled b y  the Parity data acquisition 
system. The third column refers to the rate at which the data systern reads busers 
of each euent type. The euent type 2 rate is determined by  the PPM rotation 
rate, which is h e d .  The other euent rates may be adfisted by  setting soflware 
pararneters. 

Descript ion 

Slow IPM 

Main Parity Data 

6 

7 

the polarization of the ion source rubidium ce11 (this measurement is described in 

Event Rate (Hz) 

1 - 
2 

5 

Reflexive Memory 

Section %.4.3), and the error signals from the position feedback loop. The other 

data streztms contain auxiliary information as descri bed below. 

- 1 
180 

- - - 

IBP,BEM 

PPM Fixed Tazget 

The IPM that is not instrurnented with the fast readout ektronics is labekd 

"slow IPM". This information is used mainly for beam tuning. The reflexive 

- 5 I 

- 20 I 

rnemory contains several key pararneters: the cyclotron RF; and the readout and 

set point (MUXIDAC) values of the spin precession solenoid power supplies. The 

latter information is used online in conjunction with the PPM data for mak- 

ing periodic adjustments to keep (Pz) and (P,) small. The LHa target parame- 

ters, in particular the power reserve, are logged continuously. The IBP (In-Beam 
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Polarimeter ) and BEM ( Beam Energy Moni tor ) are specialized TRIUMF moni- 

tors [76] [85]. The BEM is used in the Parity experiment to measure the average 

bearn energy, as described in Section 2-52. The PPM fixed target, as mentioned 

in Section 2.2.1, is used for fast polarization measurements in the Parity beamline 

for t uning purposes. 

Figure 2.26 is a schematic representation of how the various data streams are 

handled. The b d e r  management system, labelled DAQ [86]. accepts buffers from 

al1 the event types and passes t hem out to the consumer processes. In Figure 2.26, 

the two most important consumers are DLOG and PRODAQ. DLOG writes the 

data to tape for offline analysis, and PRODAQ passes the event buffers to the 

online analysis computer, DECU19 [87]. Both the online and offline analyses are 

perfonned using NOVA, a data processing and histogramming package [Ml. 

The communication between PHlDAC (event type 6), PHSDAC and DAQ is 

handled by the system J11-Starburst modules shown in Figure 2.26. The third 

J 11-Starburst, labelled Parity J 11, formats the Parity data (TRIC, IPM? PPM, 

etc.) into the event type 2 buffer. In addition, the Parity J l l  h a  the important 

role of controlling the Parity event timing, as discussed in the following section. 
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Figure 2.26: Schematic of the various event types accepted by the P a d y  data 
acquisition system. The main data acquisition computer is PH2DAC (VAXstation 
3200). DECUIS is the onlzne analysis cornputer (DECstation NOO/.%). 
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2.3.2 Timing 

Each Parity event is 200 ms long, corresponding to one cycle of al1 8 PPW blades 

passing through the beam. One event has 8, 25 ms substates where the beam 

polarization in each substate is sampled by one of the PPM target blades. The 

spin sequence for the 8 substates is either + - - + - + +- or - + + - + - -+, and 

8 such events fom a "supercyclen. The spin of the first substate for each event 

within a supercycle is also chosen from one of these two patterns. The starting 

spin for each supercycle is chosen randody. With a sampling rate of 40 Hz for 

this helicity switching pattern, the greatest sensitivity is to bearn fluctuations at 

5 and 15 Hz. 

Figure 2.27 shows the PPM and TRICJIPM integration gates for one substate. 

The spin request signal for + or - helicity is sent to the  ion source at the start 

f------- 25 rns (t or - helicity) 
0.8 ms 1.1 ms 

1/60 s 

TRlC & IPM 

Figure 2.27: Scbemotic of one 25 rns substate state,  showing the PP-&.I and 
TRIC/IPM integration gates. 

of the substate, and is followed by a waiting period of 0.8 ms while the source 

polarization stabilizes. The PPM integration gate is 6.4 ms long, which allows 

ample time for the blade to traverse the beam spot. This is followed by a second 

gate which integrates the  TRIC and IPM signals over one cycle of the 60 Hz ac line. 

Information from the Parity beamline and injection beamline position feedback 

Ioops is also accumulated during the TRICfIPM gate. There is an additional 

"dead timen of 1.1 ms at the end of the substate before the next one begins to 
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accomodate minor instabilities in the PPM rotation rate. This is a generous safety 

margin, as the measured fluctuations in the PPM rotation penod are an order of 

magnitude smder .  

The spin request and integration gate signals are generated by three Jorway 

221 timing and sequencer modules which are prograrnmed by the Parity J 11. Two 

of the sequencers, .4 and B, provide al1 of the requests and gates except for the 

TRICIIPM gates. Sequencer A provides the signals for substates 1 through 4 

(PPM1 blades) while B generates the signals for substates 5 through 8 (PPM3 

blades). Sequencers A and B are synchronized with the PPM rotation using the 

index (one per 200 ms) and clock pulses (12.5 kHz) from the optical shaft encoders 

discussed in Section 2.2.1. The third sequencer, C, provides the TRIC/IPM gates 

and runs on an interna1 high precision 10 MHz clock to ensure that the TRIC 

integration times are exactly 1/60 s long (16.6667 f 0.0001 ms). An important 

feature of this system is that the TRIC/IPM gate begins only after the PPM gate 

has been closed, so that the beam intensity profile is not distorted by the blades 

during the measurement of A,. 

There is a fourth sequencer, D, which mimics the PPM index pulses. It is used 

in conjunction with an external 12.5 kHz clock to run the A and B sequencers 

when the PPMs are stopped for fixed target running or for other diagnostic tests. 

The electronics schematic for the sequencer outputs is shown in Figure 2.28. 

Figure 2.29 shows the timing diagram with the spin requests and integration gates 

for one event. The integration gates for the online measurement of the ion source 

rubidium polarization, which is discussed in Section 2.4.3, are also indicated. 



CHAPTER 2. THE TRIUMF EXPERIMENT 

221 Saq. Yod. - 
Q h 

111 Int. 1 
INDEX1 

w n 
O 1 f l l  Int. 2 n h 

1 '  
*> 

I UP 

SPM 

I r n G  
222 

LICS 
Ext- 

Enable 

MCS 
TRiC/iPM Ena ble Ext. 

Advance 

Figure 2.28: EIectronics schematic for the sequencer outputs. The PPM index and 
clock pulses are indicated. MCS refers to the PPM multichannel sealers. 
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Figure 2.29: Timing diagram for the 8 substates, showing the spin requests and 
data integration gates. The Faraday rotation gates are used in the online mea- 
surement of the ion source rubidium polarization rneasurement descnbed in Sec- 
tion 2.4.3. 
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The spin off request gate shown in Figure 2.28 controls a fast shutter in front 

of the ion source pumping lasers, which are discussed in Section 2.4. When the 

gate is open the lasers are blocked and the beam accelerated by the cyclotron 

is unpolarized. A vitriable amount of "spin off" data is interleaved with the 

A, measurements. Not shown in this figure is a gate that interleaves cycles of 

unpolarized bearn with controlled intensity modulation ( "CIM" data) with the 

normal polarized data cycles. Under normal running conditions, 10% of the data 

are spin off, and 10% are CIM. These data are valuable diagnostic tools and in 

the case of the CIM data, provide an online measurement of the false asymmetry 

due to intensity modulation. 

2.4 Polarized Ion Source and Injection System 

2.4.1 Overview of Polarized ISIS 

The optically pumped polarized ion source (OPPIS) at  TRIUMF delivers a 300 

keV H- beam of approximately 5 p A  and 80% polarization for acceleration in the 

cyclotron and subsequent transport to the Parity beamline [89] (901. The TRIUMF 

OPPIS is the best source of its kind in the world with respect to intensity and 

stability, and is ideal for the Parity experiment since the polarization direction 

is reversed only by retuning the frequency of the laser light used for the optical 

pumping. This reversa1 mechanism introduces minimal correlated changes to the 

other beam properties. A recent M.Sc. thesis [72] fully describes the physics, 

engineering, control and operational aspects of this source and its optimization 

for the Parity experiment at  TRIUMF. Here, an overview of the most important 

source features is given, with major ernphasis on the helicity correlated beam 

properties and their measurement. The OPPIS is shown in Figure 2.30. 

The first element in the OPPIS is the electron cyclotron resonance chamber 

(ECR), where a hydrogen plasma is created by 800 W of 28 GHz microwave 
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Figure 2.30: The TRIUMF optically pumped polarized ion source. 

power, with a resonant magnetic field strength of 1.0 T. A 3 keV, %O mA proton 

beam is extracted from the ECR using a 3-grid extraction electrode system and 

is passed through the opticdly pumped, electron-polarized Rb vapour cell. The 

Rb thickness is about 3 x 1013 atoms cm-2 for Parity running. The ce11 is located 

at the center of a solenoid rnagnet with field strength of 2.5 T to preserve the 

electron polarization of the neutral hydrogen beam. Approximately 15 to 20% of 

the beam protons are neutralized by picking up polarized electrons from the Rb. 

The Rb atorns are polarized by applying 9 W of 377.1 THz (795 nm) laser light, 

which excites the Rb DI transition. The technique used to reverse the polarization 

is discussed in Section 2.4.2. The Rb thickness and polarization are parameters of 

importance to  the Parity experiment, and are continually rnonitored via a Faraday 

rotation measurernent, which is described in Section 2.4.3. 

Downstrearn of the Rb cell, a pair of deflection plates sweep any rernaining 

charged species out of the electron-polarized Ilo beam. The beam then passes 

through a static magnetic field reversa1 where the electron polarization is effec- 

tively transferred to proton polarization via the Sona transition [91]. The resulting 
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longitudinally proton-polarized beam passes t hrough a Na vapour cell, where 10% 

of the neutral atoms pick up an electron from the Na to become H-. 

Figure 2.31 shows the complete experimental layout at  TRIUMF, start ing from 

the OPPIS, through the injection line, cyclotron and the beam transport systern, 

and f indy  into the Parity beamline. The 3 keV, 10 FA longitudinally polarized 

H- beam delivered by the OPPIS is accelerated to 300 keV in the acceleration 

tube and is transported to the cyclotron by a 50 m long injection system which 

contains various elect rost a t  ic focusing and steering elements, collimators, and po- 

sition sensing split plates. Approximately 50% of the total beam intensity is lost 

in transit from the OPPIS to the cyclotron. The beam polarization, which must 

be vertical ( P,) in the cyclotron to be preserved through the acceleration process, 

is rotated from the longitudinal direction by a Wien filter located just downstrearn 

of the 300 kV acceleration tube. The role of the photodetachment laser indicated 

in Fi y r e  2.31 is discussed in Section 3.2.4. 

The next two sections describe in more detail the ion source polarization and 

laser control system, and the Faraday rotation measurement. Section 2.4.4 dis- 

cusses how helicity correlated beam properties can originate at the OPPIS and 

be mixed and amplified by the injection systern and cyclotron, and describes the 

apparatus used to measure the modulations at the OPPIS. The Wien filter tuning 

procedure and performance of the injection line position stabilizat ion system are 

discussed in separate sections. 
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Figure 2.31: The Pan'ty ezperimental setup at TRIUMF. The arrows through the 
circles indicate the beam polarization at each stage. The injection fine buncher 
system that can be used to match the time structure of the OPPIS beam to the 
cyclotron acceptance is not used for the Parity experiment, and is not shown here. 
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2.4.2 Polarbation and Laser Control 

The Rb vapour polarization, which has a major impact on the quality of the 

extracted beam, is affected by the power, frequency, and optical alignment of the 

laser light that pumps the vapour. These parameters must be optirnally tuned, 

and stabilized both at  the spin flip frequency and against long term drifts. The 

layout of the pumping laser system is shown in Figure 2.32. 

Alignrnent ' Fast 
Mirrors 1 ShuCters \ - - - -II ~avemetcr 1 

\ I \ 

Na lonization 
Ccll 

I I TE Laser 2 

I 
11 $- - - H P h o f o  Diode 2 

H+ beam 1- 

Ar Laser 2 

Figure 2.32: Layout of the pumping laser system jor the OPPIS. The sepuration 
of the laser beams in the neutralization cell is exaggemted. 

The beam polarization direction is reversed every 25 ms at the OPPIS by 

reversing the electronic polarization of the Rb vapour. This is achieved by making 

rapid frequency adjustments of the two pumping lasers to match either the O+ 

or a- component of the Rb Dl transition, which are separated by 93.5 GHz. As 

verified experimentdly, the polarization switching time is less than 0.5 ms. Fast 

shutters mounted in front of the pumping lasers are controlled by the Parity data 
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acquisition system. With the shutters blocking the pumping lasen, the extracted 

bearn is unpolarized. 

Helicity correlated intensity modulation can arise from a polarization rnismatch 

in the Rb vapour between the two spin states, as discussed in Reference [72]. The 

mismatch is minimized by saturating the Rb polarization, which is achieved by 

using high laser power (2,4.5 W lasers, 3 GHz bandwidth), and by minimizing the 

laser power difference between the two polarizat ion states. A computer cont rolled 

feedback loop has been demonstrated to keep the total laser power constant to 

within f 0.1% during Parity data taking. 

The laser frequency and alignment tend to drift away from their optimal values 

due to slow variations in the ambient temperature, causing a reduction in the 

Rb polarization. Cornputer automated tuning procedures are used to optimize 

t hese parameters as required, typically twice per day. The procedures consist 

of rneasuring the Rb polarization in each spin state as  a function of both laser 

frequency and alignment of the light on the source a i s ,  for each laser separately, 

to establish the optimum running conditions. With these tuning procedures, the 

passive stability of the 377 THz laser light frequency has been shown to be constant 

to within HO0 MHz in a 12 hour period. The polarization measurement technique 

is discussed in the next section. 

2.4.3 Faraday Rotation Measurement 

The Rb vapour thickness and polarization are measured using the Faraday ro- 

tation technique, and the information is recorded by the Parity data acquisition 

system. Figure 2.33 is a schematic of the apparatus used for this measurement. 

A TiS probe laser pumped by an Ar laser emits 100 mW, 780.8 nm light , which 

is close to the D2 transition of Rb. The laser bearn is accurately linearly polarized 

by a linear polarizer and is directed down the longitudinal axis of the Rb cell. 
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Figure 2.33: Layout of the Faraday rotation measurement of the OPPIS Rb ceil 
polariration and thickness. The fast shutter altemately blocks the I, or the I ,  
conponent of the probe laser beam aj?er it passes through the Rb cell. 
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Since the Rb is in a magnetic field which causes Zeeman splitting of the electron 

energy levels, the plane of polarization of the probe laser is rotated by an angle û 

due to the Faraday effect. The angle of rotation is given by: 

where PRb is the Rb electron polarization, Bo is the rotation angle for unpolarized 

Rb, and A0 is an additional rotation due to  Pm. Equation 2.45 c m  be written: 

where cr = is a constant that  depends on the probe and pumping laser fre- 
00 

quencies, and the magnetic field at the Rb cell. For typical operating conditions, 

a = -3.118 f. 0.001. Bo itself is given by [92]: 

O0 = VNI (2.47) 

where V is the Verdet constant for unpolarized Rb vapour and NI is the Rb 

thickness in cme2. Equations 2.46 and 2.47 show that the two important pa- 

rameters of the Rb vapour, the electronic polarization PRb and the thickness NI, 

can be deduced by measuring the Faraday rotation angle for both polarized and 

unpolarized vapour (6, Bo ) . 

The Faraday rotation of the probe laser is measured using a birefringent calcite 

crystal which splits the laser light into two orthogonally polarized components of 

intensity I, and I,. Each component is detected separately by a photodiode, 

with a fast shutter alternately blocking 1, or 1, while the other one is measured. 

The beam splitter before the calcite crystal reflects 7% of the probe laser light 

to photodiode #l. The voltage signals V, and V, are normalized to the total 

intensity measured by photodiode #1 in a voltage divider before being digitized 

and recorded by the Parity da ta  acquisition system for each 25 ms spin state. 

The integration gates for the I, and I, components are shown in Figure 2.29. The 

Faraday rotation angle is deduced from: 
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where f is a calibration factor of order unity to account for the spatial asymmetry 

of photodiode #2, and is measured in a separate tuning procedure on a daily 

basis. The reference angle of 45" is set by the orientation of the rotary stage unit. 

Full details of the calibration and tuning procedures are given in Reference [72]. 

The unpolarized rotation angle Bo is measured during the spin off Parity data 

cycles described in Section 2.3.2. Under normal operating conditions for the Parity 

experiment, Bo = 3' and the unpolarized Verdet constant has the d u e  1.121 x 

cm2, which implies a Rb thickness of 3 x l O I 3  cm-2. 

Figure 2.34 shows the measured Faraday rotation angle for three 200 ms cycles 

of eight spin states each. The first is a spin off cycle, where the OPPIS main 

pumping lasers are blocked. The second and third cycles show the Parity spin 

switching pattern discussed in Section 2.3.2. 

1- spin off 4 - s p i n  on -L spin on 4 
I I I I I 

8 16 

Spin States 

Figure 2.34: Faraday rotation angle /or three 8-blade, POO ms Parity events. The 
positiue angles, 0 > 10°, correspond to negatiue Rb electronic polarization. 
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2.4.4 OPPIS Beam Properties 

Although the helicity correlated beam properties introduced by the spin reversal 

mechanism at the OPPIS are very srnall, they can be mixed and amplified by 

the beam transport through the cyclotron and injection/extraction system. This 

section discusses the helicity correlated properties of the H- beam extracted from 

the ion source, notabiy intensity and energy modulation, how they are measured, 

and how the ion source parameters are tuned to minimize them. 

Coherent Intensity Modulation (CIM) 

Since the OPPIS current is af€ected by the optical pumping of the Rb ceil due to  a 

variety of atomic collision processes, a difference in optical pumping conditions for 

opposite polarization directions gives rise to intensity modulation. Many of these 

processes cause a CIM which is proportional to both the Rb vapour thickness and 

the difference in polarization magnitude 4 PRb = $ ( P z b  + P i b )  [93]. In addition. 

CIM is sensitive to the energy of the primary proton beam from the ECR. There 

are three charge species extracted from the Rb vapour: Hf ;  Ho; and H-. The  

deflection plates downstream of the Rb ce11 sweep away al1 except the Ho compo- 

nent. Hence, intensity modulation in the OPPIS current is caused primarily by 

CIM in the Ho component. 

The intensity modulation from the OPPIS is minimized by saturating the Rb 

polarization using high laser power, by minimizing the power difference between 

the polarization states, and by opt imizing the potent ial distribution across the 

ECR extraction gids.  Many of the optimization studies are carried out with the 

source operating in of3ine mode, when it is not required to provide beam to the 

cyclotron. In these studies, the intensity modulation measured at a beamstop in 

the ion source is used to monitor the OPPIS performance, giving a lower limit 

to the intensity modulation t o  be expected at 221 MeV. Under normal Parity 

conditions, with the OPPIS parameters properly opt irnized, the helicity corre- 
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lated intensity modulation measured in the Parity beamline is in the range (1 to 

5) x 10-~. 

Coherent Energy and Position Modula t ion  

Coherent energy and position components of the OPPIS beam (A E, Ax) OPPIS 

c m  cause modulations in the extracted beam energy, position, emittance, and in- 

tensity. For example, AEoppIs gives rise to correlated position and angle changes 

at injection to the cyclotron because the beam goes t hrough several dispersive el- 

ements dong the injection beamline. Intensity modulation can also be introduced 

here, through bearn losses in various defining apertures. The injection position and 

angle modulations give rise to helicity correlated energy, position and size mod- 

ulations in the extracted beam. Although there have been many experimental 

studies of how the OPPIS beam characteristics affect the extracted beam quality 

in order to define the cyclotron and beamline parameter optimization procedures, 

the transfer coefficients are both tune and time dependent. Many of these studies 

are detailed in Reference [72]. The important tuning procedures are described as 

required in the following chapter, which deals specifically wit h systemat ic error 

minimization. The remainder of this section focuses only on ( A E ,  Ax)oppIs. 

AIthough the lower limit on AEoPPIs is given by the ground state Zeeman 

splitting for hydrogen atoms in a 2.5 T magnetic field (0.3 meV), inhomogeneous 

space charge distributions in the Rb vapour and the associated longitudinal elec- 

tric field, which vary slightly when the spin is flipped, can enhance AEoPPIs and 

can also cause A x ~ ~ ~ ~ ~  and intensity modulation. 

Figure 2.35 shows a schematic of the apparatus used to simultaneously measure 

(AE,  Ax)oppIs. For these measurements, the 3 kV beam is diverted to the left 

or right by a reversible polarity electrostatic analyzer onto an intensity profile 

monitor instead of going through the injection beamline. The 16-channel intensity 

profile monitor, similar to the IPMs in the Parity beamline, is Iocated 60 cm 



CHAPTER 2. THE TRIUMF EXPERMENT 

Na cell I 
16 channel 
profile monitor *, >\\ 

-- 
- - Z  

- --- lasers -- ---$-  

Y\ A*R 3 
Faraday 

C"P 
steering plates 

-350V 

Figure 2.35: Top view of the apparatus used to measure spin correlated energy 
and position modulution ut the OPPIS. The coherent intensity modulation of the 
3 ke V beam is measured with the Faraday cup. 

downstream of the OPPIS ionizer ce11 and is mounted on a swinging lever arm so 

that its position can be changed as indicated by the dashed line in Figure 2-35. The 

monitor strip signals are converted to voltages in low-noise preamplifiers, digitized, 

and integrated synchronously with the spin flip by the Parity data acquisition 

system. The helicity correlated position modulations A x L  and AxR are related 

to (A& WOPPIS by: 

The calibration factors a L  and a~ are determined with unpolarized beam by a p  

plying a 'spin correIatedn square wave voltage bias of 50 mV ampli tude to the Na 

ce11 and measuring the resulting position modulation at  each monitor position. 

A series of tuning measurements obtained with this apparatus is shown in 

Figure 2.36. The laser conditions were optimized after measurement 20. With 

this monitor, AEoPPrs is measured to f 0.5 meV and Axoppls to 35 nm in 
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Figure 2.36: Sequential plots of ( A  E ,  for a series of rneasurements using 
the apparatus of Figure 2.35. Each data point represents appron'mately 10 minutes 
of data acquisition time. 
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approxirnately 10 minutes. This figure demonstrates that the modulations can 

be reduced to the level of AEopprs = 0.5 meV and AxoppIs = 20 nm by careful 

tuning which, as is discussed in Section 3.3.2, is consistent with the requirements 

of the Parity experiment. 

2.4.5 Wien Filter Tuning 

Idedly, transverse beam polarization components at  the Parity apparatus should 

be zero t o  f 0.002 in a one hour run. Although it is straightforwârd to tune the 

spin precession solenoids in the bearn transport system for minimum (Pz) and 

(P,), the optimal tune is unstable against slow drifts in the cyclotron parameters 

if the injected beam contains small Pz and Pz polarization components. These 

unwanted components are minimized, while maximizing the longitudinal bearn 

polarization in the Parity beamline, by tuning the Wien filter. 

The Wien filter, located downstream of the 300 kV acceleration tube (see Fig- 

ure 2.31), rotates the polarization of the OPPIS H- ion beam from Longitudinal to 

an angle which results in transverse polarization in the cyclotron. This is achieved 

using static electric and magnetic fields which are orthogonal to each other, and 

to the mornentum of the incident beam [94]. The field precesses the spin, while 

the Ë field steers the 300 kV beam to compensate for the deflection eaused by 

the magnetic field. For tuning purposes, both the rnagnetic field strength 181 and 

its angle 4 with respect to the x axis can be adjusted. The coordinate system is 

defined with 2 along the bearn direction and ij pointing vertically upwards. In the 

absence of other rnagnetic fields, with perfect alignment of the bearn on the source 

axis, and assuming an ideal Wien filter, the correct angle 6 is 180' for a positive 

heiicity beam from the OPPIS to be accelerated with positive P,. In practice, 4 

must be adjusted to compensate for other magnetic fields and misalignments. 

With the spin precession solenoids turned off so that the bearn is verticdly 

polarized in the Parity bearnline, the Wien filter is tuned by measuring Pr and Py 
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with PPMl in fixed target mode as functions of 181 and 4. Changing the angle 4 

involves manually rotating the entire Wien filter assembly. This is a potentially 

dangerous procedure which can cause vacuum leaks in the bearnline couplings on 

either side of the apparatus. For this reason, the angular scan was performed 

once, in August 1996. For subsequent running periods, the Wien filter angle 

was set to the optimal value determined from this scan, 4 = 167'. Figure 2.37 

shows (P , )  and (Pz) as functions of the Wien filter magnetic field strength as 

Hall probe = 91 nA 

Hall probe (nA) 

-0.03 
1 40 50 60 70 80 90 100 110 

Hall probe (nA) 

Figure 2.37: (P , )  and (Pz) measured b y  PPMl  in the Parity beamline versus the 
Wien jilter magnetic field. (PY) is muxzrnized and (Pz) rninimized at a Hall probe 
value of 91 nA.  

measured by a Hal1 probe, with parabolas fitted to the data points. The optimal 

Hall probe setting from this study is 91 nA, where (P,) = 0.840 k 0.001 and 

(Pz) = O. By comparing (P,,) with (P,)m" to deduce the injected (P,), this study 

also demonstrates that sideways components of polarization in the injected beam 

are suppressed by approximately a factor of $ in the Parity beamline. 
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2.4.6 Injected Position and Current Stabïlization 

The extracted beam stability is improved by two feedback systems in the injection 

beamline. Two pairs of position sensing split plate monitors in the vertical section 

of the ion source and injection system (ISIS), labelled "N-Sn and "LWn steering 

plates in Figure 2.31, intercept the tails of the beam in two orthogonal directions 

close to  the point of injection to the cyclotron. Analog dividers provide signais 

which are proportional to the beam positions at the split plates, for example, 

@. The position signals are sampled by a PIFA1 which provides a correction 

signal to the power supply of an electrostatic element upstream of the split plates. 

In contrat  to  the slow sampling rate of the position stabilization system in the 

Parity beamline, the "ISIS loop" corrects the beam position at 1000 Hz, and 

reduces the bearn noise due to low frequency mechanical vibrations of the injection 

beamline, as well as position modulation at  the spin flip frequency. As is discussed 

in Section 3.3.2, the ISIS loop helps to minimize the helicity correlated energy 

modulation in the ext racted bearn. 

The second feedback systern in the injection line stabilizes the extracted bearn 

intensity. This is important since the dc balance point of the analog subtrac- 

tor, where the TRIC clifference signal is insensitive to helicity correlated intensity 

modulation, is beam current dependent ( s e  Section 2.2.4). A second PIFA in the 

ISIS samples the TRICl signd at  0.5 Hz to provide a correction signal relative to 

a hardware offset, which is delivered to a quadrupole focusing lens in the injection 

beamline. The beam current transmitted through a pair of collimation slits and 

subsequently injected into the cyclotron is adjusted by the  lens to minimize the 

correction signal. This system stabilizes the average bearn intensity in the Parity 

beamline, nominally 200 nA, to  f 2 nA on a timescale of several seconds, for peri- 

ods up to several hours depending on the overall beam stability. This represents 

up to a factor of 5 improvement over the current stability without the feedback 
-- - -- ' Pulsed, integrating feedback amplifier. See Section 2.2.2. 
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loop. The active range of this loop is quite narrow to avoid the possibility of 

correcting drifts caused by significant excursions in any ISIS, cyclotron, or bearn 

transport elements, which are instead investigated and corrected. 

2.5 Cyclotron and Beam Transport 

2.5.1 Cyclotron Paramet ers 

This section describes the TRIUMF cyclotron parameters which are important 

for providing high quality beam for the Parity experiment. In addition to requir- 

ing that the beam be stable with respect to energy, intensity, position, size, and 

polarization, the design goals of the experiment demand the minimum arnplifica- 

tion of helicity correlated fluctuations in these properties between the OPPIS and 

the Parity beamline. Optimization of the cyclotron performance is essential for 

meeting t hese requirernents. 

The TRIUMF cyclotron [95] operates at the fifth harmonic of the frequency of 

the H- orbits in the cyclotron magnetic field. Since only that part of the dc beam 

from the source which is wit hip the phase acceptance of the RF  is accelerated, the 

rnicroscopic structure of the extracted beam is a 5 ns wide pulse every 43 ns. The 

cyclotron transmission efficiency can be enhanced by a factor of 4 using the double 

drift bunching system in the horizontal section of the injection line [96]. The 

bunchers modulate the velocity of the injected beam which, after an appropriate 

drift time, produces a modulation in the bearn density synchronous with the phase 

of the cyclotron RF. However, since they degrade the overall beam stability and 

amplify helicity correlated beam modulations, the bunchers are not used for the 

Parity experiment. The macroscopic duty cycle of the extracted beam is 100% for 

the Parity experiment. It can be varied between 0.1% and 100% using the OPPIS 

1 kHz pulser, which is used only to reduce the current for beam tuning purposes 

for t his experiment . 
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The H- beam is injected into the cyclotron by an electrostatic inflector that 

establishes the beam on its horizontal axis. The injection line optics, injection en- 

ergy, inflector voltage and center region electrostatic correction plates, and mag- 

netic trim coils are al1 adjusted t o  place the bearn on the optimal cyclotron orbit. 

If the injected beam angle, position and energy are not optimized, the bearn 

can enter into coherent oscillations about the ideal orbit throughout acceleration. 

Fluctuations in these bearn parameters then cause variations in the ampli tude and 

phase of the coherent oscillations, producing instabilities in the extracted beam. 

In addition, the phase of the coherent oscillations depends to  first order on the 

total path length in the cyclotron, which is directly related to  the RF frequency. 

Hence, variations in the RF frequency due to  mechanical vibrations of the RF res- 

onators or temperature drifts lead to  fluctuations in the extracted beam properties 

if the beam is not on the optimal cyclotron orbit (971. 

At energies above $0 MeV, the particle orbits are smeared out rather t han  s e p  

arated, so in a simplified picture, the H- density in the cyclotron can be described 

as a "pancake". For a perfectly centered beam, the orbits produce a uniform radial 

density profile. A coherent radial centering error causes beam density modula- 

tions which depend on the total path length, and bence the RF frequency. Because 

the cyclotron extraction foil, discussed below, sarnples the beam in a fixed radial 

range, RF fluctuations coupled with a coherent radial centering error c m  cause 

helicity correlated beam intensity, energy and position/angle modulations in the 

extracted beam. 

The  221 MeV protons are extracted using a carbon extraction foil, which strips 

both electrons from each H- ion. The transmitted protons spiral out of the cy- 

clotron field. Since the ion orbits are not separated, several turns are extracted 

simultaneously by the stripping foil. The proton spin precession is digerent for 

different orbits, and averaging of several turns at extraction reduces the trans- 

verse polarization components, as verified experimentally (see Section 2-45). The 

stripping foil for the Parity experiment is 3.0 cm long. It is designed to inter- 
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1 Solenoid 2 1 34.2 1 87.5 1 O I 

Mornenturn Rotation 

(degr=) 

Element 

1 Dipole 1 1 500 1 88.8 (about Y) 40.0 

Table 2.7: The tmnsport system solenoid and dipole magnet settings which rotate 
positive (P,) from the cyclotron into positive ( P z )  ut the P a d y  apparatus. with 
the corresponding spin and momentum rotation angles. 

Solenoid 1 

Current (A)  

Dipole 2 

cept the full vertical cxtent of the ion beam in order to minimize extracted beam 

fluctuations caused by position and size changes of the intensity distribution at  

the foil. For the February 1997 data taking period, which forms the basis of this 

thesis, two different foils were used, of thicknesses 6.0 mg cm-2 and 2.5 mg cm-'. 

Spin Rotation 

( degrees ) 

2.5.2 Beam Transport 

24.8 

280 

The main components of the system which transports the 221 MeV proton beam 

to the Parity beamline are two dipole bending magnets and two superconducting 

solenoids t hat are tuned to give a longitudinally polarized beam at  the LH2 target, 

as illustrated in Figure 2.31. Table 2.7 lists the nominal values of the dipole and 

solenoid currents, and the corresponding spin and momentum rotation angles. 

In addition to these solenoids and dipofes, there are several quadrupole lenses 

and steering magnets in the transport system that are tuned to optimize the 

beam profiles. Although the initial magnet settings were determined from beam 

transport calculations, in practice the system is adjusted empirically to provide 

symmetric beam intensity profiles and the following beam sizes at the IPMs: 5.0 

63.4 (about 2) 

26.6 

O 

11.9 



CHAPTER 2. THE TRIUMF EXPERIMENT 

mm at  IPMI; 3.8 mm at IPM2; and 6.0 mm at IPM3. The choice of beam size 

was discussed in Section 2.2.1, and the beam convergence criteria are presented 

in Section 4.4.1. Three sets of quadrupole magnets are rotated to compensate for 

the x and y phase space rotation introduced by the solenoids. This compensation 

rnakes the beam semi-decoupled in x and y, and simplifies adjustments to the 

bearn steering. The steering magnets are used to bring the beam positions at the 

IPMs to within f 1 mm of the polarization neutral axis, which is within the active 

range of the position feedback loops in the Parity beamline. 

As described in Section 3.3.1, the energy modulation contribution to the false 

asymmetry is deduced by periodically reversing the beam helicity in the Parity 

beamline with respect to the  ion source polarization direction. This is achieved 

by reversing the magnetic field direction in the spin precession solenoids on a 

tirnescale of several days. A "good" beam tune is one that requires minimal 

additional adjustments to  the quadrupole lenses in the transport system, other 

than to reverse the sense of their rotations, to reverse the helicity tunes. This 

requirement is dictated by the need to keep the beam tune as stable as possible 

over the course of a data taking period, in order to reduce the uncertainty in the 

correction due to intrinsic polarization moments, as is discussed in Chapter 1. 

Online experience has shown that a "good" tune is obtained by making the 

beam profiles as measured by retractable monitors in the transport bearnline cen- 

tered and symmetric, paying particular attention to the position and size at Dipole 

2, where a critical defining aperture is located. This procedure opt imizes the align- 

ment of the beam along the central z-axes of the quadrupoles, so that they have 

minimal steering effects. If the centering of the bearn in the cyclotron vault sec- 

tion is performed carefuliy, t hen very little additional steering is required by the 

beamline magnets to preserve the centering of the extracted bearn. 
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Bearn Energy and Polarization 

A specidized TRIUMF monitor is used to measure the energy of the extracted 

beam [76] during the initial setup for the experiment, and whenever changes are 

made to the cyclotron extraction foil. The beam energy rnonitor (BEM) operates 

by meauring the range of forward scattered protons at 17' from a thin kapton 

foil target mounted in a conventional fixed polarimeter assembly upstream of the 

final bend before the Parity beamline. The range is determined by interpolating 

the stopping distribution in a stack of alternating thin copper degraders and 

scintillation counters [98]. With this monitor, the beam energy is rneasured to 

k30 keV in 15 minutes. 

The beam polarization is measured by the PPMs during the (P,) neutral axis 

scans discussed in Section 3.2.1. The transverse polarization from t hese mea- 

surements is between 0.75 and 0.85. The magnitude of the longitudinal beam 

polarization is taken to be the average value (0.80) in the calculation of the ex- 

perimental asymmet ry ( Equation 2-43). In addition, the beam polarizat ion is 

indirectly monitored by the online Faraday rotation measurement of the OP PIS 

Rb polarization, since the two quantit ies are proportional to each ot her. 
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Systemat ic Error Minimizat ion 

3.1 Classification of Systematic Errors 

During the Parity experimeot, approximately half of the time is spent accumulat- 

ing statistics for the measurement of A=, and the remainder is devoted to tuning 

the ion source, cyclotron, and injection/transport beamlines to achieve a high 

quality beam, measuring the helici ty correlated quanti ties, and ancillary measure- 

ments to calibrate the sensitivities of the appâratus. Recall that the systematic 

errors are assumed to foliow the linear rnodel: 

where the sum is over al1 possible helicity correlated quantities Asi for which 

there are corresponding sensitivities 2 in the target and detector system. The 

systematic errors for the TRIUMF measurement fa11 under three classifications: 

t hose for which the Asi are directly measurable with the PPMs, IPMs, and TRICs; 

those that cannot be measured in the Parity beamline but for which the Asi are 

detemined at the ion source in interleaved measurements; and those for which the 

Ax; are too small for reliable measurements. The three types of systematic errors 

are reviewed in the following sections, with discussions of how they are minimized 
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in each case. 

The first extended period of data taking for this experiment was in February 

1997, and the andysis and results presented in this thesis are based on those 

data. The following discussions focus on the specific conditions of the February 

1997 mn,  but the methods described are quite generd and apply to subsequent 

data accumulation periods in August and December 1997, and January 1998. 

Direct Correct ions 

The Parity apparatus and data acquisition system described in Chapter 3 are 

used not only to deduce A, from the experimental asymmetry e (Equation 2.431, 

but also to  measure many of the helicity correlated bearn properties Ali  simul- 

taneously with A,, and to determine the sensitivities e in separate studies. An 

important feature of the sensitivity measurements is the ability to introduce a 

controlled modulation in phase with the helicity switching pattern to each beam 

property in turn, without affecting the other properties. The corresponding effect 

in the helicity correlated TRIC difference signal is used to derive the sensitivity 

to that beam property. In the cases of transverse polarization components and 

intensi ty modulation. t here are zero-sensitivity operat ing points (position and 

subtractor dc level respectively ) t hat are determined from t hese measurement s, 

and are used to establish the operating conditions for the experiment. 

The helicity correlated bearn properties measured by the Parity apparatus are 

the transverse polarization distributions, intensity modulation, and size and p e  

sition modulations. Al1 of the corresponding sensitivit ies are determined from 

independent studies. For the intrinsic polarization moments, the sensi tivities are 

dso  deduced from regression analysis of the raw Parity data  as described in Sec- 

tion 4.5. The following sections describe the systematic error contribut ion from 

each of these sources, how the sensitivities are measured in the independent stud- 
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ies, and the tuning procedures to minimize AA,. Quantitative discussion of the 

analysis of the sensitivity studies is deferred to Chapter 4, where the data analysis 

is reviewed in detail. 

Many of the expressions for the contributions to AA, include reference to  beam 

position and size informat ion from two of the IPMs. In the equations, t hese are 

denoted xj and xi respectively, with i = 1 and i = 3. xi is the standard deviation 

of the beam intensity distribution in that coordinate. It is to be understood that 

the subscripts 1,3 refer to the two IPMs which are instrumented in fast readout 

mode. For the February 1997 mn, these were IPMl  and IPM3. In this and 

the following chapter, AAz refers to both the false analyzing power in the real 

Parity data, and to the asymmetry measured with enhanced modulations in the 

sensitivity studies. The distinction will be made clear from the context of the 

discussions. 

3.2.1 Transverse Polarization 

As discussed in Section 2.1.1, if the LH2 target is the only scatterer with a trans- 

verse analyzing power in the beamline, the systematic error caused by transverse 

beam polarization is given by: 

where the first moments of transverse polarization and the sensitivities a, /3 are 

evaluated at the aperture of the TRIC2 active volume. However, due to  the pres- 

ence of foils and windows in the beamline which may also have transverse analyzing 

powers, TRIC l will in general also have a polarization sensit ivity. Consequent ly, 

it is more realistic to write: 
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Since the total first moments vary iinearly with z, Equation 3.3 can be written in 

terms of quantities measured at the PPMs: 

where aip2 and bl,* are related to al ,2 ,  via the z positions of the PPMs and 

TRICs by: 

and similarly for bl,2. 

Unless stated otherwise, in future discussions a first moment with the subscript 

1 or 2 refers to the quantity rneasured at PPMl  or PPM2 respectively. The 

total h s t  moments of polarization are given by the sum of extrinsic and intrinsic 

contributions, for example: 

where (P,)  is the weighted average of the transverse polarization at the two PPMs, 

( x ) ~  is the beam position at  PPM1, and x l ( 0 )  is the polarization neutral axis 

position at PPM1. The notation ( x ) ~ , ~  denotes the horizontal beam position 

at PPM1,â and x i , ~  denotes the corresponding position at IPM1,3 with similar 

expressions for y. Analogous expressions are valid for PPMâ and for (y Pz) :,, . 
Substituting Equation 3.6 and analogous expressions into Equation 3.4 and 

rearranging yields: 
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The first two lines of Equation 3.7 account for the sensitivity to extrinsic moments 

of transverse polarization, and the last two lines are the contributions from in- 

trinsic first moments. The coefficients of the intrinsic and extrinsic moments are 

equal since the rnechanism that causes the sensitivity is the same in both cases. 

Neutra1 Axis Scans 

The sensitivities to h s t  moments of transverse polarization are explored by de- 

t uning the spin precession solenoids to provide t ransversely polarized bearn in the 

Parity beamline so that AA, due to extrinsic first moments is enhanced. For 

(P,), both solenoids are turned off to give typicaily (P, )  = 0.80. For (Px), only 

Solenoid 1 is turned off to give typically (Pz) = 0.65. In both cases, the bearn 

transport magnets are tuned to ensure that the centroids and widths of the  beam 

intensity profiles a t  the IPMs are similar to what they are during regular data 

taking. With the subtractor box balanced for zero sensitivity to intensity modu- 

lation, and with the feedback loops in the beamline stabilizing the beam position, 

the faIse asymmetry 4.4, caused by (Px) or (P,) is measured as a function of 

bearn position. 

The faise asymmetry under these conditions is given by the first two lines of 

Equation 3.7, since the intrinsic moments are at  least one order of magnitude 

smaller than the enhanced extrinsic moments. The bearn centroids at the PPMs 

are determined from the centroid positions at  the IPMs, and the coefficients a1,2,3, 

bl,z,s are parameters to be deduced from the measurements. Equation 3.7 suggests 

that 4-4, due to extrinsic moments can be minimized both by keeping (Pz,,) srnall, 

and by arranging the beam positions in x and y so that the term multiplying (Pz,,) 

is zero. The former is achieved by making fine adjustments to the spin precession 

solenoids. To determine the optimal beam axis, or polarization neutral axis, note 

that Equation 3.7 places only one constraint on each of the x and y neut rd  axes, 
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narnely : 

For simplicity, the neutral axis is chosen such that X I  = y1 = O a t  IPM1. 

A convenient way of parameterizing AA, due to extrinsic first moments is to 

write: 

AAZ = (Pz)(a YP + (13) + (Py)(P x p  + 63) (3.9) 

where, by cornparison with Equation 3.7: 

with similar expressions for and x,. a and /3 here are not related to the coeffi- 

cients of Equation 3.2. The form of xp, y, is equivalent t o  a projection of the beam 

centroids from the IPMs to downstrearn positions z,,, and +,,. These projection 

points are found by examining the second expression in Equation 3.10: 

and similarly for z,, where zppbf l ,  z p p ~ 2  are the z positions of the PPMs. The 

origin of coordinates z = O is located at  IPM1. This parameterization implies 

that there is one point dong the bearnline (the "rnagic" z )  where the false asym- 

metry due to  extrinsic polarization moments depends only on the beam position, 

and not on the angle of the beam path with respect t o  the z-ais .  The neutral 

beam positions a t  the magic Z'S are given by x p ( 0 )  = and yp(0) = T. The 

projection rnagic 2's are not necessarily equal for I and y. 

The advantages of this approach are twofold. It is sufficient to monitor the 

beam position in x and y at  the magic 2's and to adjust the position feedback 

loop setpoints to  keep x, and y, a t  the appropriate values during regular data 
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taking. Secondly, this method allows the sensitivity, which in generd depends on 

the beam position at two points along the beamline, to be plotted in a straight 

line as a function of the beam position at the magic z. 

1 Beam Position 

Table 3.1: Beam positions at  IPMl and IPM3 relative to the nominal polarization 
neutral azis for the transverse polarization sensitivity scans. Each measvrement 
is made to a preczsion in 4 A ,  o f f  l x  IO-^, with (Pz) = 0.65 or  (P') = 0.80. 

For each polarization neutrai axis scan, five sets of measurements are taken in 

order to determine the coefficients in Equation 3.7, as  summarized in Table 3.1. 

Figures 3.1 and 3.2 show the results of typical scans in x and y. Quantitative 

discussion of the analysis and results is deferred to Section 4.4.1. Note that the 

sensitivities to (xP,) and (yP,) have opposite sign. This is due to the choice of 

a right handed coordinate system with z pointing downstrearn so that  a positive 

(y) (Pz) has the sarne effect as a negative (z)(P,) of the same magnitude. 
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20-FEB-1997 data 

Figure 3.1: Sensitivity to P, as  a function o f x  position ut the magic z .  The zero 
crossing is the neutral axis position. 

Figure 3.2: Sensitivity to Pz as a function of y position ut the magic z.  The zero 
crossing is the neutral azis position. 
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Intrinsic First Moments 

Intrinsic fint moments of transverse polarization are very difficult to control since 

they are complicated functions of the polarization distribution at the cyclotron 

extraction foi1 and the magnetic fringe fields dong the transport bearnline. This 

has two consequences for the experiment : the sensit ivity to intrinsic first moments 

cannot be measured separately as this would require a rnechanisrn for producing 

arbitrarily large moments; and the moments cannot be tuned to zero for data 

taking. The latter is the more serious issue, since the sensitivities are known from 

the polarization neu tral axis scaos. 

The solution to minirnizing this systematic effect lies in the expression for 

false A= due to  intrinsic moments, given by the last two lines of Equation 3.7. 

Although there is no neutrd axis for the intrinsic moments, tbeir contribution to 

the systematic error is zero if: 

If the intrinsic moments are written as functions of r in terrns of 

measured by the PPMs, then: 

(3.12) 

the moments 

and similarly for (x P,)(z). Using Equation 3.12 and solving for the position zo 

where the intrinsic first moment goes through zero, it is seen that: 

Cornparison with Equation 3.11 for the magic z of the extrinsic moments shows 

that zo,, = z,, and similarly for x. In other words, the faise asymmetry due to 

transverse polarization w i s h e s  if the total first moment of polârization is zero at 

the magic r .  
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Although the production of intrinsic polarization moments is difficult to con- 

trol, their magnitude in a drift space can be controlled by adjusting the beam 

size, as discussed in Section 2.1.1 (see Figure 2.4). Hence, the condition 3.12 is 

satisfied by arranging the beam so that the size ratios at  the PPMs are given by: 

It is shown in Section 4.4.1 that the optimal ratios Ao, Bo are 0.75 f 0.02, 

or 0.76 & 0.02 in terms of the beam sizes measured at IPMl and IPM2. Strictly 

speaking, t his ratio is correct for minimizing the intrinsic moment sensi tivi t ies 

only if there is no multiple scattering. However, since the only materials between 

the two upstrearn IPMs are the IPM foils themselves, and the lever arm between 

these detectors is relatively srnail (1.8 m), multiple scattering does not have a 

signifiant effect on the size ratio. For beam sizes at IPMl xi = y: = 5.0 mm, the 

ratio quoted above implies that the optimal size at IPMP is x; = y; = 3.8 f 0.1 

mm. With these bearn sizes at  IPMs 1 and 2, multiple scattering of the beam in 

TRICl and other materials upstream causes the sizes to be XJ = y j  = 6.0 mm at 

IPM3. 

3.2.2 Position Modulation 

The false asymmetry arising from helicity correlated beam position modulations 

is expected to be dominated by the sensitivity of TRICP, since the beam size is 

significantly larger there than at  TRICl as discussed in Section 2.1.1. AA, is 

t hen proportional to both the helici ty correlated and average beam positions at 

the TRIC2 entrance. Although it is expected to be srnall, the contribution from 

TRICl should also be included in the general expression for AAz: 
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The false asymmetry can instead be written in terms of the bearn positions at 

the IPMs: 

where 21,3, y1 ,3 are the average beam positions a t  the IPMs and hx 1,37 A yL ,3 are the 

helicity correlated modulations. The coefficients a,, b,, etc. are the sensitivities 

and are deterrnined by independent calibration measurements as descri bed below. 

Equation 3.17 implies that, in addition to having small Ar ,  Ay to minimize 

the systematic error, there is a unique axis dong which the sensitivity to spin 

correlated bearn position is zero. This is called the "position neutral misn. Un- 

fortunately, the position neutral axis of the Parity apparatus is not coincident 

with the polarization neutral axis. The latter is chosen as the optimal axis for 

data taking because the polarizat ion correct ions can potentially dominate over 

position corrections in the Parity data. The shift between polarization and posi- 

tion neutral axes is most likely due to space charge effects in the TRICs, which 

affect the position but not polarization sensitivity in y. 

The coefficients in Equation 3.17 are determined with unpolarized beam by 

introducing controlled position modulations to the beam in x and y separately 

and sarnpling the detector response within several millimeters of the polarization 

neutral axis. The controlled modulations are generated using the position feedback 

loops as described in Section 2.2.2. Correlated position modulations of order 

100 pm are used for this study. The following discussion is simplified by referring 

only to the beam positions in x. The y calibration procedure is similar. 



CHAPTER 3. SYSTEMATIC ERRO R MINIMIZATION 

From Equation 3.17 it is seen that, in order to decouple a,, b,, c, from c,? d,, 

e,, rneasurements with at least two different ratios of Axl t o  As3 are required for 

each beam trajectory (xi, x 3 )  It was found that three different ratios are required 

for reliable coefficients t o  be extracted from the fitting algorit hm. This is achieved 

by splitting the andog steering signal a t  the input to a difference amplifier with 

variable gain on one of the channels. The gain is adjusted to  produce the desired 

ratio of modulations, either Axl = Ass, h x l  = O, or Ax3 = O. The actual ratios 

are not critical. It is only important that the three kinds of steering be different 

enough to allow the sensitivities to  be decoupled. In order t o  separate a,, b,, and 

q, the bearn positions a t  IPMl and IPM3 should be varied independently. Ideally, 

the parameter space around the axis used for data taking would be sampled with 

the same five beam positions discussed in Section 3.2.1 for the polarization neutral 

axis. 

When this study was performed in February 1997. only parallel shifts of the 

average beam positions with respect to the polarization neutral axis were studied. 

This was because the full position modulation study is time consuming and the 

helicity correlation position modulations were found to be very small relative to the 

intrinsic polarization moments, which dominate the systematic error correction. 

Consequently, the number of coefficients in Equation 3.17 that could be reliably 

be extracted from andysis of these data was restricted, as discussed in Section 

4.4.2. 

3.2.3 Size Modulation 

As discussed in Section 2.1.1, the sensitivity of the transmission asymmet ry to 

helicity correlated size modulation is related to  the larger beam size at  TRICS due 

to  multiple scattering. If the TRICl contribution to the resulting false asymmetry 

is negligible, then AAz is proportional to  both the average and helicity correlated 

beam sizes a t  the TRIC2 entrance aperture. A more general expression applies if 
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the TRIC 1 contri but ion is included: 

In terms of the beam sizes measured at the IPMs: 

where xi, y: (i = 1,3) are the standard deviations of the beam intensity distribu- 

tions at the IPMs and Ax;, Ay: are the size modulations, or beam breathing. The 

coeEcients a , ~ , ~ t ,  b,t,y, are the sensitivities and are determined by independent 

calibrat ion measurements. 

The coefficients of Equation 3.19 are deduced by measuring the detector re- 

sponse with controlled size modulations applied to unpolarized beam in the Parity 

beamline. These are introduced in a similar manner as for controlled position mod- 

ulations, wit h the exception that the ferrite core steering magnets are powered in a 

quadrupole configuration with the steering signals applied directiy to the magnet 

power supplies. One of the magnets produces beam breathing mainly in x ,  and 

the other mainly in y. The position stabilization system cannot be used during 

this st udy since the ferri te core magnets are configured as quadrupoles rather t han 

steering magnets. Several different ratios of bearn breathing at  the two IPMs are 

required to decouple, for example, a,# from bzt. Since the beam trajectory dur- 

ing this study is not necessarily centered on the ferrite core magnets, the applied 

"helici ty correlated" quadrupole fields also introduce some position modulation 

which must be accounted for in the analysis. 

For the February 1997 beam breathing study, IPMl and IPM2 instead of IPMl 

and IPM3 were used. Since it was the first time that the procedure was carried 

out, it was desirable to explore the sensitivities at  the upstream IPMs where the 

multiple scattering effect on the beam size is small. However, this cornplicates the 

interpretation of the results in terms of sensitivities at IPML and IPM3, which 
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were used for the Parity data taken during that tirne. Projection of the measured 

average and helicity correlated beam positions and sizes to IPM3 requires accurate 

knowledge of the beam transport, such as the location of the waist in x and y, as 

weU as inclusion of the effects of multiple scattering. A careful projection was not 

performed for these data, and unfortunately a more simple calculation failed to 

accurately reproduce even the known average beam size at IPM3. Consequently, 

these data could not be used to provide the beam breathing sensitivities. This 

problem is discussed further in Section 1.4.3. 

3.2.4 Intensity Modulation 

Helicity correlated intensity modulation y should be at the IO-' level for t his 

experiment. The sensitivity of the asyrnmetry to this effect is investigated by 

applying a controlled intensity modulation to the beam. This is introduced via 

the photodetachment laser (CIM laser) shown in Figure 2.31, which copropagates 

with the H- ion beam in the horizontal section of the injection beamline and 

neutralizes a s d l  fraction of the total beam. -4 fast shutter controlled by the 

Parity spin request signals periodically blocks the CIM laser to produce correlated 
CIM C I M  

intensity modulation (y) = 0.1% as rneasured by TRICI. (y) is used 

to tune the subtractor for zero sensitivity at  I = 200 nA, to map out the response 

AAz as a function of I near 200 nA, and to determine the associated systematic 

error correction to A=. These three procedures are discussed below. The main 
CIM 

OPPIS pumping lasers are blocked while the CIM laser generates (y) , so 

that the beam is unpolarized during these studies. 

The systernatic error due to coherent intensity modulation is given by: 

where Io is the current at which the analog subtractor is balanced for zero sen- 

sitivity to 9, and a1 is related to the differentid nonlinearity of the ionization 
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chambers and of the analog subtractor. The dc balance point of the subtractor is 
C I M  

determined by rneasuring the false asyrnmetry caused by (y) as a function 

of the gain g applied to the TRICl signal before subtraction wbich, in turn, de- 

termines the dc voltage level of the subtractor output. This study is performed 

at the nominal beam current for the experirnent, Io = 200 nA, using the injection 

line feedback loop to stabilize the average bearn current. 

Figure 3.3 shows a scan of the subtractor dc level. Each point on the graph 

represents approximately 5 minutes of data acquisition time. For this particular 

Subtroctor dc level (v) 

Figure 3.3: Sensitivity to coherent intensity modulation as a funetion of the sub- 
tractor de level output. The measurements are taken with O. 1 % intensity modula- 
tion produced b y the CIM laser. The zero sensitivity point, at which the subtractor 
is balanced, is 0.6 f 0.1 V for this scan. 

scan, the zero crossing of AA, is at a subtractor dc level of 0.6 f 0.1 V. While 

it is important that the subtractor remain at this balance point during real data 
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taking to minimize the sensitivity to intensity modulation, the actual value of the 

voltage is somewhat arbitrary since the balance point depends on the TRIC high 

voltages and on the vertical beam position and size. For slight variations in the 

beam tune as are typical from day to day, the balance point varies by up to f 

0.5 V. This tuning procedure is carried out once every few days, or whenever any 

beam parameter changes significantly. Also, the online measurement of 4 A z  due 

to intensity modulation described at the end of this section is a good indicator for 

when the procedure should be repeated. 

The coefficient al of Equation 3.20 is determined from measurements of A& 
CIM 

with (y) as the average b a r n  current is varied, with the subtractor tuned 

for zero sensitivity at  Io = 200 nA, as shown in Figure 3.4. Each point represents 

Beom Current ( n ~ )  

CAII 
Figure 3.4: False asymmetry introduced &y (y) = 0.1% frorn the CIM laser 
as a function of beam current. 

approximately IO minutes of data acquisition time. The beam current is varied 

between 180 and 220 RA by adjusting the thickness of the Rb ce11 at the OPPIS, 

which introduces minimal changes to  the other beam properties. Although the 
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values of a1 and Io from this study could in principle be used to correct the Aaw 

data for the systematic enor due to y, these parameters are not well enough 

determined from the statistics of the data points to  provide a sufficiently pre- 

cise correction. Additional noise is present in these rneasurements because the 

injection line current stabilization system is only operable for the 300 nA data 

point. The bearn current during the other measurements can vary by up to f 5 

nA, increasing the uncertainty in hAz. This study was carried out once during 

February 1997 as a routine check of the ionization charnbers' performance. 

The correction to A" for 9 is determined from calibration measurements 
CIM 

interleaved with online data taking. (y) is applied to a fraction of the spin off 

events. The fdse asymmetry from this CIM data subset is denoted AA:'~. Since 

the systematic error is proportional to y, AA:'~ is scaled using the measured 

helici ty correlated intensity modulation to provide a precise correction for this 

effect, as is shown in Section 4.4.4. The advantage of this method is that, as long 

as the average beam current during the CIM cycles is the same as that during the 

polarized cycles, the CIM subset is subject to the same conditions as the real data. 

This naturally accounts for drifts in the subtractor dc level and average beam 

current. Furthermore, these data provide a continuous check of the subtractor 

balance point. If A A ~ ' ' ~  is consistently nonzero at the several standard deviation 

level for several runs, the dc balance procedure described earlier is repeated. 
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3.3 Other Effects 

3.3.1 Helicity Reversal 

After correcting AiaW for systernatic effects caused by helicity correlated beam 

intensity, size? position, and transverse polarization as described in the previous 

section, there may st il1 be residual efTects caused by bearn properties which cannot 

be measured with the Parity apparatus. In contrast with the parity violating Ai, 

which depends only on the beam helicity at the LH2 target, these effects can be 

classed into two groups: those related to the helicity at the ion source (Aopprs) 

and those related to the polarization in the cyclotron (A,,,.). 

The main example of AoPPls is due to energy modulation in the 221 MeV 

proton beam, which is discussed in Section 3.3.2. This effect is the type for which 

the helicity correlated beam property is measured at  the ion source in interleaved 

rneasurements. An example of A,,. is due to beam halo, which refers to beam 

particles that are far outside the main Gaussian intensity profile, but which con- 

tribute to the TRIC signds. Such components of the total beam intensity are 

very small and difficult to  measure with the Parity apparatus. and may not be 

controlled by the position stabilization loops. Because they may be within the 

acceptance of the TRICs, helicity correlated changes in the halo can give rise 

to a systematic error. A possible mechanism to explain the presence of helicity 

correlated bearn halo is nuclear scattering of a fraction of the beam particles in 

the cyclotron extraction foil. Since the beam is vertically polarized there, this 

interaction would give rise to  a helicity correlated left-right scat tering asymmet ry 

and hence an asymmetric beam halo distribution. 

The errors A OPPIS, Ac,,. are investigated by periodically reversing the relative 

beam polarization in two places: at the ion source Wien filter before the cyclotron; 

and at the spin precession solenoids after the cyclotron (see Figure 2.31). Table 3.2 

shows the four possible combinations of spin direction in the cyclotron and in the 
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/ Combination 

Table 3.2: Beam polariration direction, relative to positive helicity at the ion 
source. Data are taken in each of the four configurations, allowing separation of 
the p a d y  violating A, !rom the systematic effects AOPPIS and A,,.. The spin in 
the cyclotron is reuersed using the Wien /ilter, while the spin at the LH2 target is 
nversed by retuning the spin precession solenoids. 

Spin Direction in 1 Spin Direction at 1 Yeasured Asymmetry 

Number 

L 

2 

3 

4 

Parity beamline, with expressions for the associated experimental asymmetry, e. 

During the Parity experiment, approximately equal amounts of data are taken 

Cyclotron 

t 
t 
5 

J- 

in each of the configurations. As mentioned previously, a considerable amount 

of b e d i n e  retuning is associated with each of these helicity reversals. For this 

LH2 Target 

+ 
e 

+ 
t 

reason, the reversals are performed only every 3 to 4 days. The measured beam 

cl  = A, + aopprs + ac,.. 
€2 = -Ax +  OPP PIS + Acyc. 

€3 = A* +  OPP PIS - &,c. 

€4 = -A, + AOPPIS - Ac7,c. 

property asymmetries are related to the helicity correlated quantities by a sign 

which is the same as t hat of A, in Table 3.2 for the four configurations. 

Figure 3.5 shows graphical exarnples of e in the four configurations for the four 

cases: a )  &pPIS = Acvc. = O; b) Acyc. = O; C)  &PPIS = 0; and d)  AOPPIS # 
O, Ac,,. # O. The differences (ci - e 2 )  and (es - €4 are equal to %A,, and hence 

the parity violating A, is given by: 

which cancels AOPPIS, Acyc. provided that they axe constant. 
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Sc) 

1 2 3 4 
Configuration Number 

1 
1 1 I 1 I 1 

1 2 3 4 
Configuration Number 

1 
I 1 I I 1 1 

1 2 3 4 
Configuration Number 

Figure 3.5: Examples of the measured asymmetry 6 for the jour possible combi- 
nations of spin direction, as defined b y  Table 3.2. The four diffèrent cases are 
described in the tezt. The ideal situation is a ) ,  where AOPPIç = ACyc. = 0. 
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To emphasize the difference between asyrnrnetries and helicity correlated quan- 

tities, Table 3.3 defines some symbols used in the remainder of this thesis. Note 

that systematic error corrections are made to the raw scattering asymmetry cmW 

as indicated in Table 3.3 before deducing A,. 

Description 

Uncorrected scattering asymmet ry 

Uncorrected analyzing power 

False scattering asymmet ry 

False andyzing power 

Corrected scattering asymmetry 

Corrected analyzing power 

Beam property asymmetry 

Helici ty correlated beam property 

Expression 

Table 3.3: Surnrnary of important symbols used in this thesis. 

3.3.2 Energy Modulation 

The contribution to AAz from energy modulation in the 221 MeV beam is of a 

particularly simple form: 

AAz = a~ A E  (3.2%) 

Unfortunately, minimizing this contribution is not simple and considerable time 

was spent in 1995 and 1996 developing techniques to investigate the effect. 

The sensitivity a~ was measured using an RF accelerating cavity operating 

at the second harmonic (46.12 MHz) of the main cyclotron frequency. The RF 

cavity was installed in the Parity bearnline in August 1996. The relative phase of 

the RF voltage was selected to be O or  180' according to the Parity spin switching 
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pattern, producing correlated energy modulation up to 1000 eV in the unpolarized 

221 MeV beam. The cavity RF phase was tuned with respect to the cyclotron 

RF by measuring AAz as a function of the relative phase. The sensitivity aE is 

deduced by fitting the resulting curve, as shown in Figure 3.6. From this figure, 

a~ = (2.9 f 0.3) x 10-8 eV-', which is in excellent agreement with the prediction 

of 2.8 x 1 0 - ~  eV-' based on the energy dependence of for the proton beam 

in TRICl and TRIC2. From this measurement of a ~ ,  ân upper limit of 0.2 eV 

R F  Phase (deg) 

Figure 3.6: AAz uersus phase of the RF cavity The sensitivity to energy rnod- 
dat ion a~ is deduced from the ualue of AA, where the cavity is tuned. The 
peak-to-peak energy modulation introduced b y  the cavity i s  1000 e V. 

tolerable energy modulation in the 221 MeV beam is placed in order to keep 

the corresponding contribution to the false asymrnetry acceptabiy small. Since it 

is not possible to measure energy modulation at the level of electron volts in the 

Parity bearnline with the existing apparatus, other strategies have been developed 

to monitor this systematic effect. 

The mechanism for helicity correlated energy modulation in the accelerated 

bearn begins with coherent energy and position modulation of the beam at the 

OPPIS, (AE, Ax)oPpls which, as described in Section 2.4.4, lead to helicity corre- 
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lated position modulation at injection to the cyclotron, and also at  the cyclotron 

extraction foil. Position modulation of the bearn a t  the extraction foil, in turn, is 

expected to be the main source of energy modulation in the 221 MeV beam. 

In order to  study AE in the 221 MeV beam as a function of the OPPIS pa- 

rarneters, a series of measurements was made by directing the extracted beam to 

beamline 3B at  TRIUMF, which was tuned for a dispersion of 12 cm per 1% 9, or 

38 eV at the location of a position sensing monitor. An auxiliary beam in- 

tensity profile monitor, similar to  the  Parity IPMs, was used to measure correlated 

bearn position modulât ion when cont rolled energy modulation was produced at 

the ion source by application of a square wave bias voltage to the isolated sodium 

ionizer cell. AEOPPIS = 1.0 eV modulation applied at the OPPIS was amplified 

by a factor of 130 in the extracted beam, while hxopprs  = 1 pm applied in the 

injection line produced energy modulation of 100 eV at 221 MeV. 

From these measurements, upper limits of AEopprs 5 2 meV and AxoPPrs 5 

10 nm were placed on the OPPIS modulations in order to keep energy modulation 

of the 221 MeV beam acceptably small. The position stabilization loops in the 

injection line were found to reduce the position modulation of the injected beam 

by a factor of 10 during this study, which implies that these limits may be relaxed 

by a corresponding factor. However, bot h the amplification and mixing factors for 

energy and position modulations from the OPPIS, and the effect of the feedback 

loop on the extracted energy modulation, are functions of the injection line and 

cyclotron tune parameters. In the case of the feedback loop, since it controls the 

beam position a t  only one point beiore injection, the injection angle rnay still vary 

with spin flip depending on the injection line tune. Since the studies using the 

magnetic spectrometer in conjunction with the auxiliary IPM were not carried 

out for each Parity running period, the limits stated above must be taken as order 

of magnitude estimates only. 

More direct measurements of the sensitivity of the Parity detectors to  energy 
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modulation are made regularly by applying controlled A EoPPrs or Ax opplii at the 

ion source and measuring the resulting AA,. Typical values of t hese sensitivities 

aA = 4 x IO-' e V L  and azOPPIS are m & s  
= 1 x IO-' nm-l. The energy and position 

modulations of the 3 keV OPPIS beam are also measured regularly, approximately 

twice per day. During the Febmary 1997 running period, the final OPPIS instru- 

mentation described in Section 2.4.4 was not yet in place. The OPPIS beam 

modulations were measured instead by directing the 3 kV beam through a mag- 

netic spectrometer, and detecting position modulation wit h a split piate monitor. 

This method did not allow the separation of  A EoppIs from AsoPPrs. 

The magnitude of A E  in the 221 MeV proton beam can be inferred from 

the Parity data by reversing the beamline helicity, as discussed in Section 3.3.1. 

For the Febmary 1997 data set, the systematic error contribution from energy 

modulation was consistent with zero at the 1 0 - ~  level. This is demonstrated and 

discussed in Section 4.6.4. 

3.3.3 Electronic Asymmetry 

The possibility of a false asymmetry due to electronic bias was carefully explored 

prior to the acquisition of a Parity data sample. It is important to note that the 

electronics were designed to have no spin correlated voltage levels in the vicinity 

of the main CAMAC crate which holds the Parity scalers. Recall that the ion 

source spin state is confirmed by the Faraday rotation measurement for each 25 

ms substate, and t hat these signals are detected as pulse trains by dedicated Pari ty 

scalers. In an offline bench test of the electronics with the full data acquisition 

system mnning and the spin request signals controlling the ion source spin state, 

an upper limit of k4 x IO-' was placed on the systematic error due to electronic 

crosstalk. 



Chapter 4 

Data Analysis and Results 

4.1 Overview of Analysis 

There were three main stages in the analysis of the Parity data: deducing the sen- 

sitivities $$ for al1 of the beam properties ri measured by the Parity apparatus; 

applying corrections to the raw asymmetry data based on these sensitivities; and 

combining the corrected asymmetry data according to Equation 3.21 to arrive at 

the  final resuit for A,. 

The first step was to reduce the data from files on tape to smaller files stored 

on a 9 GByte permanent disk. The reduced files contain only the important 

average and helicity correlated quantities. This reduction was performed using 

NOVA [88], a data analysis and histogramming package. The reduced data files 

were further reduced by applying cuts to the average beam position. 

The sensitivities to transverse polarization were deduced from the neutral axis 

scans described in Section 3.2.1. As discussed in Sections 4.4.2 and 4.4.3, the 

sensitivities to position and size modulations could not be reliably calculated 

from the sensitivity studies performed in February 1997. Instead, a multilinear 

regression analysis was performed on the Apw data itself to extract the most 
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significant correct ions and the corresponding sensi t ivit ies, including the int rinsic 

first moments' contribution to AAz. As a consistency check, the latter was also 

inferred from the measured sensitivities to extriosic first moments. For A& due 

to intensity modulation, the sensitivity was deduced by analyzing the interleaved 

CIM data. Once t hese sensitivities were compiled, the correct ions were applied 

to ATw. As shown in Section 4.6, the dominant correction for the data presented 

here was for the intrinsic first moment of polarization (xP,). 

The following sections describe these steps in detail, wit h application to data 

accumulated during the h s t  extended running period for the experiment, in 

F e b r u q  1997. The data reduction and quality cuts are described in Section 

4.2. Sections 4.3.1 and 4.3.2 summarize the raw analyzing power and the average 

and heIicity correlated beam propert ies. Sections 4.4.1 t hrough 4.4.4 discuss the 

sensitivities extracted from the calibration studies. Section 4.5 presents the re- 

sults of the regression analysis, and summarizes the sensitivities used to arrive at 

the final results in Section 4.6. 

4.2 Data Reduction 

Prior to discussing the cuts applied to the data, it is useful to review the structure 

of the Parity data events. Each 200 ms data cycle or event corresponds to one scan 

of the 8 PPM blades through the beam, and 8 such events form a supercycle. The 

beam helicity pattern for one event is either "+ - - + - + +-" or its complement. 

The starting value within one supercycle also follows one of these two patterns, 

and the initial helicity for each supercycle is chosen randomly. The raw data 

buffers consist of the TRIC, IPM, and PPM data for the 8 substates, as well as 

the Faraday rotation information from the OPPIS and the feedback loop error 

signais. A variable amount of spin off data is interleaved with the normal data, 

and a fraction of these spin off cycles are taken with enhanced correlated intensity 
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modulation (CIM) via the photodetachment laser. 

The raw scattering asymmetry and the beam property averages and asymme- 

tries were calculated from the raw event buffers by the NOVA analysis subroutines 

for each event pair. Single events were not used since, because each PPM blade 

samples the beam in either + or - helicity during one event, the helicity correlated 

transverse polarization cornponents are only calculable by averaging over sequen- 

tial events with opposite initial helicity. For each data run, NOVA produced a 

reduced file containing the relevant quantities for each two-event pair. The spin 

off and CIM data were included in these files. 

Quality cuts were applied to the reduced files. The purpose of these cuts 

was to discard event pairs for which the IPM data were corrupted by hot wires or 

sudden pedestal changes, which gave rise to erroneous values for the average beam 

centroids and widths. If such event pairs were not excluded, the resulting position 

and size dependent corrections would not accurately reflect the false asyrnmetry. 

O n  its first pass through each run. the software calculated the centroids and 

standard deviations of the beam positions. On the second and subsequent passes, 

these quantities were recalculated, discarding events for which at least one of the 

bearn positions (x or y at either IPM) fell outside 3 0  of its centroid value from the 

previous pas .  After iterating this procedure several times, the remaining "good" 

data events were written to an output file. In addition, events for which any of 

the beam positions fell outside a user-defined window were discarded. 

Since it was noted during the February 1997 run that the IPM3 y harp was 

particularly susceptible to intermit tent hot wires, the following discussion of the 

cuts focuses on the beam intensity distribution in that plane. It is to be understood 

that cuts were placed on the IPM data at both monitors, in both x and y. Figure 

4.1 shows event pair histograms of the IPM3 y beam centroid (y3) for three runs: 

one that shows no evidence of data corruption (a "good" run); and two that 

illustrate the effect of intermittent hot wires ('badn runs). 
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30 
cuts 

\ 
I 

hard cuts I 

,O -1.5 -1.0 -0.5 

(a) ~3 (mm) 

Figure 4.1: Histograms of the beam position in y at IPM3 for three different 
Febniary 1997 runs. The solid and dashed vertical lines indicate where the 3 0  
and hard cuts respectiuely were pluced. The a r o w s  indicate the nominal correct 
beam position. 
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In Figure 4.l(c), the separation between the peak at the correct position and 

the adjacent one is approximateiy 0.2 mm. A hard cut of f 0.1 mm placed around 

the nominal position, as shown by the dashed lines, succeeded in discarding the 

unwanted data points. However, since the standard deviations of most of the 

beam position distributions were between 0.03 and 0.04 mm, applying a global 

f 0.1 mm hard cut would have discarded too many events in the tails of t be good 

position peaks. Instead, an initial pass through the data was made wit h f 1 mm 

hard cuts in addition to the 30 cuts. In Figure 4.l(a) and (b), the dashed and 

solid lines show where these cuts were placed (hard cuts and 3a respectively). For 

bad runs with luge  enough separation between the peaks, the loose hard cut was 

sufEcient to discard the corrupt events. 

In order to decide which runs should be subjected to tighter cuts, the distribu- 

tions of run-by-run beam position and width standard deviations were examined. 

For perfect IPMs and stable beam and feedback loops, the standard deviations 

themselves would be normally distributed. Figure 3.2 shows the position and 

width standard deviation distributions, a, and a,; respectively, after the initial 

set of cuts was applied. Runs with D , , ~  and/or O,,; that fell more than 3 times the 

standard deviation of each distribution away from the mean value were suspected 

of containing some corrupt data. This restrictive criterion was chosen to ensure 

that al1 the pathological runs would be detected. By this method, 44 out of the 

total 220 runs were identified as suspicious. The quality cuts were applied again 

only to these runs, with hrtrd cuts of f 0.1 mm as shown in Figure 4.l(c). The 

centers of the hard cut windows were determined for each data set (as defined in 

Table 4.1) from the average beam positions obtained by excluding the suspicious 

a n s .  This step was unnecessary for the initial pass since the hard cuts were 10 

tirnes wider there. 
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Figure 4.2: Histograms of (a) the beam position standard deviation, uy3 and (6) 
the beam width standard deuiation, a,;. 99.73% (30) of the runs are expected to 
lie below the dashed lines for perfect IPMs and a stable beam and position feedback 
system. 

As a final check, the distributions of O, and a,; were examined again after 

placing the tight cuts. These are shown in Figure 4.3. Comparing wit h Figure 4.2, 

it is clear that the distributions of [PM data standard deviations were more nor- 

mally distributed after the tighter cuts were applied. A visual inspection of the 

beam position histograms for each run that fell outside the dashed line in Fig- 

ure 4.3 did not reveal any multiple peaked cases. This method for applying the 

cuts was adopted for the data set analyzed and discussed in the rernainder of this 

chapter. 

The total beam time available in February 1997 was 4 weeks, some of which 

was Iost due to problems with the target refrigerator. The data were acquired in 

8 sets, divided between the four possible Wien filter and solenoid tune conditions 

defined in Table 3.2. For set 8, the normal 6 mg cm-* thick cyclotron stripping 

foi1 was replaced by a foi1 of 2.5 mg thickness, and the cyclotron was tuned 
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1 3 x std. deviation 
1 from mean 

1 3 x std. deviation 
1 from mean 

Figure 4.3: Histograms of (a )  the beam position standard deviation, a,~ and (6) 
the beam width standard deviation, 0 ~ 3 1 ,  afler f 0.1 mm hard cuts were placed on 
the suspicious runs. 

somewhat differently than for Sets 1 through 7. Table 4.1 shows the number of 

hours of polarized data that passed the quality cuts for the eight sets, and the 

relative beam polarization in the cyclotron and at the LHz target for each set. 

The combination numbers are as defined in Table 3.2. Also shown is a run-by-mn 

cornparison of Ayw before and after the cuts, .Y, defined as: 

1 (AE;w(before cuts) - A:;"(after c u t ~ ) ) ~  x=- C 
Nruns i=i  (dA;Pw)2 (after cuts) 

(4.1 ) 

where N,,,. = 220 is the total number of runs, and (&A:?) is the statistical error 

for each run. 

In addition to  the number of polarized data-hours shown in Table 4.1, 20% of 

the total data were acquired in spin off mode, and half that arnount were taken 

in CIM mode. In the following discussions, the data are referred to by their 

set number, as defined in Table 4.1, or in terms of 'big sets", defined by each 

combination number. 
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- 
Set 

- - 
1 

2 

3 

4 

5 

6 

7 

8 - - 

Combinat ion 

Number 

p' 

Cyc. 

t 
t 

1 
-1 

% Passed 

Cuts 

% Passed 

Hard Cuts 

Data 

Hours 

Table 4.1: Data svrnmary for February 1997. X is a cornparison of the 
analyzing power before and after cuts, and is defined in the text. 
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4.3 Raw Data 

4.3.1 Raw Asymmetry 

The raw analyzing power measurements with statistical uncertainties are listed 

for the 8 data sets in Table 4.2. The large X2 value comparing the 8 numbers with 

Set 

Average 

2 
,Y" 

Table 4.2: Raw analyzing pover  for the February 1997 data sets, and the Xz 
comparing the sets  to the unweighted average of the 8 values. The error bar in the 
average does not include the spread of the 8 points. 

their unweighted average clearly indicates that the individual A y w  results are not 

consistent with each other. The hypothesis is that at least one helicity correlated 

beam property was varying between the sets and causing the large spread in A?". 

This will be investigâted throughout the remainder of this chapter. 

The data in Table 4.2 are plotted against set number in Figure 4.4, with 

arrows indicating the beam helicity a t  the LH2 target relative to  the ion source 

(see also Table 4.1). The Wien filter was reversed between Sets 5 and 6. The 
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Aaw measurements clearly f d l  into two groups separated by approximately two 

standard deviations, with positive results for Sets 2, 4, 7, and 8, and negative 

results for the remaining sets. Note that Set 8 is the only data point that lies 

Set Number 

Figure 4.4: The A:" data of Table 4.2 plotted against set number. The arrows 
refer to  the relative 6eam polarization direction a t  the LH2 target, and the corre- 
sponding numbers refer to the configuration number as  defined in Table 4.1. The 
Wien filter was reuersed between Sets 5 and 6. 

more than one standard deviation away from the other sets with the same sign of 

A:'. Recall from Section 4.2 that the standard cyclotron stripping foil for the 

Parity experiment was replaced by a thinner foil for Set 8, and that the cyclotron 

tune was quite different for this set. As is discussed in Section 1.5, the raw 

analyzing power for this set may have had a different sensitivity to the intrinsic 

first moment of transverse polarization (x P,). The line connecting Sets 7 and 8 

is dashed because, although Section 4.6 presents results including al1 the sets, the 

finai A, reported for the February 1997 data excludes Set 8. 
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The unweighted average value of the 8 A=" values in Table 4.2 is used for this 

initial report of the uncorrected result. However, future sections will treat sets 

with the same combination number indicating relative orientation of spin in the 

cyclotron and at the LH2 target (see Tables 3.2 and 4.1) as a single "grandn A:"" 

distribution, for a total of four grand distributions as shown in Figure 4.4. The 

mean value of A:"" from the unweighted average of the four grand distributions 

is (1.13 k 0.54) x  IO-^, in agreement with the value reported in Table 1.2. 

The raw asymmetry for the 12 hours of unpolarized data interleaved with the 

A'"" measurements is: 

ÉO = (-0.4 I 1.5) x IO-', (3.2) 

which indicates that, at  this level of precision, there is no systematic effect tvhich 

is correlated with the apparent beam helicity state when the beam is unpolarized. 

The electronic asymmetry test discussed in Section 3.3.3 sets a limit almost 2 

orders of magnitude smaller than this on such a spurious effect. 

4.3.2 Beam Properties 

The average beam properties measured with the Parity apparatus during the 

February 1997 run are shown in Table 4.3. The statistical uncertainties are at  the 

1% level for the beam positions while the others are at the 0.001% levell. Slow 

drifts in the average beam properties are generally considerably larger than the 

statistical uncertainties. 

The coherent beam property modulations averaged over al1 the data sets are 

summarized in Table 4.4. Histograrns of several helicity correlated beam properties 

are shown in Figure 4.5, including data from al1 8 sets. 

'Recall that I P M l  and IPM3 were used for the February 1997 run. 



CHAPTER 4. DATA ANALYSIS AND RESULTS 

Table 4.3: Summary of the average beam properties for February 1997 data, av- 
eraged ouer al1 8 data sets. 

.Average Value 

< 0.01 

Beam Propert y 

Size (mm) 

Position (mm) X I  

Y3 

xi 

-0.67 

5.09 
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Helicity Correlated Beam Property 
i 

Average Transverse Polarizat ion ( 1 O-4 ) 

Intrinsic First Moment (pm) 

Position Modulation ( mm) 

Size Modulation  IO-^ mm) 

rn Intensity Modulation ( 1 0 - ~ )  

.4verage Value 

Table 4.4: Sumrnary of helicity correlated beam properties for February 1997 data, 
aueraged ouer al1 data sets. 
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5 -3 O 3 6 -3 -2 -1 O 1 2 

(a) A ( 1 0 ~ ~ )  (b) <xP,h (mm) 

Figure 4.5: Histograms of selected helicit y correlated beam properties for the Febru- 
ary 1997 data: (a) intensity modulation, y; (6) intrànsic first moment of trans- 
verse polarization at PPMI, ( X P , ) ~ ;  (c) position modulation at IPMI, Atl ;  (d)  
size modulation at IPMI, Axi. There are 1 . 1  x 106 event pairs in each histogram. 
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The intrinsic polarization moments at PPMl for the 8 sets are shown in Fig- 

ure 4.6. Note the correlation between ( X P , ) ~  and A:"" of Figure 4.4. This is shown 

Set Nurnber 

Figure 4.6: Intrinsic moments of pofurization measured at PPMl for the 8 sets. 

more explicitly by Figure 4.7, where Ayw is plot ted against (x P,) at  PPM 1 for the 

eight sets. Ait hough only the intrinsic moments at PPM 1 are shown in Figures 4.6 

and 4.7 for convenience, both ( X P , ) ~  and (xPy)* are correlated with A r W .  

- 

.. 

- 

- 

0.02 1 

0.01 - 

0.00 

-0.01 - 

-0.02 - 

-0.03 

The sensit ivities to helicity correlated beam propert ies are explored in the 

following two sections. Section 4.4 presents andysis of the calibration data. Sec- 

tion 4.5 discusses the correlations between Ayw and the beam property modula- 

tions. It is shown that the only significant correction to Ayw is due to  ( X P ~ ) ~ , ~  

In Section 4.6, this contribution to AAz is shown to be responsible for the large 

systematic effect shown in Figure 4.4. 

1 2 3 4 5 6 7 8  
Set Number 

1 1 1 1 I I 1 I 

I a 
P I 

.- 

P 
i a I 

I I I r I I I I 
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<xP,>, (mm) 

Figure 4.7: A:"" versus (xP,) at PPMl for the eight data sels. 

4.4 Sensitivities from Calibration Data 

As explained in Section 3.2, the Parity experiment was designed so that the sen- 

sitivities to al1 of the measured helicity correlated bearn properties could be de- 

termined independently in ancillary studies. Since al1 four of the possible studies 

were carried out in February 1997, the sensit ivities to transverse polarizat ion, 

position, size, and intensity modulation should in principle be available from the 

cdibrat ion data. However, for the  case of y, the sensit ivi ty can be more precisely 

determined from the interleaved CIM data (see Section 3.2.4). Detailed analysis 

of the position and size modulation studies revealed that the data were not taken 

under optimal conditions, as mentioned in Sections 3.2.2 and 3.2.3. Consequently, 

it was found that the resulting sensitivities were not reliable enough to use for 

correcting A:"" for the associated systematic effects. This is discussed further in 

Sections 4.4.2 and 4.4.3. Instead of using the calibration studies, the effects of 

position and size modulations in .4iaW, together with the intrinsic first moment 

effect, were investigated through a correlation analysis of the real data itself. As 

shown in Section 4.5, it was found that the only significaat correction required 

was for (xP,). A properly weighted analysis confirmed that the data showed 
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good overall consistency by including only this term in AA,. 

Anaiysis of the calibration data is presented in Sections 4.4.1 through 4.1.1, 

organized into one section for each of the sensitivity cdibration studies described 

in Sections 3.2.1 through 3.2.4. It should be noted that the following description 

of the fitting procedure for determining the sensitivities is applicable both to the 

calibration studies and to the correlation andysis of the real data in Section 4.5. 

Because the error bars in A:" and the beam properties are not calculated for 

individual event pairs, the data were grouped sequentially into bundles containing 

N event pairs each so that properly weighted fits could be performed. The average 

values and statistical errors of the raw analyzing power and the relevant beam 

properties were determined for each bundle, and used as input for the various fits 

discussed in this and the following section. 

Since the bearn modulations in the Parity data were generally comparable to 

or smailer than the statistical errors associated with their measurement in a one 

hour run, it was extremely important to use an appropriately weighted X 2  function 

in the fitting procedure. The fits were weighted by errors in both the dependent 

and independent variables [99], where the usual definition of yf for bundle i is 

replaced by 

for a linear fit to a dependent variable (y) with one independent variable (x). 

The extension to fits with more than one independent variable is straightforward. 

When the errors in the independent variable are negligible, this expression reduces 

to the usual x2 form. 

The general function minimization software Minuit [100] was used to fit the 

bundled data and extract the sensitivities by minimizing the more specific expres- 
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where i is the bundle index, j is an index summing over the beam properties under 

consideration, .A;" is the analyzing power for each bundle, A z i j  is the helicity 

correlated beam property, and the sensitivity coefficient (2) is determined by 

Minuit. The specific form of AAz depends on which sensitivity is under discussion. 

Table 4.5 refers to the appropriate equation in Chapter 3 that defines A& for 

each beam property. 

Helicity Correlated 

I Size 3.19 

Beam Property 

Transverse Polarizat ion 

Table 4.5: Summary of the coeficienfs that are eztracted fmm the sensitivity 
calibraiion measurements. 

Equation 

4.4.1 Tkansverse Polarizat ion 

Coefficients 

defining AAz 

3.7 

Neutra1 Axis Scans 

deterrnined by Minuit [100] 

a1.2.3, h,2.3 

The Pz and P, neutral axes and sensitivities were measured in t hree separate scans 

spaced over the 4 week course of the February 1997 mn. Since the sensitivity to 

transverse polarization is determined by the geometry of the apparatus, and by 

the transverse analyzing powers of the LH2 target and other scatterers in the 
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beam path, the fitted coefficients of Equation 3.7 should be consistent for the 

three scans, and it should be possible to combine the scans to extract one set of 

coeEcients to use for correcting A r w .  

Parameter 1 Scan 1 Scan 2 Scan 3 

al (IO-' mm-') 1 19.12 I 0.29 / 19.11 I 0.78 1 18.51 f 0.34 

a3 -6.70 I 0.12 

magic z (m) 1.04 + 0.50 

- - 

bl (IO-' mm-') 

(10-~ mm-') 

b3 

Table 4.6: Fitted sensitivities to extrinsic jrst moments of transverse polarization 
for the three February 1997 scans with N = 50. The ai coeficients correspond 
to the Pz sensitivities, and the b; coeficients to P,. Also shown are the "magic 
z" positions relative to the entrarace to the TRIC2 active volume, and the neutral 
position at P M 3  for the case xi = y1 = O mm. The degrees of freedom for each 
scun are shown in the rom marked "d.0.f.". 

Table 4.6 shows the sensitivities determined by the Minuit analysis for the t hree 

individual scans, using a bundle size of 50 event pairs (N = 50). In principle, a 

constant terrn should be added to the fitting function to account for a possible 

offset in AAz due to other helicity correlated effects, but as demonstrated below, 

this had no significaat effect on the sensitivities and was not included in these 

fits. Table 4.6 shows that the sensitivities and neutral beam positions at IPM3 
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are reasonably consistent for al1 three scans. It does appear that the a3 values for 

Scans 1 and 2 are more consistent with each other than they are with the value 

for Scan 3. This is dso  reflected in the neutral beam positions y3(0) .  

The scms were combined to produce one set of sensitivities, and the results 

are shown in Table 4.7 for fits with and without Scan 3. Wsing bundles of a 

different size had no significant effect on the fitted coefficients or error bars, nor 

did including a constant term in the fitting function. These fits are shown in 

Table 4.8 for Scms 1 and 2 combined, for cornparison with the last column of 

Table 4.7. 

1 Parameter 

a2 (IO-' mm-') 

Scans 1+2+3 Scans 1+2 

Table 4.7: Fitted sensitivities to extrinsic Jrst moments of transverse polarkation 
frorn the combined scans, with N = 50. The ai coeficients correspond tu the P, 
sensitiuities, and the bi c o e m e n t s  t o  P,. Also shown are the "magic r" relative 
tu the entrance tu the TRIC2 active volume, and the neutral position at IPM3 
(assurning 11 = yl = O mm). 
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Scans 1+2 

a2 mm-') 1 -25.18 1 0.36 1 -25.20 k 0.36 

Scans l+2 

al (IO-' mm-') 

1 rnagic r (m) 1 0.91 f 0.57 1 0.86 f 0.56 1 

No constant term. 

19.03 1 0.27 

rnagic z (m) 

213(0) (mm) 

With constant terrn. 

19.1 1 f 0.27 

Table 4.8: Fitted sensitivities to  eztrinsic first moments of transverse po1ari;ation 
for Scans 1 and 2 cornbined, showing the effects of changing the bundle sire, and 
of adding a constant tenn to the fit. 

bl (IO-' mm-') -14.76 k 0.30 -14.90 k 0.30 

0.92 & 0.45 

-0.73 f 0.02 

~ 3 ( 0 )  (mm) 

Constant term 

0.99 k 0.46 

-0.73 k 0.02 

-1.77 0.05 

not included 

-1.76 & 0.05 

0.06 k 0.04 
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Since the neutral y3 position is most consistent between Scans 1 and 2, the 

last column of Table 4.7 was used for the transverse polarization sensitivities in 

the fin4 analysis. To estimate the systematic error introduced by choosing one 

particular combination of the neut r d  axis scans, the sensitivi ties for Scan 3 from 

Table 4.6 were used for comparison purposes. As will be shown in Section 4.6, the 

contributions to AAz from (Pz) and (P,) are at the level of 10h9 with uncertainties 

of the same order. 

The magic z is located approximately 1 m downstream of the entrance to the 

TRIC2 active volume. In the simple mode1 for the sensitivity, with no scatterers 

other than the LH2 target, the magic z is located at the entrance aperture of 

TRIC2; this is where the sensitivity is independent of the angle of the bearn 

trajectory. Spin dependent scattering of the beam from other elements in the 

beamline affects the sensitivity at TRIC2, and also introduces a sensitivity at 

TRICI, which pushes the magic r further downstream. In the worst case, if 

the sensitivities at the two detectors are equal, the magic point is at  infinity 

downstream. The results of the transverse polarization scans indicate that there 

is a sensitivity at TRIC1, but that it is smaller than that at  TRICS. It is possible 

to determine the sensitivities at  the TRICs instead of at the PPMs, as defined in 

Equation 3.5, with the results: 

al = (2.26 f 0.24) x 10-' mm-' 

02 = (-8.37 f 0.17) x IO-' mm-' 

pl = (-3.33 k 0.57) x mm-' 

Pz = (7.56 f 0.36) x mm-' 

for the combined Scans 1 and 2 fit. The sensitivities at TRICl are 3 to 3.5 times 

smdler than at TRIC2, consistent with the position of the magic point. Note 

that the signs of al and ( ~ 2 ,  and Pl and must be opposite since the individud 

detector signals enter the asyrnmetry with opposite sign. 

The sensitivities to average transverse polarization for a beam trajectory offset 
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parallel t o  the neutral axis are: 

()(Pz) : al + a2 = (-6.2 I 0.5) x 10-' mm-' 

P : bl + = (4.9 3~ 0.4) x 1oe5 mm-' (4.5) 

which are within a factor of two of the Monte Carlo prediction, 3 x 1oe5 mm-', as- 

surning geometrically perfect detectors and zero polarization sensitivity upstream 

of the target, as discussed in Section 2.1.1. The larger sensitivity to (y)(P,) is not 

unexpected since space charge effects distort the TRIC electric fields asymmetri- 

cally in y about the midplme of the sense regions. 

Sensitivity to Intrinsic First Moments 

The intrinsic first moment sensitivities at PPMl  and PPM2 are known from the 

neutral axis scans - they are the al,2 and blV2 coefficients of Equation 3.7. The 

rnost straightforward method of applying these corrections is to use the neutral 

axis scan coefficients multiplied by the intrinsic moments at  each PPM. However? 

an order of magnitude calculation shows that the statisticai uncertainty in AA, 

frorn this method is very large. The magnitude of ai ,z ,  b1,2 is about 20 x IO-' mm-' 

from see Table 4.7, and the intrinsic moments were measured to approximately 

f 0.5 pm for the February 1997 data set (see Table 4.4), so the uncertainty in the 

correction is of order k1 x for each intrinsic moment at each PPM. This is 

considerably greater than the statistical uncertainty in ALaw, 6AYW = 0.6 x 10-~, 

for the February 1997 data. 

Fortunately, these corrections can also be applied by combining the intrinsic 

moments at PPMl and PPM2 and using effective sensitivities that are smaller 

than the coefficients at each PPM. The effective sensitivities can be determined in 

two ways: from a rnultilinear regression analysis of AaW; and by using the ratios 

of the intrinsic moments at  PPMl and PPM2 from the Parity data in conjunction 

with sensitivities obtained from the neutral axis scans. As is demonstrated in 
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Section 4.5, the two methods yielded consistent results. The coefficients from 

the former method were adopted t o  correct ALaw in Section 1.6 since they were 

more precisely determined. It is shown in Section 4.6 that the uncertainty in AAz 

from this method is 0.3 x IO-', which represents a dramatic improvement over 

correcting at  each PPM. 

The second method of extracting the effective intrinsic moment sensitivities 

is discussed here. In addition to providing a consistency check for the results of 

the regression analysis of A:"", this method also illustrates quite clearly why the 

effective sensitivities are smaller than those at  each PPM. -A discussion of the 

disadvantage of using the effective sensitivities to correct for the intrinsic first 

moments is presented in Chapter 5. 

Recall from Sections 2.1.1 and 3.2.1 that if the intrinsic moments go through 

zero at the magic z, which can be arranged by the appropriate choice for the beam 

size convergence* t hen t heir contribution to the false asymmetry also vanishes. 

Using the combined Scans 1 and 2 sensitivities from Table 3.7, the ratios Ra = 

-i. and Rb = 2 imply that the optimal intrinsic first moments convergences 
'32 

measured at the PPMs are: 

The actual intrinsic moment ratios were deduced by examining the correlation 

plots of the real data for the first moments at  the two PPMs, shown in Figure 4.8 

for al1 of the February 1997 data. The correlations were extracted from fits to the 

funct ions: 

The results of the fits are presented in Table 4.9, which also shows the cornparison 

between two difTerent bundle sizes corresponding to 7 minutes and 35 minutes of 
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-0.2 -0.1 0:o 0.1 0.2 

< Y P ~  >, (mm) 

-0.1 0.0 0.1 

< xP, >, (mm) 

Figure 4.8: Correlation plots of intrinsic moments at PPM.2 us PPMI, /or ail 
of the February 1997 data. Each point represents 7 minutes of polarized data 
(N = 1000). The error bars, which are suppressed on these plots, are f 10 Fm at 
each P PM. The solid lines are the results of the fits discussed in the text. 

data per point ( N  = 1000 and iV = 5000). The effect of ignoring the constant term 

in Equation 4.7 is also shown. Although the N = 1000 fit is slightly worse than 

the N = 5000 one, the coefficients for the three comparison cases are reasoaably 

consistent. In particulor, the -4 and B values are al1 within one standard deviation 

of each other. 

Comparing the fitted A and B values with the expected optimal conditions of 

Equation 4.6, it appears that the intrinsic first moment ratios in February 1997 

were too small to make sensitivities vanish, particularly for (xP,). In other words, 

the beam convergence was too strong to remove the first moment sensitivity, even 

though the ratios of sizes a t  the IPMs were slightly too large. Equation 4.6 

implies that a 5.0 mm wide beam a t  IPMl should converge to a width of 3.8 

mm at IPM2, while the actual bearn size a t  IPM2 was 4.0 mm. A possible 

explanation for this inconsistency is that the bearn may have had a waist near 

IPMP, particularly in x, for the tune used in February 1997, which could make 
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Coefficient 

< yP, >2 (0)pm 

Table 4.9: The fitted coeficients of Equation 4.7 for two bundle sires, and a 
cornparison case forcing the constant term to be zero. 

iV = 5000 N = 1000 

2 
X u  

< XP, >2 (0)pm 

the first moment ratios significantly smaller than what is indicated by the size 

ratios (see Figure 2.5). Beam transport calculations using the magnet settings of 

the February 1997 beam tune indicate that the bearn waist was near the center 

of the LH2 target in x and between IPM2 and PPMP in y, which is the opposite 

of what would be expected from this analysis. However, the beam transport 

calculations do not succeed in reproducing the observed beam convergence in the 

Parity beamline and consequently, the prediction for the waist location may not 

be reliable. 

1V = 5000 

-0.12 f 0.55 

With reference to Equation 3.7, the false asymmetry due to intrinsic first mo- 

ments can be expressed in terms of the ratios A and B (assuming that ( y  PJ2(0)  = 

(zPy)*(O) = 0): 

1 .O9 

1 No constant term. 

-0.10 f 0.56 

1 .O3 

not included 

1 .O2 

not inchded -0.98 f 0.56 -1.04 f 0.56 
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where (yP,) and (xPy) are defined as the sum of the intrinsic first moments 

measured at PPMl and PPMZ and the coefficients multiplying the first moments 

are effective sensitivities g,, gb. The coeficients al, a*, bl and b2 are taken from the 

neutral axis scans. If A = A. and B = Bo, then g, and gb vanish in Equation 4.8. 

Using t his expression to apply the first moment corrections to the asymmetry data 

is preferable to using Equation 3.7 since A and B are known to roughly 5% for the 

entire data set. By contrast, the statistical uncertainty in the intrinsic moments 

at  each PPM for the data set is 10% for (XP,) from Table 4.1. 

Table 4.10 shows the sensitivities to intrinsic first moments for the February 

1997 data, cdculated from Equation 4.8, for the first moment ratios of Table 4.9. 

The coefficients for the three fits are consistent to within one standard deviation, 

and the ga values are within two standard deviations of zero. However, it was 

found that using the N = 1000 sensitivities increased the correlation between 

A, and (yP,), which indicates that the fit overestimated the corresponding co- 

efficient for this bundle size. The first moment sensitivities from the regression 

analysis of -4Yw that were used to correct the raw analyzing power are discussed 

in Section 4.5, and are shown to be consistent with the values in Table 4.10. 

1 (xP,) 1 gb (mm-') 1 -1.63 f 0.41 1 -1.81 & 0.42 1 -1.60 4~ 0.41 1 

N = 5000 

(yPz) 

Table 4.10: The sensitivities to intrinsic first moments for the Febniary 1997 data, 
detennined from Equation 4.8 and the A, B values of Table 4.9, in units of 10? 

N = 5000 N = 1000 Moment 

g, (mm-') 

Sensitivity 

No constant term. 

0.74 d~ 0.78 1.32 f 0.69 0.73 -L 0.78 
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4.4.2 Position Modulation 

4s mentioned in Section 3.2.2, the position modulation study in February 1997 

was perfomed using only parallel shifts of the average beam trajectory around the 

polarization neut ral a i s .  Consequently, not al1 of the coefficients of Equation 3.17 

could be determined since the beam positions at IPMs 1 and 2 were essentially 

100% correlated. The size of the position modulation correction was instead 

investigated via the correlation analysis of the real data and was found to be 

an insignificant effect, as is shown in Section 4.5. The analysis of the position 

modulation sensit ivity st udy is described here for completeness. 

hstead of the most general expression for hAz due to  position modulation, 

the following expression was used for the fit: 

where the primed sensitivities are related to the unprimed ones in Equation 3.17 

through the slope and intercept of a linear fit to the beam positions a t  one IPM 

versus the other. The results of several fits are presented in Table 4.11, comparing 

the effect of including a constant term in Equation 4.9 as well as that of different 

bundle sizes. 

The results of the fits under various conditions are entirely consistent with 

each other. The unusually large value for f: implies that, for non-parallel position 

modulation (Axl # At3, Ayl # Ay3) the TRICs are about 200 times more 

sensitive in y than x. This result is not surprising given the inherent asymmetry 
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Coefficient 1 N = 200 1 iV = 200 1 N = 50 

Table 4.11: The fitted position modulation sensitivities from the February 1997 
study, using the restricted faise asymmetry expression (Equation 4.9). Compar- 
isons forfits with and without a constant term, and for two different bundle sires, 
are shouln. 

With constant term. 

a i  (mm-2) 

d, (mm-') 

db 

fi 
Constant 

2 L 

d.0.f. 

No constant term. 

38.53 & 0.56 

27.18 & 0.29 

a: (mm-') 

c', (mm-') 

With constant term. 

28-54 dz 0.54 

27.41 & 0.33 

28.43 & 0.57 

27.38 f: 0.35 

11.5 z t  1.3 

-24.56 0.58 

-8.9 & 7.5 

262.9 & 4.6 

-0.088 & 0.084 

1.11 

11.3 iz 1.3 

-24.93 * 0.46 

-8.7 & 7.5 

359.3 k 2.9 

not included 

1.12 

11.7 & 12 

-24.32 & 0.55 

- 10.3 & 7.2 

262.9 k 4.4 

-0.102 & 0.080 

1.16 

77 1 78 364 
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of the electric field lines in the TRIC active volume. 

For the more general false asymmetry expression Equation 3.17, Minuit was 

unable to find a solution that minimized the X2 defined in Equation 4.3. A fit was 

obtained to Equation 3.17 by excluding the errors in the independent variables, 

in which case Equation 4.3 reduces to the usual expression for X2. The results. 

shown in Table 4.12, are consistent with those of Table 4.11, but with error bars 

at least 10 times larger and a X $  value of nearly 2. 

Sensi t ivi ty 

  IO-^) 

a y (mm-2) 

bY (mm-2) 

% (mm-') 

dg (mm-2) 

e (mm-2) 

fY (mm-') 

- - 

N = 200 

With constant term. 

Table 4.1 2: The P t e d  position modulation sensitivities from the February 1997 
study, using the most general ezpression for the false asymmetry. 

Constant -0.017 0.082 

2 
X u  1.91 
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It is interesting to compare the coefficients in Table 1.1 1 with the predicted sen- 

sitivity of 0.5 x per mm of parallel position modulation for a beam displaced 

by 1 mm from the position neutral axis ( s e  Section 2.1.1). For Ax = As3 = AI 

and Ay, = Ay3 = Ay, Equation 4.9 can be written as: 

where xo and y, are the "neutral" bearn positions at  IPMl for which there is no 

sensit ivity to position modulation, and the values of the sensitivities are taken 

from the first column of Table 4.1 1. The neutral IPMl  beam positions indicate 

that a position neutral axis for parallel modulations lies - 1 mm away from the 

polarization neutral axis in x, and 2 mm away in y. However, this axis is not 

necessarily a neut ral axis for nonparallel position modulations. The measured 

sensitivities to parallel position modulations a: and al  are between 20 and 60 

times larger than the predicted value. However, this cornparison is not entirely 

fair since the beam trajectory during the study was displaced from the polarization 

neutral axis rather than from the position neutral axis. To completely determine 

the sensitivity to  position modulation, it is essential to ensure that, in future 

st udies, the beam trajectory dependence is fully explored. 

It was found that the resdts of this andysis introduced rather than removed 

a correlation between A, and the helicity correlated beam position when the 

sensitivities of Table 4.11, Column 1 were used to correct the real data. This 

indicates that Equation 4.9 is not valid to use for correcting ATw, most likely 

because the average beam positions at IPMl and IPM2 during the experiment 

were not displaced by a parallel shift from the polarization neutral axis, which is 

how the sensitivity study was caxried out. 
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4.4.3 Size Modulation 

The beaxn breathing sensitivity study for the February 1997 data set was not used 

to correct Ayw, and is not discussed here in detail for several reasons. First, as 

mentioned in Section 3-23,  IPM2 instead of IPM3 was used during the study. 

Since beam position as well as size modulations were observed in these data, A.& 

from the calibration data must be corrected for position modulation at IPM2 

before attempting to detemine the breathing sensi tivi ties. Alt hough the AI,  

Ay sensitivities shown in Section 4.4.1 could be used to deduce the sensitivities at 

IPMZ, the results would not be independently verifiable, and there would exist the 

danger of introducing an unknown systematic error in the breathing sensitivities. 

Another systematic error could be introduced if the beam breathing sensitivities 

at IPMs 1 and 3 were used to deduce the sensitivity at P M 3  due to uncertainties 

in projecting the beam size, as discussed in Section 3.2.3. Finally, the beam size 

modulations at the two IPMs were not varied independently enough to allow al1 

four of the coefficients of Equation 3.19 to be determined. Consequently. even if 

the systematic uncertainties noted above were ignored, only two of the sensitiv- 

ities could be determined from the calibration data. This would in principle be 

acceptable if the beam size modulations at I P M l  and IPM3 during the real data 

taking occurred in the same ratio as during the calibration study. 

To ensure that future data sets include a full determination of these sensitivi- 

ties, it is crucial t hat the same pair of IPMs as are used during the real data taking 

be employed, and that the beam breathing parameter space is fully explored. If 

the parameter space is restricted, then the size modulation ratios at the IPMs 

should be carefully tuned to mimic what is observed in the real Parity data. 

As is discussed in Section 4.5, the beam breathing sensitivities can be extracted 

from a regression analysis of the real Parity data if the associated correction is 

significant. For the February 1997 data sample, no significant correction for size 

modulation at the 10-7 level was found by this analysis. 
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4.4.4 Intensity Modulation 

The average sensitivity to  intensity modulation over the entire Febniary 1997 data 

set was determined by analyzing the interleaved 

pair i, the following ratio was calculated: 

A A ~ ' ~  
Ci = (y) y 

a 

CIM data. For each C M  event 

where the superscript C IM emphasizes that these data are taken with unpolarized 

beam, m d  have 0.1% intensity modulation applied. The average value of ( for 

the Febniary 1997 CIM data is: 

(6) = (-4.5 f 3.5) x 1 0 - ~  (Sets 1 - 8) 

( )  = (-5.0 f 4.0) x lod4 (Sets 1 - 7). (4.12) 

Since the beam current for the CIM data was found to be the same as that during 

the polarized data taking to better than 0.196, it is valid to use Equation 4.11 to 

correct the raw asymmetry for y. 
The false asymmetry due to intensity modulation was determined by: 

where (AA,) is the mean correction for y averaged over the entire data set. 

Cornparison wit h Equation 3.20 shows that: 

If the average beam current is 1 nA away from its optimal value, the sensitivity 

a' is equal to (8 and is consistent with the predicted value of 6 x 1 0 - ~  discussed 

in Section 2.1.1. The negative sign of (5) indicates that the beam current was, on 

the average, lower than the optimal value for which the subtractor was tuned. 

Using the mean d u e  of y for the Febniary 1997 data shown in Table 1.4, and 

its equivalent excluding Set 8, the correction to  be applied to A i W  in Section 4.6 
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for intensity modulation is: 

AAz = (-0.03 f 0.03) x 10-~ (Sets 1 - 8), 

AAz = (-0.05 f 0.04) x IO-' (Sets 1 - 7). (4.15) 

In eit her case, the correction for beam intensity modulation is insignificant corn- 

pared with the (xP,) correction. 

4.5 Sensitivities from ALaW - Data 

It was shown in Section 4.4 that the independent sensitivity data  provided correc- 

t ion coefficients for the transverse polarizat ion components, and a mean correction 

for intensity modulation. The position and size modulation calibration studies did 

not contain a sufficient range of data  to constrain dl of the required sensitivities 

to these beam properties. In this section, an analysis of the real Parity data to 

find the significant correlations of ALaw with the measured beam properties is pre- 

sented. The goals of this analysis were to determine the sensitivities to intrinsic 

first moments independently from the neutral axis scan analysis, and also to ex- 

tract the position and size modulation corrections if any significant correlations 

existed. 

Since the extrinsic first moment sensitivities were weli deterrnined from the 

neutral axis scans as shown in Section 4.1.1, A r w  was corrected for (y)(P,) and 

(x ) (P , )  before being subjected to the correlation analysis. In this section only, 

A:"" refers to this "serni-corrected" analyzing power. The data  were again treated 

in bundles for this analysis. 

The regression analysis to find the significant corrections was performed using 

an Fx test to  find the corrections which produced a significant reduction in the XE 
of A, for the entire data set [101][73]. The correlation of A I w  with the following 
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variables was examined: 

A cutoff probability value of 0.01 was used for the F test. Any given term was 

added to the fit only if the corresponding reduction in the indicated that 

the coefficient was nonzero with greater than 1% probability. In the following 

discussion, a "significant" correction is one that passed the F test. 

Because the individual bundles were given equal weighting for the  F test anal- 

ysis, the results were cross checked with a properly weighted fit using Minuit [100] 

as described in Section 4.4. Only the significant correction terms from the F test 

were included in the cross check fits, and the results of the Minuit fits were used 

as the sensitivit ies for applying the final corrections to AyW. 

It was found tha.t, for most bundle sizes N, the only significant correction was 

due to (xP,), with typical sensitivities of (-1.2 f 0.3) x 1 0 - ~  mm-' implying 

intrinsic first moment corrections at the level of several times 1 0 - ~  for the indi- 

vidual data sets. For several values of N, position and size modulation correction 

terms corresponding to Ay- aod As3 as defined above were found by the  F test 

in addition to the (xP,) term. These additional terms carried sensitivities 10 

to 1000 times larger than the (xP,) coefficient but overall corrections 10 times 

smaller than the intrinsic moment correction. No other correlations of A:"" with 

the helici ty correlated beam propert ies were found. 

The N dependence of the regression anaiysis results is shown in Figure 4.9. 
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The values of iV for which correction t e m s  other than (xP,) were indicated are 

shown by the  closed squares in (e) and (f) of this figure. For N < 5000, there is a 

clear trend towards zero AAz. It is believed that this phenomenon is related to the 

larger statistical spread of the independent variables between bundles for smaller 

N compared to the real variation in the beam properties, which apparentIy tends 

to obscure the  correlations. Above N = 5000, the results are relativeiy insensitive 

to N except for the inclusion of position and size correction terms for several 

values of N, as mentioned above. 

In Figure 4.9 (c) and (d), the standard deviations of the bundled A, distribu- 

tions have been multiplied by 0, where N is the bundle size. If the fluctuations 

in the data are entirely statistical, these scaled standard deviations should be in- 

dependent of N. The increase in &a:aw with N clearly indicates the presence 

of nonstatistical variations in AyW which becorne more significant as the bun- 

dle size increases. The increase with N in the corresponding distribution for the 

corrected A, is much smaller than for the raw A,. The overail reduction in the 

standard deviation between the raw and corrected A- distributions confirms that 

the corrections remove significant variations from AiaW. 

Table 4.13 summarizes the first moment, position, and size sensitivi ties found 

by the F test analysis and by the Minuit fit, for the region N = 5000 through 

N = 10000. The various sensitivities are denoted as follows: gb, the (x P,) coef- 

ficient of Equation 4.8; b:,, the  A x ~  coefficient of Equation 3.19, divided by the 

average beam size at IPM3; and f,, the Ay- coefficient of Equation 3.17. For 

the fits with more than one correction term, the uncertainties in the position and 

size coefficients are approximately 30%, whereas the fractional error in the (+ P,) 

sensitivity is typically less than 20%. Also, the (xP,) coefficients appear to be 

rather insensitive to the inclusion of the position and size correction terms. 



CHAPTER 4. DATA ANALYSIS AND RESULTS 184 

(e) 160 

Bundle Sire. N (103event pairs) Bundls Site.  N (103avent pairs) 

Figure 4.9: The bundle size dependence of  the  A?" correlation analysis: ( a )  Ayw;  
(b) A,; (c) the scaled standard deviation o f  the  bundled AI"" values, N ' 1 2 ~ A : a w ,  ( d )  
the scaled standard deviation of the bundled A, values, N 1 1 2 ~ A , ,  (e l  the sensit ivi ty 
t o  (xP,) ( x  - 1), -9s mm-', and (f) the  to tal  correction AAz- In graphs (6) and 
(f), A, and AAz have been calculated using the  (xP,) sensitivity deduced f o r  the 
corresponding bundle sire.  
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Correlation plots of A I W  and At versus (XE',), A x ~  and Ay- are shown in 

Figures 4.10 and 4.11 for the N = 6000 and N = 8000 Minuit fits respectively. 

The strong correlation of Aiaw with (x PI,) is removed by both fits. However. the 

relative signs of the A:"" and A, correlations with As; for !V = 8000 indicate 

that the Axi sensitivity was overestimated by this fit. 

Besides the overcorrection indicated by the introduction of a size modulation 

sensitivity, the bundle size dependence of the results is in itself very suspicious. If 

ALaw is significantly correlated with position and/or size modulations, this should 

be apparent regardless of N, as long as the integation time is long enough to 

distinguish between statistical fluctuations and reai variations in the bearn prop  

erties. It will be shown that the spurious corrections are related to an anomaly 

in the correlation of ALW with (xP,). An enlarged plot of this correlation is 

shown in Figure 4.12. In this figure, the area to the right of (xP,) = 0.02 mm 

appears to have a large spread in the analyzing power which is inconsistent with 

the rest of the distribution. The reason for this anomaly is not known, and is 

not discussed here. Regardless of the cause, this effect could certainly influence 

the analysis to introduce pathological corrections as it attempts to  improve the 

overall consistency of the data. 

To explore the effect of this anomalous A:"" distribution for (xP,) > 0.02 

mm on the regression analysis, a hard cut was placed on (zP,) to  discard data 

points above a given cutoff value. The regression analysis was then performed 

on the remaining bundles. For N = 5000, the F test found position and size 

corrections in addition to the (xP,) term only for cutoff values greater than or 

equal to 0.020 mm. With a cutoff value of 0.019 mm or less, only the first moment 

correction was significant, and the coefficient was consistent with that indicated 

in Table 4.13 for N = 5000. For the other bundle sizes, the appropriate cutoff 

was scaled from 0.019 mm to account for statistical fluctuations. With this cutoff, 

the N dependence of the corrections indicated by the regression analysis results 

was removed, and the only significant correction remaining was for the intrinsic 
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<xP,> (IO-' mm) 

-is 9 38 

AX; (104 mm) 

-50 , ~ .  

-10 -5 O 5 10 

A ~ -  (IO-' mm) 

<xP,> (IO-* mm) 

Ax,' (IO-' mm) 

1 -5 O 5 1 

~ y -  (104 mm) 

Figure 4.10: Correlation plots of the raw and corrected analyring power versus 
the three signifiant corrections, (a) (xP,), (6)  As;, (c) Ay-, for the N = 6000 
Minuit fit of Table 4.13. 



CHAPTER 4. DATA ANALYSE AND RESULTS 

<xP,>  IO-^ mm) 

AX; (IO+ mm) 

I 

~ y -  (104 mm) 

-10 -5 O 5 

<xP,> (IO-' mm) 

0 -10 -5 O 5 

~ y -  (IO' mm) 

Figure 4.1 1:  Comlation plots of the raw and corrected analyzing power versus 
the three significant corrections, (a) (xP,), (6) Ax;, (c) Ay-, for the N = 8000 
Minuit fit of Table 4.13. 
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0.00 

<xP,> (mm)  

Figure 4.12: Correlation plot of raw analyzing power uersus the sum of the intrinsic 
moments at PPMl and PPM2for  1V = 5000. The cutoff value (xP,,) = 0.019 mm 
is discussed in the t e z t .  

first moment (xP,). For N = 5000 through N = 10000, Table 4.14 lists the (XP,,) 

cutoff values and the sensitivities found by the F test method and by Minuit. The 

critical cutoff for N = 8000 was 0.002 mm lower than the scaled N = 5000 value. 

The fits used to correct A?" in the following section are labelled for convenience, 

corresponding to the different bundle sizes used in the analysis. Each of the first 

moment sensitivities in this table is consistent with its counterpart in Table 1.13. 

A possible change in the first moment sensitivity for Set 8 is explored here 

before moving on to  the final results. Recall from Section 4.2 that a stripping 

foi1 of different thickness was used during data accumulation for the final data 

set. The motivation for this change was to understand the source of the apparent 

inconsistency of the ALaw results in the four different helicity configurations (see 

Figure 4.4). Figure 4.13 shows the correlation between AaW and (x P,), where 

the data have been averaged over each set. This figure is identical to  Figure 4.7, 
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Label 

( l a )  

Table 4.14: The intrinsic first moment sensitivity (xP,) determined by the F test 
analysis (unweight ed) and Minuit (weighted), with a hard cut on (x P,) , including 
ail 8 data sets. No other significant corrections were found with the cutoff values 
shoun. 

X? 

except that the Set 8 data point is highlighted here. There appears to be a smaller 

intrinsic moment sensitivity for Set 8 thao for the other sets with a positive value 

for A I w .  Such a change can be explained qualitatively by a difference in the beam 

optics. Recall from Sectiori 4.4.1 that the ratio of intrinsic first moments at the 

two PPMs was srnaller than expected from the beam size ratio, and that this 

could indicate that the beam went through a waist near PPM3. Although the 

ratio of bearn sizes for Set 8 was approximately 0.8 as it was for the other sets. 

it is not unreasonable that the beam transport was different enough to move the 

waist position further downstream, and thus bring the first moment ratio closer 

to its optimal value, which in turn would reduce the sensitivity. 

N 

5000 

Freedom 

A definit ive comparative analysis would require approximately equal arnounts 

of data with the conditions of Set 8 compared with the other sets. As this was 

not available, the regression analysis was instead repeated for Sets 1 through 7 

only. Table 4.15 shows the ( X P J  sensitivity gb determined by Minuit excluding 

Set 8. The F test values are not shown, but they are consistent with the weighted 

(.PY ) 
Cutoff(mm) 

0.019 

(xP,) Sensitivity 

-gg  IO-^ mm-') 

F Test 

L -27 z t  0.25 

Minuit 

1.41 k 0.25 
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<xP,>, (mm) 

Figure 4.13: AIaW versus < xP, > at PPMl for the eight data sets. 

fits, and no other significant corrections were found. The same (x P,) hard cuts as 

shown in Table 4.14 were used here. The various fits are again labelled for conve- 

nience. In comparing Tables 4.14 and 4.15, note that the two sets of coefficients 

are within two standard deviations of each other, but that the values excluding 

Set 8 are consistently higher. Also, the XZ values of Table 4.15 are slightly lower 

than t hose of the fits including Set 8. 

The intrinsic first moment sensitivities determined from this regression analy- 

sis of A,, around (1.2f 0.3) x 10-' mm-' for (xP,) and O for (yP,), are consistent 

with the N = 5000 values found by the intrinsic moments' ratio method in Sec- 

tion 4.4.1 (see Table 4.10). The N = 1000 coefficient for (y Pz) determined by the 

latter method disagrees with the findings of this correlation analysis, but was also 

found to introduce a correlation of A, with (yP,) and hence cannot be valid for 

correcting the Parity data. Although the intrinsic moment sensitivit ies cannot be 

measured explicitly via an independent calibrat ion study, the agreement between 

the two methods of extracting the coefficients supports the mode1 developed in 

Section 3.2.1, in which the sensitivities to extrinsic and intrinsic first moments are 

equal. This agreement gives great confidence to the intrinsic moments correction 
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Degrees of Freedom 

Table 4.15: The (x P,) sensitivity deterrnined b y  Minuit, with a hard cut on (x P,), 
for Sets 1 through 7 only. The F test method found no other signifiant correc- 
tions. 

applied to  the February 1997 data, which is shown in the  following section to be 

the dominant contribution to the false asyrnmet ry. 

The final results, including the magnitude of AA,, are discussed in Section 4.6. 

It has been suggested here that the dominant correction applied to the February 

1997 data is due to (xP,). This will be demonstrated in Section 4.6.1, where 

comparisons are drawn between the results obtained using the ( l a )  through (?a) 

sensitivities of Table 4.14, which include Set 8, and those using the coefficients 

( lb)  through (4b) of Table 1.15, which do not include Set 8. Although a definitive 

answer regarding the consistency of Set 8 with the others is not available since 

there is not enough data under the thin foi1 conditions, there is enough evidence 

of a different sensitivity to  warrant a t  least cornparing results with and without 

the final data set. 

4.6 Results 

The corrections were applied to AyW on an event pair basis using the extrinsic 

first moments sensitivities discussed in Section 4.4.1 (Table 4.7, third column), 
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and the two different sets of (zP,) sensitivities, with and without Set 8, shown 

in Section 4.5 (Tables 4.14 and 4.15). The sensitivities were combined with the 

average and helicity correlated beam properties of Section 4.3.2 to deduce the 

fdse effect. AAz. In this discussion, the total correction refers to the sum over 

al1 contributions to AA, and the average or mean correction refers to the average 

over all of the data, or over one of the 8 sets. If a set is not specified, the former 

is implied. It is emphasized that al1 the sets with the sarne relative direction of 

polarization in the cyclotron and at the LH2 target were treated together as a 

single grand A, distribution, for a total of four sets as shown in Figure 4.4. The 

four grand sets were combined using unweighted averages to  produce the final 

results. The reason for choosing unweighted averages is related to the cancellation 

of systematic ef€ects caused by beam properties not measured with the Parity 

apparatus, such as energy modulation and bearn halo (see Section 3.3.1). Upper 

limits for these effects in the February 1997 data set are discussed in Section 4.6.1. 

The total correction was subtracted from each event pair, and the final results 

were determined from simple averages: 

1 NO' Ntot 

= (2 C~ - 5 ~ - 4 : i )  

= (A?") - (AA,) (4.16) 

where IVtot = 1.1 x 106 event pairs. With this procedure, correlations between the 

bearn properties were properly accounted for in the total correction. 

The statistical erron in (.4,), ( A I w )  and (AA,) were determined from the 

standard deviat ions of t heir respective distributions over the entire data set, for 

example: 
I 

( 6 ~ ~ " t ) ~  = - ((A=)' - ( A ; ) )  . 
N o t  
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It should be noted that the statistical error in (AA,) and to some extent in (A,) 

itself depends both on the magnitude of the sensitivities and on how precisely the  

bearn properties were measured. Of course, &A:'"' also has a contribution from 

the spread of the raw andyzing power. The angular brackets denoting average 

quantities are dropped in the remainder of this section. Averages are implied 

unless stated otherwise, 

The systematic uncertainty arising from errors in the sensitivities was calcu- 

Iated from: 

where the sum is over the individual corrections, Asj is the average helicity cor- 

related b a r n  property, and d (%) is the error in the sensitivity. Although Equa- 

tion 4.18 is classed as a systematic error, the uncertainty associated with sensitiv- 

ities determined from the correlation analysis is statistical in nature. As is shown 

below, the systematic error uncertainty associated with the February 1997 result 

is dominated by the sensitivity to (x P,), which has this property. 

4.6.1 First Moment Correction 

The first moment corrections are shown in Table 1.16. The results using the  

N = 5000 through iV = 8000 sensitivities of Tables 4.14 and 1.15 are shown, 

with statistical and systematic errors determined from Equations 4.17 and 4.18 

respectively. The corrections for (y)(P,), (z) (P,) ,  and y, which are shown in 

the next section, are the same in dl cases tha t  include/exclude Set S. The X :  

cornparison of the analyzing power for the individual sets with the average value 

is 1.9 if Set 8 is included and 0.5 if it is excluded. hlthough the average (xP,) 

correction is essentially the same if Set 8 is included or not, there is a significant 

improvement in the o v e r d  consistency if the final set is discarded. This supports 

the hypothesis that the (XP,) sensitivity for Set 8 differs from that for the other 

sets. 
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(see Table 4.14) 

Without Set 8 

(see Table 4.15) 

Label 

( l a )  

(2a) 

(3a) 

(4a) 

Table 4.16: The Jirst moment correction using sensitivities w2th and without Set 
8. The error bar is separated into statistical (Jirst nurnber) and systematic contri- 
butions. 

AA, (IO-') 

1.25 k 0.10 I 0.25 

1.32 f 0.10 f 0.26 

1.06 f 0.08 rt 0.26 

1.21 f 0.09 I 0.30 

( lb)  

(2b) 

(3b) 

(4b) 

4.6.2 Other Corrections 

1.31 rt 0.12 I 0.26 

1.52 f 0.14 & 0.27 

1.10 k 0.1 1 I 0.28 

1.34 f 0.12 i~ 0.31 

The remaining correct ions t bat were applied to AyW are summarized in Table 4.17, 

for data sets with and without Set 8. The total contribution to AAr frorn these 

sources is more than an order of magnitude srnaller than the (zP,) correction. 

Recatl from Section 4.4.1 that one of the three polarization neut ral axis scans 

(Scan 3) was discarded since the sensitivity results were not as consistent as  for 

the other two scans. If the sensitivities from Scan 3 are used instead of those from 

the combined Scan 1 and 2 analysis, the total correction for (y)(P,) and ( x ) ( P , )  is 

(O.062f 0.023) x for Sets 1 through 7, compared with (-0.016f 0.022) x IO-' 

from the third column of Table 4.17- Since these two estimates of the correction 

differ by about four standard deviations, an extra systematic uncertainty of 0.078 x 

IO-', corresponding to the difference between the two corrections, was included 

in the final result for A, reported in Section 4.6.3. 

The regression analysis indicates that corrections are not required for (yP,), 

position modulation, or size modulation. To estimate the effect of an uncorrected 



CHAPTER 4. DATA ANALYSE AND RESULTS 

Beam Property 

(Y)(P~) 

W P Y )  

Table 4.17: The remaining contributions to AA,, with and without Set 8. The 
error is separated into statistical (first nurnber) and systematic contributions. 

Total 

(y Pz) correlation, (y P,) as well as (x P,) were allowed to vary in a Minuit analysis 

of A:" excluding Set 8. The resulting sensitivity to (yP,) was (-0.56 f 0.37) x 

I V 5 ,  and the mean correction was (0.063 f 0.051) x  IO-^. The final result for -4- 

includes a 3~0.081 x IO-' systematic uncertainty to account for uncorrected (yP,), 

corresponding to the root square sum of the mean correction with its error. Similar 

estimates for position and size modulation corrections could not be made for these 

data since the sensitivities determined by Minuit were not stable against varying 

the bundle size. As a test, the position modulation correction was calculated 

using the sensitivities frorn the  calibration study (Table 4.1 1, first column). T h e  

resulting correction was (0.3 f 0.3) x 1 0 - ~ ,  but it is not appropriate to include this 

in AAz or in an estiniate of the systematic error since the correction introduced 

a large correlation with position modulation. This supports the suggestion in 

Section 4.4.2 that these sensitivities are not valid for the Febmary 1997 data set, 

for the reasons discussed earlier. 

AA, (IO-') 

(with Set 8) 

0.000 * 0.008 & 0.005 

0.003 & 0.004 & 0.018 

Scale Factor 

AAz (IO-') 

(without Set 8) 

-0.026 k 0.009 & 0.006 

0.010 & 0.005 k 0.019 

-0.044 & 0.010 & 0.041 

R e d  from Equation 2.10 that the TRIC difference signal is related to A, through 

the scale factor 2& where GiVa is the  TRIC gas gain, So = 0.04 is the unpolar- 

-0.066 k 0.01 1 It 0.045 
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ized scattering probability for the Parity target, and 1 Pz 1 = 0.80 is the longitudinal 

bearn polarization. The ratio 2 is 0.93 for the Parity experiment, implying that: 

where a 5% uncertainty is assigned to each of g, So, and IPzI. This implies a 

fractional uncertainty of 9% in the scab factor, and a corresponding systematic 

uncertainty in the final result for A,. 

Historically, the asymmetry calcuiated from the TRIC signals excludes the gas 

gain ratio and is multiplied by a factor of To = 0.96. The analysis presented in 

this chapter was based on this rescaled asymmetry to allow numerical cornparison 

with ongoing analysis of data acquired since February 1997. The final results only 

from the February 1997 data analysis will be multiplied by Zf = = 0.97 so 

that A, is consistent wit h Equation 2.10. This is shown explicitly in Section 4.6.3. 

The Corrected Analyzing Power 

Table 4.18: AFw, AAz, and A, for four different sets of sensitivities. ( l a )  through 
(4a) inelude Set 8, and ( 1  b)  through (46) exclude Set 8. The errors are separated 
into statistical (first number) and systematic contributions. 

Labei 

( la )  

( 4 4  

( lb)  

A?" (IO-?) 

1.13 f 0.54 

AAE (lod7) 

1.21 f 0.10 f 0.25 

Az (IO-') 

-0.08 f 0.55 f 0.25 

1.61 I 0 . 5 8  

1.16 f 0.09 & 0.30 

1.25 f 0.12 f 0.26 

-0.04 k 0.55 f 0.30 

0.37 i 0.59 & 0.26 
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Table 4.18 presents AAz and A, for the eight (xP,) sensitivities in TabIe 4.16. 

Since there is no obvious reason to favor one of the four values over another, 

and because the results are consistent with each other t o  within one standard 

deviation, the one closest t o  the average of the four was chosen. This corresponds 

to (la) (including Set 8) and (4b) (excluding Set 8). 

Figure 4.14 shows the corrected analyzing power versus set number for ( l a )  

and (4b). The dramatic improvement in the overall consistency of the 8 sets 

obtained by applying the corrections is illustrated in Figure 4.15. It is stressed 

that the dominant component of the correction, and that responsible for removing 

the large systematic effect from AiuW, is due to the intrinsic first moment (xP,). 

It is noted that using the sarne intrinsic first moment sensitivity to correct the 

eight sets brings al1 the points except Set 8 into excellent agreement with each 

other, as indicated by the X: values noted in Section 4.6.1 (1.9 with Set Y. 0.5 

without Set 8). 

The value obtained by excluding Set 8 was chosen for the result reported in 

this thesis. Although there were not enough data to prove conclusively that the 

intrinsic first moment sensitivity changed for Set 8, Figures 4.13 and 1.14 do 

support this hypothesis, and there is a plausible explanation for such a change? 

as discussed in Section 4.5. The result including Set 8 is consistent to within 

one standard deviation with the final AL reported below. For the final results, 

A, from the column labelled (4b) in Table 4.18 and the associated uncertainties, 

including the systematic uncertainties from using the alternate neutral axis scan 

sensitivities and from an uncorrected (yP,) effect, were multiplied by the factor 

G' = 0.97 discussed in Section 4.6.2. The 9% uncertainty associated with the 
(32 

values of the average scattering probability, the beam polarization, and the TRIC 

gas gains was also included. The net effect of the extra systematic uncertainties 

was to increase the final systematic error bar by 7%. The raw malyzing power 

and total correction reported below correspond to the (4b) values in Table 4.18 

multiplied by the factor 0.97. 
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Set Number 
1 I 1 I I I 1 I 

Set Number 

Figure 4.14: A, including Set 8 (top figure) and ezcluding Set 8 (bottom figure) 
versus set number. 



CHAPTER 4. DATA ANALYSE AND RESULTS 

I I 1 I I I 1 I 
1 2 3 4 5 6 7 8 

Set Number 

Figure 4.15: AiaW ( top  figure) and A, (bottom figure) uersus s e t  number. 
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The raw malyzing power and total correction for the February 1991 data set 

are: 

The first error in AA, is associated with the uncertainty of the rneasured helicity 

correlated beam properties, while the second is derived from the errors in the 

sensit ivity coefficients. The parity violat ing longitudinal analyzing power from 

this analysis of the February 1997 data set is: 

where the first error bar is derived from the standard deviation of the corrected A= 

distribution ( "statistical" ) and the second is the contribution from the uncertain- 

ties in the sensitivity coefficients ("systematic" ). The statistical error bar includes 

the uncertainty in AA, due to the spread of the helicity correlated bearn property 

measurernents, but is dominated by the spread of the Araw values (see Table 4-18). 

The systematic error bar, since it is due dmost entirely to the uncertainty in the 

(x P,) sensitivity, is in fact statistics dominated. 

The false analyzing power and its error are summarized in Table 4.19, where 

the individual contributions are shown for the four combinations of relative beam 

helicity at the LH2 target, and for the entire data set (excluding Set 8). Also 

shown are the error estimate from an uncorrected (y Pz) effect, the systematic 

error from excluding one set of neutral axis scas results, and the systematic error 

from the uncertainty in the scale factor of Equation 4.19. Note that the effects 

of uncorrected beam position and size modulations could not be independent ly 

determined for the February 1997 data set for the reasons discussed earlier in this 

chapter. The AoPPrs and Ac,- systematic effects are discussed in Section 4.6.4. 
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Item 

(Y)(PJ 

1 

I Ax, Ax' I O 1 

1 

Average 

A I / [  

Combinat ion 
Number 

1 
2 
3 
4 

1.34 
-0.050 

Error in $& 
TOTAL 

Table 4.19: The false analyzing power AA, and associated uncertainty for the 
February 1997 data, the upper limit for an uncorrected (yP,) effect, and estimates 
for other systematic errors as discussed in Section 4.6.2. The corrections are 
itemized for each of the Jour combinations defined in Table 4.1. Sets 1, S, and 
5 are included in combination number 1, Sets 2 and 4 in combination 2, Set 7 
in combination 3, and set 6 in combination 4. The AoPPrs and A,, values are 
discussed in the text. 

AA, (IO-') 

0.010 
-0.010 
-0.077 
-0.026 

Average 

0.33 
0.040 

TOTAL ( x 0.97) 

AOPPIS 
&y=. 

&(&Az) or 
Upper Limit (IO-') 

0.009 
0.023 
0.026 
0.023 

-0.026 
-0.008 
-0.002 

0.040 
0.006 
0.010 

O 
O 
O 
O 
O 

-3.25 
*5.81 
3.98 

-2.19 

(x)(PiJ 

1.27 

0.01 1 
0.036 
0.062 
0.023 
0.022 
0.020 
0.078 
0.12 
0.11 
0.24 
O. 14 

0.081 
0.52 
0.86 
0.77 
0.41 

I 
2 
3 
4 

0.031 

0.35 
1 .S3 
0.22 

-0.42 

0.34 
0.65 
0.65 

Average 
Alternate Neutra1 Axis 

(YPZ) 1 
2 
3 
4 

Average 

(4 1 
2 
3 
3 
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Event pair histograms of the raw and corrected anaiyzing power are shown in 

Figures 4.16 (linear scales) and 4.17 (logarithmic scale for the y axis) for Sets 1 

through 7. The standard deviation of A, here is slightly larger than that of AT__"", 

in contrast to Figure 4.9 where the regression analysis performed on bundled data 

reduced the spread of the bundled points. This is because the average intrinsic 

first moment correction is 100 times smaller than Ca,, and the distribution of this 

correction is 4 times narrower (see Table 4.16). The data must be bundled in 

order to notice the reduced spread of the final distribution of A,. 

4.604  OPP PIS and Ac,. 

Recail from Section 3.3.1 that, after correcting A:"" for the helici ty correlated 

beam properties measured with the Parity apparatus, there may still remain sys- 

tematic effects from beam properties not measured in the Parity beamline. The 

main exarnples of these effects are due to helicity correlated energy modulation 

and beam halo. The associated systematic effects are denoted AOPPIS and A,,,. 

respectively. As shown in Table 3.2, the sign of ilopprs is independent of the 

relative beam polarization direction in the cyclotron and at the LHÎ target, while 

the sign of A,,. reverses with the relative polarization in the cyclotron. 

Upper limits for these effects in the February 1997 data were determined by 

fitting the corrected asymmetry values c for Sets 1 to 7 to the following expression: 

where A,, .AOPPIS and A,,c- are the fitted coefficients, the sign of A, is determined 

by the relative beam polarization at  the LH2 target for each set, and the sign of 

Ac,- is the same as the relative polarization in the cyclotron ( s e  Table 3.2). 
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Figure 4.16: Euent pair histograms of ATw (top figure) and A, (bottom figure), 
for Sets 1 through 7. 
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Figure 4.17: Event pair histograrns of Ayw (top figure) and A= (bottom figure), 
for Sets 1 through 7, on a logarithmic scale for the y mis. 
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The results of this analysis are: 

The AL value is consistent with that reported in Section 46.3 .  AoPPrs and A,,,. 

ore consistent with zero at the precision of this result. The xr of the fit is less 

than 1.0, and is also less than the value of 0.5 obtained by cornparing the i sets 

with their average value. This suggests that including these systematic effects in 

the interpretation of the results is perhaps unnecessary. 

During the February 1997 data taking period. the source of the large systematic 

effect in Arw that revened sign with the relative beam helicity at the LH2 target 

was not known. One reasonable hypothesis was that it was caused by helicity 

correlated beam halo that was not detected by the IPMs and PPMs, but which 

was within the acceptance of the TRICs. If, as discussed in Section 3.3.1, the 

beam halo was caused by nuclear scattering in the cyclotron stripping foil, then 

the effect of the helicity correlated halo particles in Acaw should be related to the 

relative polarization direction in the cyclotron. As shown in Figure 4.13, such 

a correlation was observed when the Wien filter was reversed. Since the total 

beam halo should be proportional to the stripping foil thickness, the thinner foil 

was used for Set 8 to further investigate the hypothesis. The smaller value of 

AZaW obtained with the thin foil seemed to confirm that the systematic effect was 

related to helicity correlated beam halo. 

It has been shown in this chapter that the systematic effect in Ayw cari be 

explained entirely by the intrinsic first moment of transverse polarization, (x Py). 

Observe in Figure 4.6 that the sign of (XE!,) is correlated with the relative beam 

helicity at the Parity apparatus, as well as the polarization direction in the cy- 

clotron, which accounts for the sign changes observed in A r w .  As discussed earlier, 
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the smaller false effect for Set 8 may be due to n different intrinsic first moment 

sensitivity for that set rather than a correlation with the stripping foi1 thickness. 

4.6.5 A, Using Extrinsic Moment Sensitivit ies 

Recall frorn Equation 3.7 that the intrinsic first moment sensitivities are known 

from the polarization neutral axis scans, but, as discussed in Section 4.4.1, deter- 

mining the (yP,), (z P,) corrections at each PPM using these sensitivities results 

in a large uncertainty in the t o t d  correction. It is shown here that this method 

does give a consistent result for A, for the February 1997 data. 

Figure 4.15 shows the corrected analyzing power for the 8 sets, where the ex- 

trinsic first moment sensitivities have been used to determine the (yP,), (xPy) 

corrections. Note the change of scale in the y axis when comparing with Fig- 

ures 4.14 and 4.15. Since applying the corrections in this fashion naturally ac- 

counts for changes in the beam tune, the Set 8 datum is shown in this figure. In 

the following discussion comparing the results with those of Section 4.6.3. Set 8 is 
G 1 excluded for consistency and the A,, AAz values are not multiplied by the & g 

factor. The analyzing power with the extrinsic first moment sensitivities used to 

apply the intrinsic moment corrections is: 

A= = (1.0 1 2 . 0 )  x IO-' Sets 1 - 8, 

A, = (2.8 f 2.2) x IO-' Sets 1 - 7. 

Table 4.20 shows the (yP,) and (xPy) corrections to A:aw using the extrinsic 

first moment sensitivities, for the four combinations of beam polarization in the 

cyclotron and at the Parity LH2 target (labelled "Extrinsic Sensit ivity Correc- 

tions"). The sensitivities of Table 4.7, last column, were used to determine these 

corrections. For cornparison, the (xP,) corrections using the Aiaw correlation 

analysis sensitivity (4b) of Table 4.15 (excluding Set 8) are also shown. 
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4 5 
Set Number 

Figure 4.18: A, versus set number using the extrinsic first moment sensitivities 
(Table 4.7, lad cofurnn) to determine the intrinsic moment corrections. 

Correct ions II Corrections 

1 Average 

Intrinsic Sensitivity 
* 

Table 4.20: The intrinsic first moment corrections detennined /rom the neutral 
azis scan sensitivities (YExtrinsic Sensitivit y Corrections"). For corn parison, the 
corrections using the effective sensitivity for (x P,) are also shown ("Intrinsic Sen- 
sitiuity Correctionsn). The corrections are in units of IO-'. 

Combination Extrinsic Sensitivity 
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For three of the four combinations, the (xP,) corrections for the two meth- 

ods agree to within one standard deviation. For combination nurnber 3, and for 

the average correction, the results agree to within two standard deviations. The 

individual (yP,) corrections and the average value are consistent with zero. in 

agreement with the result of the F test analysis of Section 4.5. Finally, the result 

for A= using extrinsic moment sensitivities to correct for the intrinsic first mo- 

ments is consistent with that reported in Section 4.6.3, although the error bar in 

the former is several times larger. 

Figure 4.19 shows A" and A= using the following three sets of sensitivities for 

the intrinsic moment correction: (b) the extrinsic first moment sensitivities applied 

at each PPM; ( c )  the extrinsic moment sensitivities scaled by the ratio of intrinsic 

moments at the PPMs as discussed in Section 4.4.1; (d) the intrinsic moment 

sensitivities from the correlation analysis of Amw. As shown above, the results 

from (b) and (d) are consistent with each other, and it is clear from Figure 1.19 

that the results from (c) and (d) are consistent. 
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Figure 4.19: The raw analyzing power (a), and the corrected analyzing power 
using: (6)  the eztrinsic first moment sensitiuities at each PPM; (c) the eztrinsic 
first moment sensitiuities scaled by the ratio of the intrinsic moments; (d)  the 
intrinsic moment sensitivities from the A T  correlation analysis. 
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Chapter 5 

Conclusions 

This thesis has described the 221 MeV proton-proton pari ty violation measure- 

ment at TRIUMF, and has presented the first result of the experiment based on 

105 hours of data taken in February 1997, A, = (0.33 f 0.65) x IO-'. where the 

error bar is statistics dominated. It has been demonstrated that the false analyz- 

ing power AA, from the helicity correlated beam properties that are measured 

in the Parity beamline is dominated by the intrinsic first moments' contribution, 

and that the contributions from beam properties not measured by the Parity ap- 

paratus are consistent with zero at the 0.6 x 10-~  level. Although comprehensive 

calibration studies of the  position and size modulation sensitivities were not avail- 

able for the February 1997 data, the correlation analysis of A?" indicates that 

AAz from al1 other sources is less than 10% of the intrinsic moment correction. 

At the time of writing, a data set taken in December 1997 and January 1998 

with a statistical uncertainty 6AyW = O.?* IO-' is under analysis (1021. Another 4 

week nin period is planned for July 1998. It is expected that additional beam tirne 

will be requested to improve the error bar. As a result of the analysis presented in 

Chapter 4, and of the consistent picture that has emerged regarding the intrinsic 

polarization moments as the major error source, it should be possible to  recover 

100 hours of data taken in 1996 by applying the methods shown here. 
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The method presented in Section 4.5 for extracting the effective sensitivity 

to (sP,) from the correlation analysis of P.:"" was successful in providing a pre- 

cise correction for the intrinsic moment. Certainly, this method is preferable to 

applying the corrections at  each PPM using the neutral axis scan sensitivities, 

since the uncertainty associated wit h the latter procedure is relat ively large as 

demonstrated in Section 4.6.5. However, for the effective sensitivities to be reli- 

able, it is vital that the beam tune be stable since any changes could alter the 

ratios of intrinsic moments at  the PPMs and introduce an error in the effective 

sensitivities. The latter is suggested by the inconsistency of Set 8 with the rest 

of the February 1997 data. If data with different beam t u e s  are combined in 

the regression analysis, the associated corrections may introduce potentially large 

inconsistencies in the final A, resdts. .4lthough it is not shown here, this was the 

case for the December 1997 and January 1998 data sets. In future runs, the bearn 

tune should be optimized so that minimal rnagnet adjustments are required when 

reversing the direction of the solenoid fields for the opposite relative helicity tune. 

4 s  a benchmark for the amount of data required with the same beam tune in 

order to perform a reliable correlation analysis, the sensitivity to (xP,,) for the 

February data was determined to 20% for a total of 105 hours of polarized data. 

To maintain the same beam conditions for over 100 hours of data collection time 

is a challenging goal which demands that the overall stability of the beam be very 

good. However, as implied by the consistency of the corrected February 1997 

data, this goal is achievable with the TRIUMF OPPIS and cyclotron. 

Ideally, the beam convergence would be optimized so that the intrinsic first 

moment effective sensitivities vanish. This can certainly be done empirically, but 

only on a very long timescale given the above recomrnendation regarding the 

beam tune. Instead, a careful study of the beam optics should be performed at 

the beginning of each data accumulation period to  determine the approximate 

waist position. The waist should be far enough downstrearn of PPMP that it does 

not influence the scaling between the intrinsic first moments and the beam sizes 
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at the PPMs. Detailed transport calcuiations, including the ef€ect s of multiple 

scattering in the Parity beamline, could be carried out online during the start- 

up portion of the July 1998 mn to aid in this study. A recent spin transport 

calculation using COSY [103] indicates that for a beam tune with a waist 1 rn 

downstream of PPMP, the scaling is valid to approximately 10% [102]. 

The consistency of the sensit ivi t ies to intrinsic polarizat ion moments deter- 

mined using two independent methods was demonstrated in Chapter 4. The 

agreement between the regression analysis on A y Y  and the intrinsic moments ra- 

tio method using the neutrd axis scan coefficients lends great confidence to the 

final result for the February 1997 data, since the associated correction was the 

largest contribution to AAz. Ideally, al1 of the systematic error contributions 

from coherent modulations of the beam properties measured by the Parity appa- 

ratus should be cross checked in this manner. This will become more important 

in future runs as the accumulated error bar decreases. 

Future data sets should include cornprehensive studies of the helicity correlated 

position and size modulation sensitivit ies so the results of the regression analysis 

on A:"" can be checked with the extrinsic calibration coefficients as was done for 

the intrinsic moments for the February 1997 data. For the position modulation 

study, the sensitivities should be explored at the same five beam positions at the 

two IPMs shown in Table 3.1 for the polarization neutral axis scan. For the beam 

breathing study, if the induced size modulations cannot be decoupled at the two 

IPMs with the ferrite core steering magnets, the same breathing ratio observed in 

the Parity data should be used for the size modulation study. 

In conclusion, Figure 5.1 shows the result for A, from the February 1997 data 

set superposed on the single mesoo exchange prediction of Driscoll and Miller, 

together with the most significant data in the proton-proton system up CO 1000 

MeV (lab). The results presented in this thesis for the February 1997 data are: 
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Figure 5.1: The first result for A, at 221 hfe V front the TRIUMF eqeriment. 
and the other measurements in the proton-proton sys tem in this energy range. 
T h e  theoretical cume is /rom Driscoll and Miller [55][56]. 

Using Equation 1.21, the weak meson-nucleon-nucleon coupling constant hzp from 

these data is: 

y~ = (-11. f 22.) 1 0 4 ,  

as compared to the DDH prediction (Equation 1.13): 

The TRIUMF parity violation experiment supports the prediction of the single 

meson exchange mode1 at the level of this first result. The final result from this 



CHAPTER 5. CONCL USIONS 215 

experiment will be of significantly higher precision, and will provide important 

information regarding the weak interaction in the nucleon-nucleon system. 
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