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ABSTRACT

Measurements of neutron polarization from (p, n) reactions can provide

valuable clues toward understanding the isovector nucleon-nucleus interaction.

A neutron time-of-flight polarimeter (NTOF) has been constructed at the Los

Alamos Meson Physics Facility (LAMPF) to perform such measurements, but

before the polarimeter can be used, its effective analyzing powers must be

determined. This is accomplished by using the 14C(j», n)14N reaction at a bom-

barding energy of 494 MeV to produce a beam of neutrons with known polar-

ization, illuminating the detector with these neutrons, and measuring the az-

imuthal asymmetries after scattering from a hydrogenous analyzer fluid within

the detector. Secondary measurements are made using the 2H(j5, rt)2p reaction

with bombarding energies of 318 and 494 MeV to produce a polarized neutron

beam. The results from (»7, p) analyzing reactions within the detector agree

with values anticipated from free nucleon-nucleon analyzing powers, but the

results from (n, n) analyzing reactions display a more than 33% reduction from

the anticipated values.

Additionally, measurements are made of the polarization transfer coefficient

DLL{0°) for (p, n) Gamow-Teller reactions on 2H, 7Li 12C, and 14C targets. For

a purely central interaction, one would expect that Z?X,L(0°) & —1/3 in the

plane wave limit, but a simple average of the J* = 0+ —• 1+ results at a

bombardment energy of 494 MeV gives DLL(Q°) = -0.689 ± 0.044. Thus, the

measurements indicate that the nucleon-nucleus interaction—which is largely

central at 200 MeV—has strong tensor contributions at higher energy.
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CHAPTER 1

INTRODUCTION

This thesis reports measurements of the effective analyzing powers of the

NTOF polarimeter at the Los Alamos Meson Physics Facility (LAMPF), and

also reports some of the earliest polarimetry results from NTOF, where polar-

ization transfer properties for a few selected isovector transitions are measured

to help study tensor terms in the nucleon-nucleus interaction. First, a short

background may be helpful for understanding the significance of this work.

1.1 Background

the nucleon-nucleon interaction

Protons were discovered and named more than 70 years ago, and neutrons

more than 60, but the interactions between nucleons remain mysterious to

a large degree. The forces between them are not simple functions of their

velocity and separation, but also of their intrinsic spin and isospin degrees of

freedom. Neutrons and protons are spin-1/2 particles: their angular momentum

as measured along an axis z can have only the values St — ±1/2 (in units of

the Planck constant). In addition to spin, one can think of nucleons as having

"isospin" T, with neutrons and protons being two projections of a single isospin-

1/2 particle: when Tx = +1/2 the nucleon is a proton, and when Tx = —1/2,



it is a neutron.

That the forces between nucleons depend on these internal degrees of free-

dom can be seen from the simplest case—the two-nucleon system. The total

spin 5 and isospin T can combine in four different patterns:

r = i , 5=1
r=o, 5=0
T=l, 5=0
r=o, 5=1

The first two of these are unstable, because Pauli exclusion requires the two

particles to be at least in a relative orbital p-state, and the nucleon-nucleon

(N-N) forces are not strong enough to hold them together with so much orbital

angular momentum. For the third pattern, an s-state is allowed, but it has

also been found to be unstable. For the fourth pattern, the forces are different.

Only in the fourth case, which is known as the "deuteron," are they strong

enough to hold the pair together, demonstrating that N-N forces must depend

on both spin and isospin.

As an attempt to describe the forces, one may write a general form for the

potential energy between two nucleons. If r = f[ — f^ is the separation vector

between the two nucleons, p = pi — pi is the momentum between them, <J{

and (7*2 are the 2x2 Pauli matrices which describe the spin, and TJ and f2 are

matrices which describe the isospin, then a possible general form for the N-N

potential may be written:

VNN = Vw(r) + Vw(r)«f, • <T2

+VT(r)[3(<?1 • f)(a2 • r) - r V j • <f2] + *ts(r)[(<ri + <r2) • r x p]

ri • f){a2 • r) - rVj • <r2] + \fe(r)[(o[ +<f2)-rx p]}. (1.1)



The terms with no superscript are "isoscalar," and those with a superscript r

are "isovector." Vyi, Vy,, Vao, and VJa are central in nature, but for an accurate

description of the force, noncentral terms are also required. The "tensor" terms

(VT and Vj above) were first shown to be necessary by measurements of the

deuteron's nonzero quadrupole moment [RAR41], and evidence for "spin-orbit"

terms (Vis and HTs above) first came from a study of nuclear shell closures

[MAY 55] and high-energy phase-shift analysis [STA 57].

In the deuteron, the two nucleons are separated by 2.8 fm, a considerable

distance on a nuclear scale, so study of the deuteron will reveal only the nature

of forces at relatively large distances. In order to probe the N-N interaction at

closer ranges, one may perform micleon-nucleon scattering experiments. For

example, a proton target may be bombarded by a beam of neutrons, and the an-

gular distribution of the scattered particles may be observed, as in experiments

reported in [WIL 63]. When analyzing such experiments, one must realize that

nucleons can scatter directly, or they can scatter by "knockon exchange," as

illustrated in Pig. 1.1. These two cases are experimentally indistinguishable,

but both contribute to the scattering amplitude.

direct knockon •zehuige

Figure 1.1: Illustrations of "direct" and "exchange" p-n scattering in the
center-of-momentum frame. The scattering angle ^ is defined in the same
sense that is commonly used at NTOF.



One obtains a very sensitive probe of the N-N interaction by measuring the

Wolfenstein observables, which compare polarizations of the incident nucleon,

target, and scattered nucleon as well as the differential cross sections [WOL

56]. These observables will be discussed further in sections which follow.

nucleon-nucleus reactions

Empirical studies of N-N elastic scattering are now nearing completion for

energies up to 800 MeV (at least for those Wolfenstein observables which do not

require a polarized target) [McN 92b]. However, nuclei exist which are much

more complex than the simple deuteron, and the N-N forces may be modified

by the presence of additional nucleons. To study the richer nucleon-nucleus

interactions, one may again use scattering reactions as a tool. A target nucleus

may be bombarded with a nucleon projectile, and the scattered nucleon may

be observed, as in the 14C(p, n)14N reaction depicted in Fig. 1.2.

6
"C "N

Figure 1.2: Cartoon illustration of a nucleon-nucleus scattering reaction.

In the Born approximation, the amplitude for the nucleon-nucleus reaction

may be written as

(JjM^NflVlJiMnNi), (1.2)

where J,Afj and JJMJ represent the initial and final states of the nucleus, and

Ni and Nj represent the initial and final states of the bombarding nucleon. For



scattering at bombardment energies above 100 MeV, it is often appropriate

to make the "impulse approximation." This approximation is based on the

assumption that the bombarding particle interacts instantaneously with only

one of the target nucleons, and that the free N-N interaction can be embedded in

the nucleus. Given this simplifying assumption, the amplitude may be factored

into distortion, structure, and interaction terms:

distortion structure interaction

N* TW!S\JJMJ) \Nj\VUNi)- (1.3)

The distortion factor accounts statistically for the interactions between the

nucleon and the nucleus as a whole; these interactions are thought of as small

perturbations of the wave function of the incoming and outgoing nucleon. The

structure term contains all the information about the initial and final states of

the nucleus, and O is an operator which describes the transition between these

states. The interaction tenn resembles the amplitude for free N-N scattering,

except that it is possible that N-N potentials within a nucleus are modified

by the nuclear medium: the effective V^N might not be exactly equal to the

free potential V/vjy. This effective interaction term connects the incoming and

outgoing wave functions to the initial and final nuclear states. In Eq. (1.3),

volume integration over the wave functions, averaging over the initial states,

and summation over the final states have been omitted for simplicity.

the (p, n) reaction

Nuclear (p, n) reactions provide a particularly useful probe because they

serve to select only the isovector part of the nucleon-nucleus interaction, unlike

(p,p) or (n,n) reactions, which contain a mixture of isovector and isoscalar.



When the change in orbital angular momentum (AJD) equals zero, the isovector

nuclear structure term can be relatively simple: there are two components of the

operator O: Gamow-Teller (GT), which involves an exchange of both spin and

isospin between the incident particle and the target nucleus, and Fermi, which

involves an exchange of isospin only. Isovector reactions can be a combination

of GT and Fermi, although a few reactions to selected target states are entirely

due to one or the other. GT and Fermi transitions in (p, n) reactions are

analogous to GT and Fermi transitions in /?-decay.

The (p, n) reaction can be used to study either nuclear structure or nuclear

interactions. As an example of its use in structure studies, the reaction was

used in 1961 to demonstrate the existence of isobaric analog (IAS) states in

Cr51 and V51 [AND 61]. (IAS's are unique in that they share the same spin and

orbital structure with another nucleus, and differ only by isospin projection.

Transitions between IAS's must be due to pure Fermi transitions.) On the other

hand, many experiments at NTOF (including those reported in this thesis) are

designed to study nuclear interactions, with nuclear structure used only as

a tool. Using selected transitions between nuclear states as a filter, one can

examine specific parts of the isovector interaction.

the (p, n) reaction

If polarizations of both the incident proton and the outgoing neutron are

measured, a "(p, n)" reaction is said to take place, and Wolfenstein polarization

transfer (PT) coefficients may be found. Measurements of PT coefficients pro-

vide stringent tests of reaction models and effective interactions. For example,

one can identify isovector tensor contributions to the effective N-N amplitudes,



as is attempted in this thesis. One may also separate the spin-longitudinal

terms of the isovector interaction (mediated by exchange of T-mesons) from

the spin-transverse terms (mediated by exchange of />-mesons). Determination

of GT and Fermi strengths becomes an easier task, because GT and Fermi

transitions have distinctive polarization transfer signatures.

A few neutron polarimeters have been constructed to study (p, n) reactions.

It is a difficult task to detect neutrons, harder still to measure their kinetic

energy and polarization, so these instruments tend to be complex, and require

an additional scattering process. Early polarimeters include those constructed

at Texas A & M University, to be used with proton energies up to 30 MeV [HIE

76], and at the Rutherford High Energy Laboratory (R.HEL), with energies

up to 50 MeV [ROB 69]. A neutron polarimeter was built at the Indiana

University Cyclotron Facility (IUCF) to be used with bombarding energies up

to 200 MeV [TAD 85]. The NTOF facility at the Los Alamos Meson Physics

Facility (LAMPF) is modelled after this IUCF polarimeter, and is designed to

take advantage of the higher energies available at LAMPF—up to 800 MeV.

The name "NTOF" is derived from "Neutron Time Of Flight," referring

to the fact that the outgoing neutron from (p, n) reactions is allowed to travel

a specified distance before detection, and the neutron kinetic energy is then

determined by time of flight techniques. With sufficient energy resolution,

one is able to distinguish neutrons corresponding to specific excited states of

the product nucleus. The flight path at NTOF can be adjusted to a length

of up to 600 meters, providing unparalleled energy resolution at these higher

energies. Flight paths of 200 and 400 meters sufficed for the calibration and

spin observable measurements in this thesis.



1.2 Calibration of the NTOF polarimeter

Before the NTOF polarimeter can be used to study (/>, n) reactions, it must

first be calibrated; that is, the effective analyzing powers must be determined

as a function of energy and reaction channel.

fundamentals of polarimetry

The NTOF polarimeter makes use of the "analyzing power" of a nuclear

scattering process: If the interaction has a tensor or noncentral character with

coupling of the spin and orbital angular momentum, then a polarized beam of

nucleons may display an azimuthal asymmetry when scattered from a nuclear

target [WOL 56]. For example, when a vertically polarized neutron beam

scatters from a hydrogen target, measurement of the small-angle cross sections

reveals that both neutrons and protons preferentially scatter to the left. One

might construct a very simple polarimeter from a volume of hydrogen, which

serves as an "analyzer," and two small scintillators, which serve as "catchers,"

placed at equal and opposite angles ± 0 , as depicted in Fig. 1.3.

left catcher

neutron beam _

right catcher

Figure 1.3: Schematic of a very simple neutron polarimeter, depicting an
event which scatters "left."



Some incident neutrons will scatter in n + p —* n' + p1 analyzing reactions, and

some of the forward scattered protons (or neutrons) will be detected in the

scintillators. The "asymmetry" may be found as

where L is the number of counts observed in the left scintillator, and R is the

number of counts in the right for each species, n or p. The incident neutron

polarization in the vertical direction may then be found as

Pn = xfoTS)' (L5)

where A(Q, En) is the analyzing power for hydrogen at angle 6 and neutron

energy En. Analyzing power is dependent on which scattered particle is de-

tecte 1. If the detected particle is a neutron, a p(n, n)p reaction is said to take

place, and when the detected particle is a proton, a p(n,p)n reaction is said to

take place, although fundamentally these are the sa»ne reaction. The analyzing

power for the p(n,n)p reaction shall be denoted Mn n ," and for the p(n,p)n

reaction it shall be denoted uAnp.
n The polarimeter is effective only if the

scintillators are placed at angles where the analyzing pov/ers are large, such as

0 = ±20°. A plot of Ann and Anp vs. polar scattering angle at a typical NTOF

energy appears in Fig. 1.4.

the NTOF polarimeter

The NTOF polarimeter is considerably more complicated than the sim-

ple polarimeter described above, so its effective analyzing powers are likewise

more complicated. The analyzer and catcher are not localized points; they are
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Figure 1.4: Analyzing power vs. 0w> for p(n,n)p and p(n,p)n reactions at a
bombardment energy of 500 MeV [ARN 83].

made from multiple planes of scintillator, each more than one meter square,

as described in Chapter 2. Events may be accepted with polar scattering an-

gles ranging from 0 to 54°, and the analyzing power is integrated over the

acceptance. The analyzer material is a mineral oil based scintillator containing

carbon and other trace elements as well as hydrogen, so the pure hydrogen

analyzing powers alone may not be accurate. The polarimeter has finite res-

olution, and furthermore suffers from accidentals, doubles, wraparounds, and

other background events (as will be discussed in Chapter 3). Monte Carlo tech-

niques can provide reasonable estimates, but there is no substitute for a direct

experimental measurement of the effective analyzing powers Ann and Anp.

measurement of effective analyzing powers

The effective analyzing powers can be measured if one has access to a beam

of neutrons of known polarization Pn. Then, Ann and Anp can be found from
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an inverted form of Eq. (1.5):

A — — A — ̂ 2£ (\ fi\
Sinn — p >lnp — „ , K1-")

rn rn

where enn and enp are the asymmetries measured for p(ntn)p and p(n,p)n type

reactions, respectively.

For the present experiment, the uC(p, n)14N 2.31 MeV reaction is used

as a source of neutrons of known polarization. That is, a beam of polarized

protons is allowed to scatter on a target made from enriched isotopic 14C,

and the resulting neutron beam is used to illuminate the NTOF polarimeter.

Neutrons from the 2.31 MeV excited state in 14N are selected for analysis, with

their kinetic energy determined by time-of-flight techniques. The 14C gs and

this excited state in 14N are part of an isobaric analog triplet, as illustrated

in Fig. 1.5; thus, the reaction is particularly useful, because it is known to

be purely J* = 0+ - • 0+ , where J is the total angular momentum of the

nucleus, and x is the parity. One property of such reactions is that the spin

of the incident particles is preserved, as will be derived in Appendix A, so by

measuring the polarization of the incident proton beam with standard proton

polarimeters, one immediately knows the polarization of the neutron beam.

A second source of neutrons of known polarization is the 2H(p, n)2p reac-

tion. This is a J* = 1+ - • 0+ reaction, and the incident polarization is not

preserved, but the polarization transfer properties have been determined from

previous experiments [MCN 92a]. This reaction is used as a double-check of

494 MeV calibrations made with the 14C target, and as the sole calibration

source at 318 MeV, when the 14C target was not available. The reliance on

other experiments makes these results less trustworthy than the 14C results,
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•.IT 1 -

U N

Figure 1.5: Energy level diagrams for the isobaric triplet 14C, "N, and " 0 ,
from [AJZ 86]. "IAS" labels the isobaric analog state in HN which is used as
a source of polarized neutrons.

despite the experimental difficulties with the " C target.

In many ways, polarization measurements are easier than cross section mea-

surements, because precise determination of beam intensity and absolute de-

tector efficiency is not important; on the other hand, polarimetry presents its

own special difficulties, which will be considered in Chapter 3. The effective

analyzing power results from both 14C and 2H will be presented in Chapter 4.
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1.3 Measurement of DLL(O°) for Gamow-Teller reactions

One of the first uses of the newly calibrated NTOF detector is a measure-

ment of the polarization transfer coefficient DLL(0°) for (p, n) reactions on

p-shell nuclei, including several Gamow-Teller transitions.

polarization transfer coefficients

Woifenstein PT coefficients, such as Dn, describe the relationship between

the incident polarization P and the outgoing polarization P' after scattering

from an unpolarized target. For an arbitrary scattering angle 9, we have the

following relation for the Woifenstein observables A(0), DN'O{&), and Dij(8)

for spin-1/2 particles:

0 \ / Ds's 0(5) - -PffA * 0 / \DL,S 0

where L,N, and S are the "longitudinal," "normal," and "sideways" coordi-

nates defined with respect to the incident beam, and L',N\ and S' are the

coordinates defined with respect to the momentum of the scattered particles,

as in the Madison convention [BAR 71]. At zero degrees, where all measure-

ments in the present experiment have taken place, (L, N, S) = (L', N', S'), the

Dij matrix is diagonal, DN>Q = A = 0, and DN'N — Ds>s- One is left with only

two distinct coefficients, DLL and DJ^N, which can be written omitting primes

without confusion. Thus, at zero degrees, the above equations reduce to:

Pj^ = DNNPN, PL = DLLPL. (1.8)

To measure Dij = DNN(0°) or DLL(0°) for (p, n) reactions, one need only

produce a proton beam of known N or L polarization and measure the scattered
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neutron polarization in the same direction. The proton polarization P can

be measured with standard beamline polarimeters [McN 89], and the neutron

polarization P1 can be measured with the newly calibrated NTOF detector.

The coefficient may be found as the ratio of P' to P.

For Gamow-Teller reactions there is a relation which reduces the number of

independent Dij(0°) coefficients from two to one:

DLL(0°) + 2DNN(0*) = -1. (1.9)

This is derived in Appendix A, and is also tested experimentally in this thesis.

As a consequence of this relation, measurement of just a single observable,

^LL(0°) or Z?AW(0°), will yield complete information about the zero-degree

Dij matrix. It is experimentally advantageous to measure the coefficient with

largest absolute value, so measurement of £LL(0°) is favored over £W(0°).

expected values of DLL

If the nucleon-nucleus amplitudes are purely central, and if distortions can

be ignored, then GT reactions should yield Z?£x(0°) = -1 /3 , as will be shown

ii1 Chapter 5. Any deviation from this value will serve to indicate the presence

of noncentral terms in the interaction. Previous measurements have been made

with bombarding energies at and below 200 MeV for (p, n) GT transitions in

a variety of targets, and the results are consistent with —1/3, demonstrating

that the interaction is largely central at lower energies [TAD 87a]. At higher

energies, both a plane wave impulse approximation (PWIA) and a distorted

wave relativistic impulse approximation (DRIA) predict strong tensor terms,

with D 11,(0°) values significantly more negative than —1/3; the value could
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even be as low as —2/3 at bombarding energies of 500 MeV. Exploratory mea-

surements made with a bombarding energy of 800 MeV on 2H and 6Li targets

suggest that DLL(Q°) = -0.64 ± 0.07 and -0.54 ± 0.07 respectively [McN 86],

but background contamination and poor energy resolution complicate these

results.

the present experiment

In the present experiment, DLL is measured for AJ* = 1+ Gamow-Teller

reactions on 3H, 12C and 14C targets, and for a mixed GT and Fermi reaction

on a 7Li target. Results are presented in Chapter 5. Measurements are made at

a scattering angle of zero degrees, where AL = 0 contributions are dominant,

and bombarding energies are 318 and 494 MeV, so these new measurements will

serve to indicate the importance of tensor (or other noncentral) contributions to

the nucleon-nucleus scattering amplitudes at higher energies. As well as being

fundamental to the understanding of nuclear reactions, knowledge of the non-

central terms is important to techniques which extract reduced Gamow-Teller

strength 2?(GT) from (p, n) cross section data. Consequences of noncentrality

to these techniques will be discussed further at the end of Chapter 5.
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1.4 Other experiments requiring NTOF calibrations

A few other proposed experiments will also make use of the newly calibrated

NTOF polarimeter; these are are outlined in LAMPF proposals #881, #1040,

and #1137. Experiment #881 seeks to measure a complete set of £>,>(#) co-

efficients for quasifree (p, n) reactions on targets of 2H, 12C, and 208Pb. From

this set of coefficients, it is possible to extract the spin-longitudinal nuclear re-

sponse, driven by T-exchange, from the spin-transverse, driven by /9-exchange.

This should provide valuable clues to the nature of x and p interactions and

their role in nuclear collectivity. Experiment #1040 seeks to measure DN'N(8)

coefficients and analyzing powers on targets of aH, 2H, 12C, 40Ca, ^Zr, and

208Pb in an energy range which includes the A(1232) resonance [GOO 89].

Coupling between nucieons and the A is of fundamental importance to nuclear

physics, and a measurement of PT coefficients is required to constrain the N-A

amplitudes. This experiment may lead to a better understanding of the per-

plexing problem of missing Gamow-Teller strength. Experiment #1137 seeks

to measure DLL(0°) on a variety of p-shell nuclei, including 6Li, u B , 13C, and

15N [TAD 88]. This is a continuation of work presented in this thesis, and will

further the understanding of noncentral contributions to nuclear scattering. At

the time of this writing, data collection for all three of these experiments had

already begun, and partial results from experiment #881 had been published

[McC 92].



CHAPTER 2

EXPERIMENTAL METHODS

In this chapter the experimental methods are discussed. First, an overview

is given, and each of the major components in the NTOF system is briefly de-

scribed. Then the methods used to calibrate position, timing, and beam energy

are described, the individual targets used in the experiment are discussed along

with sample histograms from each, and finally, the experimental conditions are

summarized for each cycle and target.

2.1 Overview

The experiment took place at the Los Alamos Meson Physics Facility at

the recently completed Neutron Time-of-Flight (NTOF) facility as a part of

LAMPF proposal #1062 [SUG 86]. Data were collected during LAMPF cycles

56, 57, and 58 with a bombardment energy of 494 MeV, although most of cycle

57 was dedicated to LAMPF experiment #881. Additional data were collected

during cycle 60 with a bombardment energy of 318 MeV. Data collection was

subdivided into a series of "runs" averaging 30 minutes long, with the various

targets interchanged in a manner that made most effective use of beam con-

ditions. The two goals of the experiment, measurement of effective analyzing

power and measurement of the Dij coefficients, were pursued simultaneously
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because both required the same targets, energies, and beam polarization.

The path of the particles, from ion production to neutron detection, can be

traced in Fig. 2.1. Polarized protons are generated by the Optically Pumped

Polarized Ion Source (OPPIS), then are accelerated as H~ ions in LAMPF's

LINAC to energies of approximately 31S or 494 MeV. At the switchyard, a

fraction of the protons are sent down line X. The protons pass through two

beamline polarimeters, separated by a bend, then enter the NTOF swinger

cave. In the swinger cave the protons are steered by a series of magnets to

strike the target at the desired angle of zero degrees. Neutrons from (p, n)

scattering events then pass through a collimator, travel along an outdoor flight

path, and are detected in the NTOF polarimeter.

All data were taken at a scattering angle of zero degrees. Most of the time,

the bombarding proton beam was polarized along its direction of travel, defined

as the L direction, and the polarization of the resulting neutrons from (p, n)

reactions was also measured in the L direction. A vertically polarized (N) beam

was also used a small fraction of the time, with the neutron polarization also

measured in the N direction. The coordinate system is indicated in Fig. 2.2.

Each of the major components of the NTOF system will now be discussed,

although the descussion will be kept brief where complete information is avail-

able elsewhere.

2.1.1 OPPIS

OPPIS is the recently commissioned Optically Pumped Polarized Ion Source,

discussed in detail in [YOR 90] and [DYC 91]. The source uses a pair of

Ti:Sapph lasers to polarize an alkali vapor (potassium). A proton beam pass-
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NTOF detector trailer

HIRAB

neutrino detector

SMC

t LINAC

Figure 2.1: Schematic of LAMPF experimental areas.
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N (vertical)
equivalent coordinates
at zero degrees:

S (horizontal, S=S'=q=x
to left of beam) N=N'=n=y

L=L'=p=p'=z

L (beam direction)

Figure 2.2: Coordinate system used for the present experiment, based on the
Madison convention.

ing through this vapor captures an electron, producing polarized H° ions, and

a Sona transition [SON 67] transfers the electronic polarization to the hydro-

gen nucleus. After the addition of one more electron from a Na vapor cloud,

the resulting "P~" ions are accelerated to produce a polarized beam with ki-

netic energy of about 4 keV. The polarization state is toggled between normal

(+L), reverse (—L), and unpolarized (U) every few minutes in order to can-

cel out any geometric asymmetries that might be present in the experimental

apparatus. A solenoid and several bending magnets are used to precess the

polarization-on-target to the desired orientation.

Polarization averaged about 52% during cycles 56, 57, and 58, and about

65% in cycle 60. During the early stages of cycle 56 the polarization was

unsteady, and OPPIS had to be recycled frequently, so this time was used

to collect data from targets of lesser importance, such as 7Li. The cycle 56

polarization is illustrated in Fig. 2.3. Later in this cycle, and in all cycles that

followed, the polarization remained sufficiently stable that simple averages for

each of the targets sufficed to describe the characteristics of the beam. These

averages are given in the summary table at the end of this chapter.
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Figure 2.3: Proton polarization during cycle 56 produced by the ion source
OPPIS. Times when the source was "recycled" are indicated with arrows, and
runs which were rejected on the basis of poor polarization are indicated with
an x. Polarization was much more steady during cycles 57, 58, and 60.

2.1.2 LINAC

The P~ beam is accelerated to greater energies in LAMPF's linear accel-

erator. The first acceleration stage is an Alvarez design LINAC, consisting of

a series of drift tube chambers, which accelerates the beam to 100 MeV. The

main acceleration stage is a series of side-coupled RF cavities, grouped into 48

modules. If all of the modules are used, proton kinetic energies of 800 MeV

may be achieved. For the present experiment, lesser energies were required,

so some of the otherwise unused modules were employed as a "rebuncher" to

provide longitudinal focusing of the beam. This rebunching is crucial to the

experiment; without it, the TOF energy resolution is too poor to resolve the

2.31 MeV IAS in UN. Details on the rebunching techniques are given in [McC

89], and general information about the accelerator may be found in [LIV 77]
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and [DYK 82].

For TOF techniques, the time structure of the proton beam is of great

importance. The accelerator produced beam in "macropulses" (also called

"spills") occurring at a rate of 120 Hz, but because the beam was shared with

other LAMPF facilities, the macropulse rate observed at NTOF was less than

the full 120 Hz. Each macropulse was made up of thousands of "micropulses"

occurring at a rate of 201 MHz, each containing perhaps 106 protons. A low

frequency buncher (LFB) and chopper are used to fine-tune the timing and

reduce the micropulse rate to about 5 MHz. An RF synchronization signal

from the LFB is sent to the the detector trailer along a coaxial cable and is

used to define time t0 for measuring the neutron flight times. The time structure

of the beam is illustrated in Fig. 2.4, and specific timing details specific for each

cycle are given in Table 2.1.

macropulsemacrop
width

macropulse
spacing

> 8.33 ms

micropulse
spacing

198.76 ns

illinium

time

Figure 2.4: Time structure of the proton beam delivered to NTOF.
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2.1.3 Proton polarimeters

The polarization of the P~ beam is monitored by a pair of standard proton

polarimeters, EPPO and NTPO, which are discussed in detail in [McN 89] and

[CIS 89]. For each of these, a small fraction of the proton beam is sacrificed to

(p,p) scattering on a thin polypropylene target. For an event to be considered

valid, a forward scattered proton and recoil proton must be detected in coin-

cidence by four of the sixteen scintillators, as depicted in Fig. 2.5. Fourfold

coincidence is required to keep the rate of accidentals low. Valid events are

tabulated in hardware sealers, the values of which are periodically recorded

on tape as part of the data acquisition system. Events with valid coincidence

patterns, but invalid timing, are also recorded; these are used to correct for

accidentals. The polarization is determined by comparing the observed scat-

tering asymmetries to known (p,p) analyzing powers, using methods described

in [McN 89].

Ll

, ^
proton baam

polypropjrl«iJ\% Q
target '& R2

Figure 2.5: Schematic of a proton polarimeter such as EPPO. Only eight of
the sixteen scintillator paddles are shown; the others are situated in a perpen-
dicular plane. In the event depicted, the forward scattered proton is detected
in scintillators LI and L2, and the recoil proton is detected in L3 and L4.
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Polarimeters are in general insensitive to the L component of polarization,

as there is no longitudinal analyzing power for parity-conserving reactions. In

order to measure L polarization, EPPO and NTPO have been placed in the
A A

beamline such that there is a bend angle between them in the L — S plane

(#bend = 28°), and the magnet which causes this bend also causes the proton

spin to precess in the L — S plane: Thomas's equation of precession [JAC 75]

gives:
U = fa/2 ~ l)7*b«,d, (2.1)

where 0pnc is measured relative to the instantaneous beam direction, and 7

is the standard relativistic factor. The gyromagnetic ratio g equals 5.586 for
* A A

protons, making it possible to deduce the L, S and N projections of polarization

with a pair of polarimeters. (This would be difficult for electrons, for which g «

2.002.) When used in tandem, the polarimeters have a relative normalization

uncertainty of about 2% in addition to statistical uncertainty, which is usually

negligible. Calibration of the proton polarimeters is discussed in [McN 81].

2.1.4 Swinger cave

In the swinger cave, the incident protons are steered to strike the target

at the desired angle by a series of four magnets, NTBM01-NTBM04. Angle

selection must be accomplished by adjusting the direction of the incident beam,

because the detector is confined to a linear path at a fixed angle. Steering is

needed even for a zero degree scattering because the "natural angle" of the

flight path is 12.5°. An illustration of the swinger cave appears in Fig. 2.6.

The cave also contains four singlet quadrupole magnets for focusing the beam.
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Figure 2.6: NTOF swinger cave.
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After NTBM04, the protons encounter the selected target. The targets

were mounted on a mobile "ladder" in the scattering chamber, which allows

rapid and remote target selection. Targets included enriched 14C, CD2, 7Li,

natC, natCa, " ' P b , 13C, an empty "^Ni cell identical to that used to hold the

enriched "C , and a phosphor target used for beam tuning. The enriched 14C

target was available only during cycles 56 and 58, and the Ca and Pb were use

only during cycle 57 for LAMPF experiment 881. Additional details about the

targets, along with sample spectra from each, are given in Section 2.4.

The unscattered portion of the proton beam, and protons from (p, p') reac-

tions, are directed into a graphite beam stop by the sweep magnet NTBM05,

while neutrons from (p, n) reactions proceed in a straight line through this

magnet. Most of the time, NTBM05 and another magnet, NTBM06, are tuned

so that the L-projection of neutron spin is precessed into in the N-S plane with

an azimuthal angle of <f> = 45° (equal N and S components). In this way the

the N and S analyzing powers of the detector could be studied simultaneously.

The superconducting solenoid NTSO is not used when the scattering angle is

zero degrees.

Beam intensity was monitored using two different methods in the swinger

cave: a Secondary Emission Monitor (SEM) was positioned upstream of the

target chamber, and in addition the charge collected in the insulated beam stop

was integrated. Intensities derived from these two methods agreed within 5%.

An explanation of SEM-type monitors may be found in [JEP 86].
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2.1.5 Flight path

The neutrons exit the swinger cave through a collimator and travel down an

outdoor flight path. A long flight path is necessary for precise determination of

neutron energies by TOF techniques. For a path of length L, neutron kinetic

energy En may be found from

v = L/T,

En = m n ( l -v 2 / c 2 )~ 1 / 2 -m n , (2.2)

where T is the flight time of the neutron, which is determined by comparing

the time when the neutron was detected to the accelerator-generated synchro-

nization signal. The uncertainty in En may be found from

3'2- (2-3)

Longer flight paths improve energy resolution, because 6En oc 1/L. The NTOF

flight path has a maximum length L of 618 meters, but paths of 200 and 400

meters were found to give acceptable resolution for the present experiment

while maintaining a reasonable count rate.

Neutrons encounter a variety of materials on the flight path, including:

aluminum: vacuum chamber window 0.013 cm
failsafe ion chamber 0.720 cm
solenoid cover plates (C57 only) 0.160 cm

steel: detector trailer door 0.318 cm
air: (C56 and C58) 396.6 m

(C57 and C60) 196.6 m

The largest concern is air, assumed to be 20°C at 584 torr with negligible

water vapor. There is no energy loss along the flight path because neutrons

are chargeless, but there is significant attenuation. The transmission factors
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(neutron survival probability) are estimated by the program ATTENE [TAD

87c] to be ftna, = 0.554 during C56 and C58, /tr^. = 0.721 for C57, and

/tram = 0.749 for C60, with about a 2% relative error due to thickness and

density uncertainties.

Generally, any neutrons which scatter in the atmosphere will miss the de-

tector entirely, due to its tiny solid angle. A Monte Carlo program was used

to estimate that only 0.7% of the neutrons striking the detector come from

atmospheric scattering (for the case of En = 500 MeV and L = 400 m). Fur-

thermore, any which do strike the detector have scattered through a very small

polar angle, and small-angle elastic scattering is expected to preserve most of

the neutron's polarization. It is therefore assumed that there is no significant

dilution of polarization due to atmospheric scattering. The depolarization ef-

fects of solenoid NTS0, which is in the neutron flight path, are discussed in

[LUT 93], although there is no direct impact on data presented in this thesis.

2.1.6 Neutron polarimeter

The neutron polarimeter is housed in a trailer, pictured in Fig. 2.7, which is

free to move along the flight path so that path length L may be selected. The

detector consists of six scintillator planes oriented perpendicular to the neutron

flux, as pictured in Fig. 2.8. The detector planes are shown schematically in

Fig. 2.9.

The first and fourth planes (CA0 and CC0) each consist of three broad

0.56 cm thick plastic scintillator paddles, and two narrower paddles which are

0.30 cm thick, overlapping to cover an area roughly 110 cm x 110 cm. These

are used to tag charged particles, and they are thin enough to be effectively
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Figure 2.7: Detector trailer, which houses the neutron polarimeter, data ac-
quisition and recording system, and the computer MPNTOF. The concrete
beam stop may be seen in the distance. The bicycle proved very useful for
commuting between here and the counting house.

Figure 2.8: Neutron polarimeter, looking upstream. The ten vertical cells
of catcher plane NCI are plainly visible, as ure irany of the polarimeter's 100
phototubes. A small fraction of the electronics racks appears on the right.
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Figure 2.9: Side-view schematic the NTOF polarimeter, showing the six scin-
tillator planes, with phototubes omitted for clarity. Planes NAO and NA1 make
up the "analyzer," and planes NCO and NCI are the "catcher". A sample co-
incident event is also shown.

transparent to neutrons.

The second plane (NAO) is a stainless steel tank of BC-517S liquid scintilla-

tor, which is sensitive to neutrons, and is chosen for its high hydrogen content.

The tank is subdivided into ten optically isolated cells measuring 10 cm x 10

cm x 105 cm, with the longest axis running vertically. Each cell is viewed by a

fast XP2262 photomultiplier tube (or equivalent) at each end; in this way, the

vertical position of a neutron hit can be found by comparing the arrival times

of light pulses at the two end of the cell, and the horizontal position can be

found by determining which of the ten cells was hit. The third plane (NA1) is

identical to NAO, but is rotated so that the long axis of the cells is horizontal.

Together, NAO and NA1 form the "analyzer": incident neutrons must scatter

in a n + p —+ n + p analyzing reaction in one of these two planes.

The fifth plane (NCO) is identical to NAl, and the sixth plane (NCI) is iden-



31

tical to NAO except that the scintillator material is BC-408 plastic. Together,

NCO and NCI form the "catcher," which must detect either the outgoing neu-

tron or proton from the analyzing reaction. Plane NCI is a recent addition to

the detector, which accounts for the difference in material.

Coincidence events, in which there is a neutron hit in the analyzer and a

neutron or proton hit in the catcher, are useful for polarimetry. The (n, n)

channel (where the catcher hit is a neutron) and the (n, p) channel (where it is

a proton) are approximately equally useful. Polar scattering angle 0, measured

from L, and azimuthal angle 0, measured counterclockwise from 5, are deduced

from the hit locations in the analyzer and catcher. Other types of events, and

their use in performing calibrations, will be discussed in the sections which

follow.

A more complete description of the physical detector may be found in [CIS

89], and a similar detector used at IUCF is described in [TAD 85].

2.1.7 Electronics, triggers, and data acquisition system

Pulses from the phototubes are transmitted to the nearby fast electronics

racks, which are also housed the detector trailer, along 50ft coaxial cables. Each

pulse is then split, part passing through an attenuator on its way to a F2RA

analog-to-digital converter (ADC), and part feeding into a constant fraction

discriminator, as illustrated in Fig. 2.10. The output of the discriminator is

sent to a FERA time-to-digital converter, which compares the pulse arrival

time with the RF synchronization signal. Discriminator output is also sent to

a meantimer which compares signals from the two cell ends, and the output is

fanned together with outputs from nine other cells in the same plane, then sent
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to FERA ADC »tten. _ atten. to FERA ADC
c = r i neutron cell 12=3

to FERA TDC -D -CZ> D-
dims. ~J diic.

to FERA TDC
—o

plane fun-in (10 calli)

to trigger logic

Figure 2.10: Electronic logic for a single cell, tracing the signals produced by
the phototubes at either end of the cell.

to the trigger logic system. All four neutron planes share this configuration,

and the proton planes are similar.

The trigger logic system, described in greater detail in [PRO 92], determines

when an interesting event has occurred. Most important are the (n,n) and

(n,p) coincidence events, which may be described symbolically as follows:

NNCOIN = TJAO • analyzer • WU • catcher • RFnn • beam, (2.4)

NPCOIN = "UAO • analyzer • CCO • catcher • RFnr • beam, (2.5)

where CAO and CCO represent hits in the respective proton planes, analyzer

and catcher represent hits in one of the analyzer or catcher planes, RFnn and

RFnp are experimenter-defined time windows during which the events must

occur, and beam is a window correlated with the occurrence of macropulses.

Other types of events include "singles," where there is a neutron hit in either

the analyzer or catcher; "gammas," which are photons from the target and

are distinguished by their arrival time; "cosmics," which are high-multiplicity
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events caused by cosmic rays (with a minimum requirement of a hit in both

end cells of a given plane), and u(p, p) coincidence," which involves a hit in

all six scintillator planes, also usually caused by cosmic rays. Although useless

for polarimetry, a fraction of these types of events are retained for calibration

purposes. These events may be described symbolically as:

NSING = (analyzer + catcher-7501)) • RFn.int • beam, (2.6)

GAMMA = (analyzer + catcher) • RF,tmmt. • beam, (2.7)

COSMIC = VA0be~alh~'[(NA00NA09) + (NAl0-NA19)

+(NC00 • NC09) + (NC10 • NC19)}, (2.8)

PPCOIN = CAO • NAO - NA1 • CCO • NCO • NCI • bealU, (2.9)

using obvious notation.

The hardware also includes a microprogrammable branch driver (MBD)

[LAM 90], a Microvax II computer (later upgraded to a Microvax III), and a

6250 BPI tape drive, all housed in the mobile detector trailer. A second tape

drive (the one which was actually used), a second Microvax II computer, and a

small fraction of the RF timing electronics are located in the counting house.

Software is based on the Q data acquisition system, which is described

in detail in references [AMA 90], [HAR 81], and [LAM 90]. The Q-system

controls the process of reading the data from the TDC's and ADC's when an

interesting event is detected, and recording this information on tape. Data from

the hardware sealers are recorded every 10 seconds as well; the sealers contain

information from the proton polarimeters, current integrators, and hardware

trigger logic. A Q-based analyzer program running on a Microvax reproduces

each event from the raw TDC and ADC data, computing such quantities as
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hit locations, scattering angles, and neutron energy. Pattern recognition to

classify (and possibly reject) each event is guided by a user-supplied test file,

and histograms are generated according to a user-supplied histogram definition

file. Examples of typical test and histogram files are shown in [CIS 89].

2.2 Position, TOF, and Ep calibration

Before the hit locations and TOF can be computed accurately, certain off-

line calibrations must be performed. Primarily, time and position offsets must

be determined to account for individual differences between phototubes. These

offsets are determined with the aid of the computer program CALIBRATE

[TAD 87c]. After the time offsets are set, it is possible to determine the proton

beam energy Ep from the observed neutron energies from known reactions.

For cell i in plane j , the position is determined from

X(i,j) = (T-(«, j) - T+(t , i))^ + *3" ( I , J ) + XSTU), (2.10)

where T~(i,j) and T+(i,j) are the pulse arrival times from the two ends of the

respective phototubes, n is an index of refraction equal to approximately 1.65

for BC-517S, and X^(i, j) and X^'{j) are offsets which are specific to each

cell and plane (which are, in fact, slightly redundant).

The time-of-flight for an event is likewise computed from T~ and T+:

T(i,j) = (T~(i,j) + T+(i,j)) + T£%J) + T^lTV) + T%, (2.11)

where T^n(i,j) + T^t(j) are offsets for individual cells and planes. T$f is an

offset used to synchronize the start time of each neutron's flight with the RF

signal from the accelerator. The earliest plane in which a neutron is detected

is used to compute neutron energy.
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The cell-specific offsets are determined with the aid of "cosmics." Cosmic

rays, which are usually highly relativistic muons, are known to travel in straight

lines through the detector, as depicted in Fig. 2.11. The parameters X^(i,j)

are adjusted until straight lines through all ten cells in a plane are reproduced,

and then 7^|u(i, j) are adjusted until the computed velocity of the cosmic ray

is constant. Cosmic rays are also used for pulse height calibration: it is known

that a minimally ionizing ray will deposit 21 MeV of energy when passing

through 10 cm of scintillator, and this fact can be used to adjust pulse height

gain factors until the "leading edge" of the energy deposition spectrum appears

in the proper place, as in Fig. 2.12. On-line, cosmic rays were used to adjust

the phototube bias voltages to balance the sensitivity of all 100 phototubes.

The plane-specific position offsets, X^"e(j), are determined from neutron

singles events, for which the distribution must be centered on the middle of

each cell. The plane-specific time offsets, !%£*"(}), as well as the RF offset,

T$f, are determined from gamma events, as illustrated in Fig. 2.13. Gammas

travel at the speed of light, so are known to arrive at T(j) = L(j)/c where L(j)

is the distance from the target to each of the scintillator planes. There is a

slight complication caused by the fact that the micropulses are closely spaced:

the micropulse period of 198.76 ns produces bursts of gammas separated by

only 59.59 meters, so there are multiple bursts of gammas on the flight path at

any given instant. Offsets are determined from the burst which arrives closest

in time to the RF neutron window. The offsets T^^fJ) are fine-tuned using

"(Pi?)" events from cosmic rays which score a hit in each of the six planes.

The RF offset fluctuated by as muck as 0.8 ns on a time scale of hours, as

illustrated in Fig. 2.14. This is probably due to thermal expansion/contraction



36

Figure 2.11: Illustration of a cosmic track through a plane of detector cells.
This type of event helps to determine cell-by-cell position offsets.
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Figure 2.12: Energy deposition spectrum for cosmic ray events. This is de-
rived from the geometric mean of phototube pulse heights from both ends of
a given cell. Gains and/or bias voltages for the phototubes are adjusted until
the leading edge is centered on 21 MeV (dashed line).



37

I
S

40000

30000

20000

10000

(illustration of
detector planes)

(gamma
spectra)

1725 1730 1735 1740
gamma TOF relative to RF signal (ns)

1745

Figure 2.13: Gamma time-of-flight peaks from the four neutron detector
planes, which are used to calibrate the plane-by-plane timing.
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changing the length of the coaxial cable carrying the RF synchronization signal.

If uncorrected, this fluctuation could degrade the energy resolution from 750

keV to about 1100 keV, but periodic off-line recalibration easily solves the

problem.

The bombardment energy Ep can be found after the correct time offsets

have been determined. First, the neutron energy En is found by calibrated

TOF methods for a well-defined peak, such as the 3.95 MeV 14N peak arising

from the uC(p, n) reaction. Then Ep is found from

Ep = En - Q + Eex + E^a + ^A£tst, (2.12)

where Q is the energy loss/gain in the gs —* gs reaction, Eex is the excitation

energy, £recoii is the energy absorbed by target recoil, and AEtt% is the energy

loss a proton would experience after passing through the entire thickness of

the target. For the 14N peak, Q — —0.63 MeV for the endothermic reaction,

Eex — 3.95 MeV, AEiKt = 0.18 MeV, and recoil is negligible. During cycle 56,

En averaged 490.0 MeV, so the average bombardment energy may be computed

as 494.6 MeV, with an uncertainty of 0.5 MeV due mostly to fitting uncertainty

of the En centroid. The bombardment energy varied by as much as 1 MeV, as

illustrated in Fig. 2.15. The largest variations correspond with times when the

LINAC phase was re-tuned. When adding runs together it is first necessary

to shift and align the spectra to some nominal Ep, or else the resulting energy

resolution is unacceptable.
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Figure 2.15: Fluctuation of proton beam energy during cycles 56 and 58 as
computed from the 14N 3.95 MeV peak. Error bars are primarily from fitting
uncertainty in the peak centroid. There is a time gap of 65 days between runs
2% and 315. Nominal energy is shown as a dotted line.
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2.3 Targets

The primary scattering target was enriched 14C; secondary targets included

deuterated polyethylene, 7Li, and thick natural carbon; and tertiary targets,

which are used mainly to study backgrounds, included 13C and an empty n**Ni

cell. Each will be discussed in turn.

carbon-14

The 14C target consisted of enriched amorphous carbon contained in an

electroformed nmtNi cell 3 cm wide, 1.2 cm high, and 0.5 cm deep with walls

50 fiTd thick. The enriched carbon was composed of 89 Atm% 14C and 11

Atm% 12C, as reported by the manufacturer [ALF 86]. The quantity of 13C is

unknown, but one may safely assume that the 12C : 13C ratio is the same as

the natural ratio, namely 1:0.0112. Given a total target thickness of 170 ± 15

mg/cm2, and applying the above assumption, the isotopic content of the target

is:

14C 151±13 mg/cm2

13C 0.21±0.02 mg/cm2

12C 18.7±1.7 mg/cm2.

There are several 14N states of interest produced by the i4C(p, n) reaction: the

(0+) isobaric analog state (IAS) at Eex = 2.31 MeV, which will be used for

calibrating the detector, and the 3.95 MeV (1+) and 13.72 MeV (1+) states,

which arise from GT transitions. Unfortunately, due to poor statistics, data

from the (1+) ground state are not useful for determining polarization.

These states are all identified in Fig. 2.16. The top histogram in this figure

is a "sum" histogram, proportional to cross section, and equal to L + R where
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Figure 2.16: Sum and difference histograms from the enriched 14C target.

"£" is the number of counts scattered to the left by the analyzer plane, and

tfi2" is the number of counts scattered to the right, for a normally (-f) polarized

beam. The bottom histogram is a "difference" histogram, equal to L — R, and

proportional to the product of the cross section and the coefficient £>,j- This

target was used only with a nominal bombardment energy of 494 MeV.

deuterated polyethylene

The deuterated polyethylene (CD2) target is used to gather data from the

3H(p, n)2p reaction, important as a secondary standard of calibration. In ad-

dition, the ground state of 12N is separated from the main deuterium peak, and

provides a 0 + —• 1+ GT reaction for study. This target had a thickness of ap-

proximately 780 mg/cm2, and was used at 318 MeV and 494 MeV. Histograms
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appear in Figs. 2.17 and 2.18.

lithium-7

The 7Li target was used to determine detector efficiencies and as a source of

a mixed GT+F reaction. The ground state and 0.43 MeV first excited state (§~

and |~) in 7Be are not resolvable from each other. This target had a thickness

of 721 mg/cm3, and was used at both 318 MeV and 494 MeV. Histograms may

be seen in Figs. 2.19 and 2.20.

natural carbon

This target was used as another source of data for the 12C(p, n)13N reaction.

The target was 1770 mg/cm3 thick, and due to its great thickness the energy

resolution is very poor. The target was used at 494 MeV only. Histograms may

be seen in Fig. 2.21.

carbon-IS

The 13C target, 96 mg/cm3, was useful for determining bombardment en-

ergy and due to its sharp peaks; also, 13C is a background for the enriched

"C.

nickel cell

An empty Ni cell identical to that used to hold the enriched 14C was used

to help study backgrounds. This target was used at 494 MeV only. Sum

histograms for both 13C and the Ni cell appear in Fig. 2.22, but statistics are

poor enough so that difference histograms are useless.
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Figure 2.17: Sum and difference histograms from the CD2 target.
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Figure 2.18: Additional sum and difference histograms from the CD2 target.
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Figure 2.19: Sum and difference histograms from the 7Li target.
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Figure 2.20: Additional sum and difference histograms from the 7Li target.
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Figure 2.21: Sum and difference histograms from the ""C target.
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2.4 Summary of experimental conditions

In Table 2.1 appears a summary of experimental conditions specific to each

cycle, including the Sight path as surveyed from the target to the front surface

of the first analyzer plane NAO, and details of the beam timing characteristics.

In Table 2.2 appears a summary of conditions specific to each target. The

proton polarization fluctuated, so it is important to compute the average Pp

for each target separately; likewise for the bombardment energy Ep, but since

Ep generally falls within one MeV of the nominal values of 318 or 494 MeV,

these nominal values are usually safe to use.

Table 2.1: Summary of data conditions specific to run cycle. "Beam gate"
refers to the effective macropulse length as selected by the data acquisition
electronics.

cycle

56
57
58
60

dates

5/28-6/28 1990
8/04-8/26 1990*
9/04-9/11 1990
8/23-8/24 1991

flight path
(meters)
400.09
200.02
399.89
200.05

macropulse
rate (Hz)

36-60
36
36
60

beam gate
(/«)
625
725
825
825

micropulse
period (ns)

198.76
198.76
198.76
198.76

'Data relevant to this thesis taken on Aug 4 only.
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Table 2.2: Summary of data conditions specific to each target. Proton current,
polarization, and energy are averaged over all runs in a given cycle. UN"
denotes N-type incident polarization.

target cycle time / Pp Ep

(hours) (nA) (%) (MeV)

CD2

7Li

56
58

56
57
58
60
60 N

56
57
58
60

141.68
67.22

19.49
7.11
5.55
9.46
0.77

20.10
4.38
7.86
0.45

54.0
71.9

51.4
61.2
74.8
52.3
53.3

54.0
57.6
72.2
27.1

0.517
0.540

0.463
0.578
0.472
0.645
0.630

0.469
0.579
0.507
0.652

± 0.010
± 0.010

±0.013
± 0.012
±0.011
± 0.011
± 0.018

±0.012
± 0.010
± 0.013
± 0.028

494.6
493.6

493.0
494.9
492.9
318.0
318.0

493.8
495.3
493.5
318.7

±
±

±
±
±
±
±

±
±
±
±

0.5»
0.5

1.0b

1.0
1.0
1.0
1.0

0.5c

0.5
0.5
0.7

12C 56 9.81 45.9 0.509 ±0.013 494d

13C 56 0.14 48.8 0.506 ±0.030 495.0 ±0.8e

60 0.18 50.2 0.556 ±0.025 318.9 ±0.7

Ni 56 0.59 51.7 0.515 ±0.020 494d

'Determined from 3.95 MeV state in 14N.
bEstimated from deuterium peak.

determined from 0.00 MeV state in 7Be.
dNo useful peak for energy determination, so nominal value is reported.

'Determined from 3.51 MeV state in 13N.



CHAPTER 3

DATA ANALYSIS

The goal of off-line data analysis is to reduce the tremendous volume of

raw TDC and ADC data into comprehensible histograms, to compute values

of asymmetry, and eventually to determine effective analyzing powers and PT

coefficients Aj- The key steps of the analysis are described in this chapter.

The process of replay to produce energy histograms is discussed first, then two

methods of calculating asymmetries from the histograms are compared. The

optimization of data selection cuts, computation of detector efficiencies, and

correction of the data for accidentals effects are all discussed, and formulae used

to compute Ann, Anp and Aj from the corrected asymmetries are presented. A

reader not interested in details of the analysis will find the process summarized

in the final section. Some of the target-specific details of background corrections

have been left to chapters 4 and 5.

3.1 Replay

Each of the data runs was replayed using the Q-system, with an analyzer

program, test file, and histogram file similar to those used during data acquisi-

tion. The purpose of the replay is threefold: (1) Due to limitations of computer

speed, not all of the recorded events could be processed on-line. Off-line replay
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allows recovery of unprocessed events. (2) Calibration of the detector timing

and position resolution is an iterative process, using results from one replay

pass to calibrate the next. In general, two passes are required to calibrate,

and one final pass is required to produce useful histograms. (3) Replay allows

refinement of data optimization cuts in the user-supplied test file, and allows

modifications to the histogram file and analyzer program.

Replay took place both in Los Alamos and Boulder, employing a variety of

computers. The bulk of the CPU time, amounting to several hundred hours,

was on the cluster of Vax computers at LAMPF's Data Analysis Center. Two

of LAMPF's Microvaxes, MPNTOF and MPNTF1, and the University of Col-

orado's Vax 8800 KAOS were also employed to assist with the task. During

the first replay pass, filtered sets of raw data were written in addition to the

histogram output. Subsequent passes using the filtered data enjoyed a time

savings of 75%, because useless events were not reprocessed.

The final product of the replay is a complete set of calibrated histograms

for each target. Most useful are the sixteen neutron energy histograms:

ENNLN ENNUN ENPLN ENPUN
ENNLR ENNUR ENPLR ENPUR
ENNRN ENNDN ENPRN ENPDN

ENNRR ENNDR ENPRR ENPDR

which are gated on channel (NN or NP), sector (L, R, U, or D) and polarization

state (N or R). These are used in the "sector" method of determining asymme-

try, and an example may be found in Fig. 3.1. Also useful are the 2-dimensional

energy and <f> histograms ENNN, ENNR, ENPN, and ENPR, which are used

in the "weighted sums" method of determining asymmetry. An example may

be found in Fig. 3.2.
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Figure 3.1: Example of histogram ENPLR, one of the sixteen histograms
required for the sector method of determining asymmetry. From cycle 56 CDs
data.
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Figure 3.2: Example of histogram ENNR, one of the four 2-d histograms
required for the weighted sums method of determining asymmetry. From cycle
56 CD2 data.
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3.2 Formulae for asymmetry

The neutron polarization in the N and 5 directions may be computed from

where Aea is the known effective analyzing power, and CN and cs are "asym-

metries" corresponding to to N and 5 polarization. The discussion here is

kept general enough to apply to either the (n, n) or (n,p) channel of detector

operation.

The total asymmetry is just the vector sum of the components:

+4- (3.2)

Asymmetries ts and £5 are found from the angular distribution of the particle

scattered by the analyzer. The distribution may be written as

/ ( * , <t>) = C^(9)[l + tN(0) cos <f> - es(0) sin <f>)A(0, <j>) (3.3)

where 9, is the polar scattering angle, <f> is the azimuthal scattering angle, such

that 5 = 0° and N = 90°, A{0,<j>) is the acceptance of the detector, and C

is an overall normalization constant. Two methods of extracting ejy and £5

are used at NTOF: the simple sector method, and the more complex weighted

sums method, and each will be described below.

3.2.1 Sector method

This is the simplest method of computing asymmetry. The (8,<j>) plane

is divided into four sectors: Left and Right, Up and Down, as pictured in

Fig. 3.3, with the sectors defined by polar angle limits G^,, and 0nu«, and
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Figure 3.3: Illustration of sectors in the (0, <f>) plane.

the azimuthal half-angle $. The asymmetries will be found by comparing the

number of counts falling in each sector.

Consider, for simplicity's sake, a vertically polarized neutron beam (P =

Ps). We may write the distribution

5^(1+ «wCOB*) (3.4)

where the explicit dependence on 6 has been suppressed, and the acceptance

A(<f>) is taken to be constant. The number of counts scattered Left and Right,

as defined by $, are

L = / * Nf(<f>)d<t> = - ( $ + ejvsin*) (3.5)

and

R = /*+* Nf{<t>)d<l> = - ( $ - eN sin $ ) (3.6)

where iV is the total number of counts accepted in the 0 bin. The asymmetry

may be found from

tN~ L + R sin*' ( 3-? )



54

and uncertainty in the asymmetry can be found from

\L6R + RHL]± 2*
Se=[ (L + R)* \ sinT (3l8)

The proton beam is toggled between (+) and (—) polarization states so to

cancel instrumental asymmetries, as contained in the "C" in Eq. (3.3). The

"symmetrized" numbers of counts are actually used in the above equations,

found from geometric means of the two polarization states:

= 2VL+Rr, 6L = VL+ + R- w

R = 2y/R+Ir, 6R = VR+ + L~ ss VR, (3.9)

where, for example, L+ is the number of counts in the left sector for (+) beam

polarity. L+ for the (n,n) channel is found from summing counts in the desired

energy region of the histogram ENNLN.

The asymmetry in the orthogonal direction may be found by substituting

cjv —+ es, L —* D, and R —* U in the above equations, which is just a T / 2

rotation of the coordinate system.

3.2.2 Weighted sums

An alternate method of computing the asymmetry is the weighted sums

(WS) method, explained in detail in [BESS 79]. The method makes use of the

entire 360° range of (f> data, and so is statistically more efficient. To use this

method, data must be binned according to the azimuthal angle, as pictured in

Fig. 3.4.

Let i denote each angular bin, and let n, be the the symmetrized number
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Figure 3.4: Illustration of binning in the
(9,<j>) plane used in the weighted sums
technique. For each bin i, the angle at the
center of the bin is defined as fa. Only
those events with 0min < 9 < 0m a x are
retained.

counts in each bin, such that

-(<j>i + * ) , 6m = ^y/n+(<f>i) + « " (& + v) (3.10)

where n+(0) is the number of counts observed in a bin when the beam polarity

is (+), and n~(<f>) is the number of counts when the polarity is (—). The

asymmetries may be found from

n,-

and

C5 = = , , „ r~2l r^ Z—: TT^ ^~7 7"> \o.l£)
2^i Tli COS* <f>i 2_,i Tli Sin 9>» — 2̂ ,1 ni S l n W COS^i 2^i ^ i S in^ i COS?*,-

and the uncertainties in the asymmetries may be found from

I > ,,• tii cos pi 2 ,̂,' Uj s in >̂,- — 2-ri **« sin^i costp,- 2_,t- n,- sin^>j cos^,*

Sin^i COS<Pj E i ni Sin<Pi -

,- E«««si

E» n«
i rii cos2<j>i E i »i sin2^,- - E i »• sin^i cos^, E i «i sin^,- cos^,-

(3.13)
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and

, 2 _ V" e 2 \ — COS ĵ Hi ni S»P& c o s & ~ S'l^i COS ĵ Hi Tlj COŜ ,'

S j i [Hi ni cos2& Hi m s\n2(f>i — Hi»»sin& cos& Hi »i simjn cos^t-

sVj Hi ni sm^f 4- sin^j Hi nt cos2^,-

Hi ni cos2<f>i Hi ni sin2^,- — Hi n« s>n^» CO8& Hi ni s'n^i

Hi ni cos2 <f>i Hi ni sin2 fa — X!)i «t sin ,̂- cos^, J î n< siafa cos ,̂-

(3.14)

The advantage of the WS method is slight. Monte Carlo techniques used to

study the statistical advantage of this method indicate that WS uncertainties

are only «4% smaller than those produced by the sector method; a significant

advantage is found only when the asymmetry is much larger than the values

found at NTOF, as can be seen in Fig. 3.5.

•I-

0.1 0.2 0.3 0.4 0.5 0.6 0.7
asymmetry €

Figure 3.5: Comparison of the statistical uncertainties produced by the sector
method and weights sums (WS) method, o's are from a Monte Carlo simulation
employing a detailed model of the detector, and x is an example from cycle 56
7Li data. At NTOF, |e| < 0.15, so the advantage of the WS method is slight.
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In addition to complexity, the WS method has the disadvantages of difficult

background subtraction, and bias when the <j> bins are chosen too large. Unless

one is required to squeeze every last bit of information out of a set of data, it is

better to use the simpler technique. All of the final results in this thesis have

been produced using the sector method.

3.2.3 Addition of asymmetries/background removal

When an observed asymmetry eob» results from several component asym-

metries €,-, each with Ni counts, then

One may apply Eq. (3.15) to isolate signal from background: if the observed

number of counts iVob. is the sum of signal and background counts A^f and

, then

(3.16)

or

Cig = W / « i " *bg(l ~ /««)//««> (3-17)

where fc% = N^/Nob,. The error in the signal asymmetry is given by

dc«g = -FT +FT + f i + J A •
J»ig Jtig Jtig

One final note on asymmetries: It should be noted that there can be an"

ambiguity concerning the sign of €N or e$, which depends on the choice of

coordinate system. The author will add to this ambiguity by preferring to

report the absolute value of e, noting that the sign can be recovered from the

sum/difference histograms in Chapter 2.
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3.3 Optimization by event selection

Not all coincidence events are useful for determining asymmetry, and for

optimal performance of the polarimeter, many events must be rejected: Some

events involve a multiple or inelastic scatter in the analyzer planes; these may

have little analyzing power. Some events are from Compton scattering of

gamma rays, or from "accidentals," which have no value for polarimetry. Some

events, called "wraparounds," are generated by slow neutrons from a previous

beam pulse and have incorrectly determined energy Ent and some events are

observed with polar angle 9 so large that the analysing power is zero or nega-

tive, or with azimuthal angle <j> so close to borderline that little information is

contained in the event. Software cuts applied to the quantities <j>, 6, interplane

velocity, and pulse height are used to select events, and by selecting carefully,

one can minimize background corrections and maximize the figure-of-merit.

3.3.1 Figure-of-merit

One rule of thumb for polarimeters is that the figure-of-merit (FOM) is

given by

FOM = NAlg, (3.19)

where N is the total number of accepted counts and Aea is the effective detector

analyzing power. By maximizing this quantity, one minimizes uncertainty in

the final result. A derivation appears in Appendix A. Occasionally it will be

more convenient to use alternate definitions of FOM, such as

FOM = l/(6Pn)
2 (3.20)
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in cases where 6Pn is easy to compute directly, and

where N{ is the number of counts and e, is the asymmetry in a bin with label

i. Except for an overall normalization, these alternate definitions are both

equivalent to NA\a.

3.3.2 Optimization of sector angle $

If the sector method is used to compute polarization, it is necessary to

choose the parameter $ which defines the Left, Right, Up, and Down sectors.

The choice should be made so to maximize the FOM.

simple estimate

A simplistic treatment of the problem yields a good estimate for optimal

$. It is shown in Appendix A that the FOM is a maximum when y/$ + sin $

is a minimum. This is true when tan $ = 2$, or $ w 66.78°.

sample <f> data

The simple estimate of 66.78° does not consider resolution effects, accep-

tance, or binning which takes place in the detector. In Fig. 3.6 appear his-

tograms of observed (j> data, where it can be seen that the distribution f(4>) is

quite different from the assumed sinusoidal function. Spikes which appear at

0° and 180° are a combined effect from binning into horizontal cells in planes

Al and CO. Similar spikes appear at ±90° in the (n, n) channel due to the

binning into vertical cells in planes A0 and Cl, but these do not appear in the
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Figure 3.6: Sample histograms of azimuthal scattering angle <f> from cycle
56 7Li data. Both (n,n) and (n, p) detector channels are represented. Zero
degrees corresponds to an event scattered horizontally to the left.

(n,p) channel because plane Cl contributes little to the (n,p) channel. These

particular histograms are averaged over normal and reverse polarization states,

so no asymmetry should be visible.

Monte Carlo verification

Because the <f> distribution is distorted, the simple estimate for optimal $

may not be valid. A Monte Carlo program (Appendix B) serves to model the

detector more realistically. In Fig. 3.7 appears a calculation of FOM vs. $

which indicates that the simple estimate of 67° is adequate. The choice of $ is
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not critical: as long as it is chosen within ±10° of the optimal value, at least

93% of the FOM is retained.

3.3.3 Optimization of 9 window

Selection of events based on polar angle 9 is important to prevent dilution

of the analyzing power by events with small, or negative, analyzing power.

In addition, events with small 9 will have a large uncertainty 6<f>, and it will

be impossible to determine accurately whether the particle was scattered left,

right, up, or down. A discussion of the optimal limits 6mm and 6m»x follows.

sample 9 data

Sample histograms of 9 appear in Fig. 3.8. Values of 9 may be as large as

50°, but the analyzing power A($) is positive only out to 32° for the free (n, n)

channel at 500 MeV, and 51° for the free (n,p) channel [ARN 83], so many



62

.3
aou

2000

1500

1000

500

n

• i r% i
jj i

i X
':

(n.n) ;

-

, -

r i l V » i i l l '

6000

8000

4000

2000

n

- A
: r
M
1

Vf l
I

. . . . ii. .

n

S (n.p)

\

\
. i . . . . i...?>

1 ':
1

1 J
1 :
I "
1 :
1 "

•xJ.. i.:

0 10 20 30 40 50 0 10 20 30 40 50
theta (deg) theta (deg)

Figure 3.8: Sample histograms of polar angle 6, taken from cycle 57 7Li data.
Both (n,n) and (n>p) detector channels are represented. The spikes in the
(n,p) channel histogram result from binning into discrete scintillator cells.

events must be rejected on the basis of poor analyzing power A(9). Dashed

lines in Fig. 3.8 indicate the window for event selection, determined by FOM

optimization.

FOM optimization

In Fig. 3.9 appear contour plots of FOM vs. ©„„„ and 0m»x, normalized to

a maximum FOM of 100. For the (n,p) channel, the choices of Qm^ = 45° and

= 11° are obvious from the figure. For the (n,n) channel, the upper limit

is chosen as 30°, while the lower limit ©„„„ is chosen conservatively as

8° because the uncertainty in azimuthal angle is acceptable (8<t> « 12°) when

polar angle 6 = 8°. This uncertainty grows rapidly for smaller values of 9\ in

Fig. 3.10 appears a prediction of the uncertainty in ^ as a function of 0. This

conservative lower limit requires a sacrifice of some of the FOM, but one gains

confidence in the results.
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Monte Carlo verification

The 0 optimization employed only Ev = 494 MeV data, but care must be

taken to choose 9 windows applicable to all energies. Monte Carlo methods

were used to compute the FOM as a function of Gmin and 0m a x at 200, 500,

and 800 MeV. It was determined that more than 90% of the FOM was retained

at all energies when the above windows of 8-30° for {n,n) and 11-45° for (n,p)

are used.

3.3.4 Optimization of vratio window

Data selection based on the kinematic quantity "vratio" is important to

ensure that only good free or quasifree scattering events in the analyzer plane

are retained. Various kinematically dissimilar events can be eliminated by

comparing the velocity of the proton or neutron scattered from the analyzer to

the expected velocity of the particle predicted by known N-N kinematics. Some

events which can be eliminated (or at least reduced in number) are: 12C(n, n'x)

and 12C(n,px) inelastic events, which produce particles with lower velocity

than those from free N-N scattering; "wraparounds," which also yield slow

scattered particles; Compton-scattered gammas, and the electrons produced

from Compton scattering, which have higher scattered velocities than expected;

backyard-moving particles from cosmic rays or scattered neutrons, which have

negative velocity; and "accidentals," which can have virtually any apparent

velocity, including the correct one.
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definition of vratio

Vratio (Ry) is the ratio of the observed velocity of the particle traveling

between the analyzer and catcher planes to the predicted velocity, based on free

N-N kinematics. The observed velocity is found simply as:

(3.22)
*c — *a

where AD is the distance between the analyzer and catcher hit locations

(114 cm < AD < 215 cm), and ta and tc refer to the times of the analyzer

and catcher hits. The velocity is predicted from nucleon-nucleon kinematics to

be
2ccos$y/En/(En

VNN " 1+cos**£?„/(£;„+ 2mn)'

where En is the incident neutron energy derived from the timing of the analyzer

hit, 9 is derived from analyzer and catcher hit locations, mn is 939.57 MeV/c2

(assumed for both protons and neutrons), and c is 29.98 cm/ns. The ratio of

these two quantities,

^ = ^ * , (3.24)
VNN

should be equal to approximately unity if the event arises from an (a,n) event

in the analyzer. In cases where the intermediate particle is a proton, there is

an average energy loss of 35 MeV in the intermediate scintillator, steel tank

walls, and air; thus the expected value of Rv is slightly smaller than unity for

the (n,p) channel.

sample vratio data

In Fig. 3.11 appear sample histograms of vratio. Note that there is a peak

near the expected value of 1.00 for the (n,n) channel. These peaks are as wide
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Figure 3.11: Sample histograms of the quantity Rv. Upper histograms are
for "all events," lower histograms are for "background" events selected on the
basis of neutron energy. Numbered ticks in the lower histograms are for various
orders of wraparounds, as explained in the text. Quasifree events will also have

as expected, given the time and position resolution of the detector. The (n,n)

channel has a hump near Rv = 1.40 due to gamma rays, and a prominent

shoulder with Ry < 1.00 due to quasifree scattering, inelastic scattering, and,

"wraparounds". There is a similar shoulder for the (n,p) channel, although it

is less prominent due to the more stringent particle identity tests required for

(n,p) classification, and greater efficiency for valid {n,p) events. Dashed lines

show the windows for event selection: Rfa = 0.92, i^1" = 1.12 for the (n,n)

channel, and R™n = 0.90, R^** = 1.10 for the (n,p) channel.
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Also appearing in this figure are "background" vratio spectra, which display

those events with observed neutron energy greater than 500 MeV. Because

En > 500 MeV is impossible, these must be events with misidentified energy,

such as wraparounds events which are described below.

wraparounds

"Wraparounds" are slow neutrons from preceding beam bursts which hap-

pen to fall within the RF timing window for a later burst. The flight time is

thus incorrectly computed, so that

t'a = ta - rnr^ (3.25)

where t'm is the observed flight time, ta is the true flight time, m is a positive

integer, and rMP is the micropulse period. As a result, the observed velocity v'

is larger than the true velocity v, and the observed energy E'n is larger than

the true energy En:

v' = v-—- (3.26)

{l - [i/dJT* -1

where L is the flight path. These slow neutrons can therefore show up in the

energy spectrum along with the prompt neutrons.

In Fig. 3.12 appears a complete energy spectrum from the 12C(p, n)12N On

this spectrum, the true energy regions for wraparounds with m = 1 to ra = 4

are indicated; the false energies E'n fall in the prompt neutron window, which

is indicated with the label "0". reaction with conditions similar to cycles 56 &

58. Of particular interest are the m = 2 wraparounds, which have true energy
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corresponding to the A-excitation peak: near this peak the scattering cross

section is large, so the likelihood of m = 2 wraparounds is increased.

Fortunately, the slow neutrons from wraparounds produce slow secondary

scattered particles, with resulting Rv significantly less than unity. This makes

the Ry cut very effective in removing wraparounds. Referring again to Fig. 3.11,

tick marks can be seen ;vhich indicate the predicted Rv of wraparounds for

various values of m. A few m = 1 wraparounds might pass the Rv cut, but the

majority will be rejected.

FOM

The R^ limits are chosen more for background considerations than for op-

timization of FOM, but it is still of interest to consider the FOM as a function

of the window limits R™a and Rl*** The chosen limits, indicated by *'s in
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Fig. 3.13, are quite conservative, but such a narrow window is necessary to

ensure that wraparounds, accidentals, and gammas be rejected. These are all

contaminants which depend on details of the target, flight path, micropulse

spacing, and beam energy, so to ensure reproducibility they must be elimi-

nated as effectively as possible. It is interesting to note that the FOM for the

(n,p) channel could be increased by at least 20% if the lower limit were cho-

sen as i?™n = 0.80 or smaller. This implies that some useful analyzing power

resides in quasifree events in the low-velocity shoulder, a topic which shall be

considered in Chapter 4.

3.3.5 Pulse height

Event selection based on pulse height (energy deposition) in the analyzer

plane has been used effectively at the IUCF neutron time-of-flight detector

[TAD 85]. Because Compton scatters, various inelastic channels, cosmic rays,
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and low energy wraparounds will deposit different amounts of energy in the

detector than "good" events, pulse height may serve as an event filter. How-

ever, for the NTOF detector at LAMPF, no increase in FOM was obtained

by applying pulse height cuts, so the techniques of the IUCF polarimeter are

not employed at LAMPF. A pulse height lower limit of 3 MeV is chosen so to

define a definite threshold, rather than just accept the CFD thresholds, which

are only approximately matched; this ensures reproducibility. An upper limit

of 300 MeV is chosen, which is effectively infinite.

In Fig. 3.14 appear sample pulse height histograms from planes AO and Al.

The large peak in (n,p) channel Al pulse height centered near 40 MeV is due

to the energy lost by protons converted in plane AO.
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Figure 3.14: Pulse height histograms for the analyzer planes AO and Al.
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3.4 Efficiency

Neutron polarimetry does not require exact knowledge of detector efficiency.

However, knowledge of the efficiency and event rates is required for "acciden-

tals" corrections to the asymmetry, which will be discussed later. Efficiency is

defined as the fraction of the neutron flux incident on the solid angle of the

detector which is usefully detected. It is determined by using a 7Li target with

known cross section to produce a known neutron flux. Once the efficiencies are

determined, they will be used to find neutron flux for each of the other targets.

3.4.1 Formula for efficiency

An equation for the efficiency can be written:

( 3 ' 2 8 )

where the parameters are as follows.

: The number of counts in the primary 7Li peak which have passed the

appropriate tests for a given mode of operation (singles, coincidence, etc.).

: The prescale factor for the given mode. In order to prevent the

data acquisition system from being overwhelmed by singles events, this

prescale factor was set to about 500 during run cycle 58, and about 200 for

all other cycles. The prescale factor is unity for (n,n) or (n,p) coincidence

events.

Nr: The number of protons incident on the target, as determined from the

Faraday cup (FC). The FC reported one pulse for every 10~10 Coulombs,
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reported in sealer #5, thus the total number of protons was FC pulses

X6.241457 x 108. The absolute error of the FC is estimated as 5%.

da/dil: The differential cross section for the 7Li(p,n) reaction at zero degrees.

This is known to be 27.0 ±0.8 mb/sr (center of momentum) over a broad

range of energies, including the range of interest [TAD 90a]. Laboratory

cross sections are 37.9 mb/sr at 318 MeV, and 39.4 mb/sr at 495 MeV.

AS7: The solid angle of the detector. Because the detector was small com-

pared to the flight path L, the approximation can be used that AH =

AXAY/L2. AX and AY are approximately 1.02 m and 1.07 m, giving

a solid angle of 27.3 ,usr for 1=200 m, and 6.82 fiat at Z=400 m.

nt: The number of scattering centers per unit area of the target. The "thick

lithium" target had px = 721 mg/cm2. Therefore, nt = 6.203 x 10"5

atoms/mb. Estimated error is 1%.

/trans! The neutron transmission factor. This ranged between 0.55 and 0.75,

depending on energy and flight path.

//: The live fraction, determined as the ratio of taped triggers (sealer #8) to

total events (sealer #6). For 7Li runs this fraction averaged 0.808 during

c56, 0.316 during c57, 0.804 during c58, and 0.554 during c60.

3.4.2 Efficiency results

The measured efficiencies, are given in Table 3.1, averaged over cycles 56,

57, 58, and 60. The averages include data from both Ep = 318 and 494 MeV.

While there is no guarantee that efficiency is independent of energy, evidence
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Table 3.1: Average detector efficiencies, as determined from 7Li measure-
ments.

mode notation efficiency
raw singles
raw coin, (both)
raw coin. (n,n)
raw coin. (n,p)

singles
coin, (both)
coin. (n,n)
coin. {n,p)

analyzer sing.
catcher sing.

e'coia

<»

^coin

enn

g M

0.266
0.03704
0.01072
0.02632

0.240
0.00768
0.00166
0.00602

0.145
0.095

±
±
±
±

±
±
±
±

±
±

0.026
0.00139
0.00072
0.00119

0.026
0.00041
0.00015
0.00038

0.014
0.013

for independence at the 10 — 15% level can be found in [RYB 89]. Values from

the four cycles are generally in good agreement, with the exception that 318

MeV singles efficiencies (e^nE, e«ng, eM, and eK) are each about 14% larger than

the average values reported in Table 3.1. Explanations of the quantities appear

below.

The "raw" efficiencies (denoted by primes) are reported for singles mode,

combined coincidence, and (n,n) and (n,p) coincidence. None of the data selec-

tion cuts have been applied, such as position, energy, or pulse height. Singles

are not prescaled, and coincidence events need not fall within 0 and Ry win-

dows.

The unprimed efficiencies e,ing, eeoj,,, enn and enp have had all of the usual

data selection and optimization cuts applied. Only 1/6 of the raw (n,n) events

and 1/4 of the raw (n,p) events are retained as useful, and overall less than
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one percent of the neutrons incident on the detector are used for polarimetry.

It is interesting to note that the (n,p) channel is nearly four times as efficient

as the (n,n) channel, yet since it is expected to have only 1/2 of the analyzing

power of the (n,n) channel, both are roughly of equal value for determining

asymmetry, recalling that FOM=iVy42.

The singles efficiencies of the analyzer alone (NAO + NA1) and the catcher

alone (NCO + NCI) are required for the calculation of accidentals rates. Mod-

elling neutron attenuation within the detector is complicated, and a simple

model will poorly predict the efficiencies for NAl and NCI, as is illustrated

in Fig. 3.15. In reality there can be elastic scatters in the scintillator fluid,

in-scattering off the metal framework of the detector, and a variety of other

difficult-to-model effects, which all contribute to accidentals and must not be

neglected; therefore, the efficiencies e u and eK are best determined empirically.
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One further quantity of interest, which unfortunately is inaccessible, is the

rate of of "proton singles" in the catcher (no hit in CAO or the analyzer, and

a hit in both CCO and the catcher). This rate is relevant to the prediction on

(n,p)-type accidentals. The rate is small because it is caused mostly by protons

from rare (n,p) scatters off the detector frame or near the rear of plane NA1.

Unfortunately, such events are vetoed in the detector electronics and are never

recorded, so there is no easy way to study them.

3.4.3 Neutron flux

A quantity which shall be useful is the average neutron flux per micropulse

incident on the detector, which shall be denoted with the Poisson parameter

pL. This is a calculable quantity for the 7Li data, but it is needed for all other

targets as well. Now that the detector efficiencies are in hand, it is possible

to to determine ft for all targets, with the most reliable results found from the

(n,p) channel due to superior statistics. Values of ft are found from

fir <3-29)
Jl -"'^p

where iVMP is the total number of micropulses, and iVmode is is the total number

of counts in the {n,n) or (n,p) channel which pass the appropriate particle

identification tests. These choices of Nmode will determine the rate of incident

neutrons occurring within the RF window, rather than the total rate which

includes slow neutrons; however, it is this RF-gated rate which is actually

required. Values of this fi appear in Table 3.2.



Table 3.2: Incident neutron rates fi for various targets. Uncertainties are
about 6% (relative), due mostly to rLi normalization uncertainty.

cycle
56

57

58

60

target
7Li
'Li

CD2
12C
14C

'Li
CD2
40Ca

1 4 C

'Li
'Li

CD2

'Li
CD2

CD2
1 3 C

NFb

NF

q-freec

NF

(i from (n,n)
0.0278
0.0310
0.0212
0.0147
0.0028

0.1842
0.1674
0.0690

0.0031
0.0352
0.0383
0.0317

0.0512
0.0824
0.0826
0.0102

fi from (n,p)*
0.0278
0.0308
0.0217
0.0154
0.0029

0.1933
0.1814
0.0820

0.0032
0.0353
0.0384
0.0326

0.0487
0.0769
0.0764
0.0095

*(«,/>) results are considered most accurate.
b"NF" refers to a reduced set of non-filtered runs.
cIncluded as an example of exp #881 quasifree data at 18°.
dN-type incident polarization.
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3.5 Doubles and Accidentals

When two or more uncorrelated particles are detected during a given mi-

cropulse, a "double" event or an "accidental" event may occur. Doubles cause

rejection of good events, reducing detector efficiency, and accidentals mimic

good coincidence events, diluting the asymmetry observed by the detector.

These two types of events shall be discussed in the sections which follow, and

a procedure for correcting the asymmetry for their combined effect shall be

outlined.

3.5.1 Doubles

A "double" event occurs when there is a valid (n,n) or (n,p) coincidence

in conjunction with one or more uncorrelated hits. Because there are three

or more hits, the analyzer rejects the entire multiple-hit event. Some illus-

trations of rejection doubles appear in Fig. 3.16. An improved version of the

analyzer program, the work of William Sailor, was written to handle better

such multiple-hit events by determining which pair of events is most likely to

be the valid coincidence. However, this version of the analyzer was not used in

the analysis because the slight increase in efficiency did not offset the significant

increase in complexity. It should be noted that there is not universal agreement

on the terminology to used describe these events. The word "accidentals" is

used in [PRO 92] for events that in this thesis are termed "doubles".
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Analyzer

Analyzer

Catcher

Catcher

Figure 3.16: Illustration of double events which cause rejection of a good
event.

effect of doubles on asymmetry

The effect of doubles can be seen in the following simplified equations. If

the true numbers of particles scattered left and right in a hypothetical detector

are L% and Rt, then the true asymmetry is given by

e, = kjzA • (3.30)
Lt + Rt sin $

If doubles are present, good L and R events will be rejected with equal prob-

ability. The observed numbers of particles will be proportionally smaller than

the true numbers:

Lo = aLt
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Ro = ccRt (3.31)

where a < 1. The observed asymmetry is

Lo-Ro

Ro sin

— aRt

+ aRt sin $

" £, + /?, sin $ '

which is the same as the true asymmetry; thus, double events by themselves

have no effect on asymmetry. They do reduce efficiency, which can aggravate

problems caused by accidentals, so they cannot be ignored.

rate of doubles

If coincidence efficiencies enn and enp are known as well as and raw singles

efficiency e'tinV it is possible to predict the rate of doubles. As a fine point, it

should be noted that e'tinf should also include "proton singles" in the catcher;

however, since there is no reliable way to determine the rate of such events,

and because there is little evidence that such events affect the data, they will

be neglected.

First, assume that the neutrons incident on the detector obey Poisson statis-

tics. Then n neutrons will occur in a given micropulse with probability:

P(n) = ̂ f; (3.33)

where n is the average number of neutrons per micropulse. For a double event to

occur, there must be a true coincidence involving one neutron, and at least one
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hit involving a different neutron. Thus, for n incident neutrons, the probability

of rejection from a double is

Ptei(n) = ncc[l - (1 - c ^ ) - 1 ] , (3.34)

where ec may refer to either enn or enp, depending on the specific quantity one

wishes to compute. To determine the rate (or probability) per micropulse, a

weighted sum over all possible n is required:

i'rej = E P(n)Piei(n)
n=0

n=0 '*•

= nec(l - e'11''''*). (3.35)

The rate of unrejected coincidence events is found straightforwardly as:

= /xece-"e'i-«. (3.36)

It has been reported in a previous section that enn = 0.00166, enp = 0.00602,

and eging = 0.266. Using these values, the rejection rates may be computed.

The rates are illustrated in Figs. 3.17 and 3.18. A "worst case", which occurred

during cycle 57, had fi = 0.19, and resulted in 5% of good (n,n) and (n,p) events

being rejected as doubles. During early NTOF experiments, rejection rates as

high as 11% were observed [PRO 92].
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3.5.2 Accidentals

An "accidental" occurs when there is one hit in an analyzer plane and one

hit in a catcher plane from an uncorrelated particle, a pattern which mimics a

valid coincidence. This type of event is illustrated in Fig. 3.19.

Analyzer Catcher

Figure 3.19: Illustration of an accidental event.

It is assumed that neither particle is in addition part of a valid coincidence;

otherwise, the event would be a "double." It is far less likely that an (n,p)

coincidence will be simulated than (n,») due to the additional detection in

plane CCl required for (n,p) classification, so only accidentals which simulate

(n,n) coincidences will be considered here. Accidentals can be more harmful

than doubles because they dilute the asymmetry.

effect of accidentals on asymmetry

The effect of accidentals can be seen in the following simplified equations:

Again, let Lt and Rt be the number of true left- and right-scattered events in

our hypothetical detector, and let B be the total number of accidentals falling

in the L or R sectors. These accidentals must have a net asymmetry of zero,

so B/2 will appear as left scatters, and B/2 will appear as right. The observed
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L and R counts will be

Lo = Lt + B/2

Ro = Rt + B/2 (3.37)

The observed asymmetry will be:

L o — Ro

Ro sin$

B/2)-(Rt

(3.38)

This observed asymmetry is equal to the true asymmetry multiplied by a factor

(L + R)/(L + R + B) < 1, so the asymmetry is diluted.

rate of accidentals

The rate of accidentals can be predicted if the analyzer and catcher effi-

ciencies e^ and eK are known, as well as e^,in = e'nn + e'np. The efficiency

e«c = eK •*• (1 — ew), which is the probability of a detection in the catcher when

it is known there was no analyzer hit, will be used as an intermediate variable.

For n incident neutrons, the probability for exactly one analyzer hit and

one catcher hit, neglecting redefcected particles, is:

ftee(n) - new(l - e,.)""1 (n - l)e£(l - < ) " *• (3-39)

This must be slightly modified, however, when one considers the possibility

that the analyzer hit is part of a true nn or np coincidence. Then, a type
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of "double" occurs, and the entire 3-hit event is rejected. Considering such a

possibility,

l - * . ) - » (n - 1)<£(1 - e^)""2. (3.40)

Multiplied by the Poisson probability and summed over all n, this gives for the

observed accidentals rate:

(3.41)

Note that the rate of accidentals has a quadratic dependence on /*, while the

rate of good coincidences depends linearly on /i. This means that accidentals

are harmless at sufficiently low neutron flux, and that the accidentals rate can

overwhelm the rate of good coincidences if the neutron flux is sufficiently high.

In the rate calculation both for doubles and accidentals, a minor point

has been overlooked: two coplanar hits in adjacent cells are considered by the

analyzer program to be a single hit, and do not cause an automatic rejection.

This may cause as much as a 10% error in the predicted doubles rate, 1% in

the accidentals. It is difficult to correct for this effect in the rate predictions,

because the correction depends on the time-distribution of incident neutrons

and on details of the analyzer program. The effect on the final asymmetries is

negligible.

It has been estimated that eM = 0.145, eK = 0.095, and e'coin = 0.037. With

these numbers, the rate of false (n,n) accidentals can be computed for any /*;

the results are illustrated in Fig. 3.20. In the "worst case", with /i = 0.2, the
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Figure 3.20: (n,n) accidentals rate compared with true (n,n) rate.

false (n,n) accidentals rate is 1.2 times larger than the true rate! Most of these

accidentals will be eliminated by the R? cut, but enough will survive to make

it necessary to correct the data for asymmetry dilution.

vratio and theta cuts, and the program FPASS

Accidentals must pass the same data cuts as good events, so a large fraction

are filtered out by the analyzer program. A Monte-Carlo program FPASS was

written to help determine what fraction of accidentals survive the filtering

process. This program is described in Appendix B.

Most effective in rejecting accidentals are the cuts on the quantities Ry

and 0, both discussed in an earlier section. For (n,n) coincidences, R,, was

selected between 0.92 and 1.12, and $ between 8° and 30°, just as for real data.

Distributions of Rv and 9 for accidentals, generated by Monte-Carlo, appear
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in Figs. 3.21 and 3.22. Note that Rv for some accidental events is negative,

which occurs when the catcher hit is earlier than the analyzer hit: certainly

such negative-velocity events must be rejected. Spikes in the 0 spectrum arise

from the cellwise binning of hit location. Only a small fraction (< 15%) of

accidentals survive the data cuts, but this fraction is not uniform across the

energy spectrum.

Let fpau(E) be the fraction of accidentals with energy E which pass both

the vratio and theta cuts, where E is determined from the energy of the neu-

tron striking the analyzer plane, exactly as it would be determined for a true

coincident event. The program FPASS computes the values of fpaMa(E)i and

some typical results appear in Figs. 3.23(a-d). It is clear from these figures that

fpan(E) is significant only where sharp peaks appear in the spectra. Because

the instantaneous event rate is higher within the peaks, a larger fraction of ac-

cidentals (although never more than 50%) are able to survive the Rv cut. For

well-distributed spectra, such as calcium in Fig. 3.23b, almost no accidentals

survive the Ry and 6 cuts. A summary of results from FPASS appears in a

future table.

3.5.3 Correction procedure

When the effects of doubles and accidentals are combined, the efficiency

losses from doubles will aggravate the asymmetry dilution from accidentals.

Here follows a formula for correcting the asymmetry for the combined effects,

as well as a summary table of results useful for making these corrections. Again,

only false (n,n) accidentals are considered due to the rarity of false (n,p) acci-

dentals.
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Figure 3.21: Typical Rv distribution for false (n,n) accidentals, generated by
a Monte-Carlo simulation. Dashed lines indicate the window for "good" data,
as accepted for analysis.
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Figure 3.22: Typical 6 distribution for false (n,n) accidentals, also from a
Monte-Carlo simulation. Dashed lines indicate the window for "good" data.
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Figure 3.23: Sample results from program FPASS. (a) is "C from cycle 56,
(b) is 18° 40Ca from cycle 57, (c) is 7Li from cycle 58, and (d) is CD2 from cycle
60. The quantity fp*,,{E) may be found by dividing the smaller histogram in
each figure (which bus vratio and theta cuts applied) by the larger (raw neutron
spectrum).
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A certain fraction ft of the observed events are true (n,n) coincidences,

valuable for polarimetry. This fraction is

ft —

] . (3.42)
The true asymmetry et may be found &s

et = j , (3.43)
Jt

Which is a contraction of Eq. (3.17).

In Table 3.3 appears a summary of /p^, and ft for various targets of interest.

Because /« is dependent on energy, the region m En used for the calculation

also appears. The rightmost quantity in the table, "% effect," is equal to

100 x (e< — £o)/coi &nd the relative uncertainty in this quantity is estimated as

10%. It can be seen that corrections to 14C IAS data are very small, which is

fortunate for the 494 MeV A^g calibration, and the correction to the cycle 60

deuterium data is less than 5%, which is fortunate for the 318 MeV calibration.

Both deuterium and lithium data from cycle 57 suffer a large correction; thus

it is the decision of the NTOF collaboration not to rely solely on these data

for cross-calibration purposes.
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Table 3.3: Computed values of /pu, and ft for various targets

cycle
56

57

58

60

target
7Li

CD2
CD2

14C
14C
14C

7Li
CD2

CD2
40Ca

7Li
CD2
CD2
14C
14C
14C

7Li
CD2
CD2

CD2

CD2

state
gs+
Cgs

D
gs

IAS
3.95
13.7

gs+
Cgs

D
qfree

gs+
Cgs

D
IAS
3.95
13.7

gs+
Cgs
D

C gs (N)
D(N)

En (MeV)
489.1-493.8
473.2-476.6
479.0-492.9
470.5-477.1
491.1-492.5
489.2-490.9
479.6-481.1

489.5-495.0
474.5-478.5
482.0-494.5
341.0-467.5

488.3-493.0
473.2-476.2
478.2-492.1
490.2-491.5
488.1-489.9
478.7-480.1

313.7-318.1
297.9-301.4
303.5-317.3
297.9-301.4
303.5-317.3

0.213
0.031
0.110
0.100
0.107
0.125
0.056

0.213
0.039
0.150
0.012

0.225
0.034
0.115
0.106
0.134
0.057

0.192
0.025
0.103
0.025
0.101

ft
0.965
0.996
0.986
0.991
0.998
0.998
0.999

0.793
0.958
0.856
0.994

0.953
0.993
0.977
0.998
0.997
0.999

0.945
0.988
0.953
0.983
0.955

% effect
3.5
0.4
1.4
0.9
0.2
0.2
0.1

20.7
4.2
14.4
0.6

4.7
0.7
2.3
0.2
0.3
0.1

5.5
1.2
4.7
1.7
4.5
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3.6 Formulae for effective analyzing power

Given a reaction with known Z?t£,(0°) value, the effective analyzing powers

for the {n,n) and {n,p) channels can be found most simply as:

Ann = j n £ r , (3.44)

and

where enn and enp are the asymmetries from the (n,n) or (n,p) channel. The

asymmetries are found as the the vector sums of e™ and eg", ejy* and e^p. The

uncertainties can be found from

and

{ Anp) P? + D\L
 + Snp '

 (3-47^
These will be used to compute effective analyzing powers from the deuterium

data.

The above formulae are not, however, ideal for use with the 14C data. Be-

cause the cross section of the 14C(p, n)14N 2.31 MeV IAS reaction is small,

statistical uncertainties in enn and enp are large, which results in relative uncer-

tainties of «10% for both Ann and Anp when Eqs. (3.44-3.47) are applied. One

can make more effective use of the available data if it is realized that the ratio

of asymmetries enn and enp is independent of Pi and DLL, and that it is also

equal to the ratio of the effective analyzing powers Ann and Anp. Therefore,

one can use data from all targets and states to determine precisely this ratio:

Rt = — = --—. (3.48)
trip •"np
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Then, fixing the analyzing power ratio, Ann and Anp can be found respectively

as

and

Uncertainties in these analyzing powers can be found from

6P? 6D\L

Pr^ D\L

+

Of course, £^i/, = 1 and X̂>/,£ = 0 for the IAS. In principle, this technique can

improve the uncertainties in effective analyzing power by a factor of >/2» with

the maximum benefit achieved when SRt/Rt is small and when 6enn/enn «

€np. The 14C data are not far from this optimal case.

3.7 Formulae for polarization transfer coefficients

A few words are necessary on how the PT coefficients are computed, once

the asymmetries and effective analyzing powers are known. In the introduction

it was shown that

(3.53)
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where PN and PL are incident proton polarizations, and P'N and P's are scat-

tered neutron polarizations. To measure Dij — DNN or Dtr,, one need only

produce a proton beam of known polarization, measure the resulting neutron

polarization in the same direction, and find the ratio.

For a simplified, one-channel detector, the neutron polarization P' could be

found from the measured asymmetry as

£ (3-54)
The NTOF detector, however, utilizes both the (n,n) and (n,p) channels, so

there are effectively two measurements of the neutron polarization, and these

measurements should be combined as a weighted average. If one defines these

two measured polarizations as P'nn and P'np, and take as the weights wnn =

^2 and wnp = 6P^\ then

p, = KnWnn+P^Wnp

tfnn + Wnp

It is straightforward to arrive at a formula for Dij at zero degrees:

Da = ~ (3.56)

The full uncertainty in Dij is an unwieldy equation; suffice an approximation:

/ A4 A^ \ " 1 / 2

l T + J
The above equations will be useful for calculations in Chapter 5.
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3.8 Summary of data analysis procedure

Here follows a step-by-step summary of the analysis procedures.

Step 1: Data are replayed cfF-line to perform position, pulse height, and tim-

ing calibrations. Simultaneous to this replay, a filtered set of data is

written to expedite future replay. Multiple passes are usually required

for convergence.

Step 2: Data selection limits for <j>, 0, R», and pulse height are set to the

optimized values, which are summarized in Table 3.4. The limits have

been chosen so to be applicable to the broad range of conditions expected

at NTOF.

Table 3.4: Event selection criteria based on <j>,9,Rv, and pulse height.

quantity

6

R»

pulse height

channel

KP)

( 71. P)

( Tl.p)

(n,n)

min
V>* - 67°
$ - 6 7 °

8°
11°

0.92
0.90

3 MeV
3 MeV

max
0 + 67°
^ + 67°

30°
45°

1.12
1.10

300 MeV
300 MeV

0=0, 90, 180, or 270° for Left, Up, Right, or Down.
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Step 3: Data are replayed again to produce a set of calibrated neutron energy

histograms, gated on channel (NN or NP), sector (L, R, U, or D), and

polarization state (N or ft).

Step 4: The sector method is used to determine asymmetries for the (n,n) and

(n,p) channel, employing Eqs. (3.7)-(3.9).

Step 5: Asymmetries for the (n,n) channel are corrected for dilution from

accidentals, using the procedure described in Section 3.5. This typically

is a 5% or smaller correction.

Step 6: Backgrounds are removed from the asymmetries, as appropriate.

Step 7: Proton polarization is determined from the sealer data from polarime-

ters EPPO and NTPO, using established techniques.

Step 8: From deuterium asymmetries, the effective analyzing powers are de-

termined using Eqs. (3.44)-(3.47). For " C IAS data, the effective an-

alyzing powers are determined using Eqs. (3.49)-(3.52) after the nn/np

asymmetry ratio Rt has been found using data from many different tar-

gets.

Step 9: From asymmetries from other reactions, the Ay values are determined

using Eq. (3.56)-(3.57).



CHAPTER 4

EFFECTIVE ANALYZING POWER

Measurements of the effective analyzing powers of the NTOF detector, Ann

and AHp, are reported in this chapter. Primary measurements are made with

bombardment energy £,,=494 MeV using the UC target, and secondary mea-

surements are made at £,,=318 and 494 MeV using a deuterated polyethylene

target. The results are compared with Monte Carlo calculations based on free

N-N scattering. These calculations are also used to help interpolate and ex-

trapolate the effective analyzing powers to different energies. Discrepancies

between the experimental and Monte Carlo results are discussed, with atten-

tion given to the dilution effects of quasielastic scattering from carbon nuclei

in the scintillator fluid.

4.1 Analyzing power from 14C at 494 MeV

As has been discussed in Chapter 1, the uC(p, n)14N reaction is ideal for

our calibration needs. The 2.31 MeV isobaric analog state (IAS) is easily

resolvable, and since it results from a pure 0+ —* 0+ reaction, 2?£i(0°) =

Dfffi(0°) = JDSS(0°) = 1, so the polarization of the neutron is the same as that

of the incident proton. This reaction is used to produce a neutron beam of

known polarization which illuminates the detector. By measuring the scattering
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asymmetries within the detector, the effective analyzing powers are determined.

4.1.1 Ratio of (ntn) and (n,p) asymmetries

To make the best use of available data, Ann and Anp are calculated using

Eqs. (3.49)-(3.52). The asymmetry ratio Rt = cnn/cnp is required in these

equations, and since this ratio should be independent of proton polarization and

target type, the results from a variety of targets may be averaged to compute

its value with high precision. Rt is insensitive to background contamination

which might affect the incident neutron polarization, but it is still necessary

to correct the data for doubles and accidentals as described in section 3.6.

The corrected results from sixteen different data sets from cycles 56-58 are

presented in Fig. 4.1. The weighted average gives R* — 1.529 ± 0.037.

As can be seen in the figure, the value of Rt is largely invariant, but target-

dependent patterns are revealed upon close inspection. For the 14C target, Rt

decreases with increasing Q-value in both cycle 56 and 58, and for the CD2 tar-

get, Rt increases with increasing Q-value during all three cycles. These patterns

are confusing, because the ratio should be independent of the target and state,

and most plausible explanations can be ruled out: The effects observed can not

be due in a simple manner to the neutron energy En because the UC and CDs

results show opposite trends; in addition one would not reasonably expect such

a large difference in analyzing powers over a neutron energy range of less than

15 MeV. It is unlikely that the effects are dependent on the event rate (and

thus due to erroneous accidentals corrections) because the cycle 57 CD2 data

agree very well with cycles 56 and 58, yet the event rate was more than 5x

larger during cycle 57. Furthermore, the event rates for the 14C data are small
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Figure 4.1: Asymmetry ratio Cnn/^np from a variety of targets, states, and
cycles. A dashed line indicates the weighted average.

enough so to make accidentals effects negligible (corrections are < 0.3%). The

effects are unlikely to be due to erroneous background subtraction, because

in order to reproduce the large deviation seen for the IAS data in Fig. 4.1, a

20% background under the IAS would be required, which can be seen to be

unreasonable from an inspection of Fig. 4.6. For lack of a physical explanation,

the target-dependent patterns will be considered a statistical fluke and will be

ignored.

Out of concern for independence of measurements, 2H data should really

not be used in the computation of Rt when the 14C and 2H results are to be

compared. The weighted average omitting 2H gives Rt = 1.560 ± 0.040, which

is in good agreement with the average including the full set of data, so this

subtle point is ignored, and the full-set average of Rt is always used.
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4.1.2 Background removal and peak fitting

In this section, the background removal and fitting procedures will be de-

scribed as applied to data from the 14C target. There are three primary sources

of background: the Ni cell which holds the enriched carbon, isotopic impurities

in the carbon, and a "flat" background which may be due to wraparounds.

nickel cell background

The Ni cell which contains the enriched carbon produces no significant

background in the energy region of the IAS. This is because the cell walls are

very thin, and because the two dominant isotopes of nickel, "Ni and "°Ni, both

have gs—>gs Q-values of —6.9 MeV or smaller. There is, however, background

under the 13.7 MeV 1+ peak, but no attempt is made to remove background

under this peak. An illustration of the estimated background produced by the

empty cell may be seen in Fig. 4.2.

nC and tsC contamination

The target contains small amounts of isotopic 12C and 13C in addition to

MC. The 12C(p,n)12N reaction produces no peaks in the energy region of the

IAS due to its gs—»gs Q-value of —18.13 MeV. On the other hand, the Q-value

of the 13C(p,n)13N gs—»gs reaction is only —3.00 MeV, which produces a peak

directly beneath the IAS, so 13C contamination deserves consideration. By

comparing the appropriately normalized spectrum from 13C to that from the

14C target (see Fig. 4.3), one can estimate that (1.1 ±0.2)% of the counts in the

IAS peak are actually due to this isotopic contamination. In order to estimate
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Figure 4.2: Nickel cell background (heavy line) compared with a " C tar-
get spectrum. The nickel spectrum has been appropriately normalized, and
"smoothed" to compensate for poor statistics.
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Figure 4.3: 13C background compared with a 14C target spectrum. The 13C
spectrum has been appropriately normalized, and is multiplied by a factor for
clarity.
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the effect on asymmetry, one may use B(GT) = 0.199 ± 0.04 [AJZ 79] and

R2 = 9.42 ±0.59 [SUG 90] in Eq. (5.11) to find that /G T = 0.65 ± 0.02 and

/F = 0.35 ± 0.02 are the fractional GT and F contributions to the differential

cross section in the 13C(p, n) peak at Ep = 494 MeV. Using Eq. (3.17) and

estimating that D^l(0°) = -0.66 ± 0.5 at this energy (see Chapter 5), then

the estimated DLL value for the 13C(p, n) peak is -0.08 ±0.03. Again applying

Eq. (3.17), one can estimate that the asymmetry for the IAS peak is diluted by

roughly (1.2 ± 0.2)% from the 13C contamination; if unconnected, this dilution

would cause Ann and Anp to be underestimated by this same relative percentage.

In practice, no correction is made because this effect is much smaller than

experimental uncertainty, and because the 13C content in the enriched 14C

target is hypothesized rather than measured.

flat background

The primary background for En > 494 MeV appears to be a flat continuum,

visible in the logarithmic scale histograms in Fig. 4.4. Likely causes include

"wraparound" neutrons and cosmic rays. One might assume that this contin-

uum extends beneath the IAS peak; if this is so, then it accounts for roughly 6%

of the peak area in the (n,n) channel histogram, and 5% in the (n,p) channel.

The assumption is supported by data from the natural carbon target appearing

in Fig. 4.5: due to the large Rvalue of 13C, no states appear in the energy re-

gion where the IAS would appear, and the background in this region is seen to

be flat. A constant background based on neutrons beyond 494 MeV is always

used for fitting purposes.
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Figure 4.4: Spectra from the 14C target, shown with a logarithmic scale to
illustrate the flat background in the region En > 494 MeV. Detector channels
(n,n) and (n,p) are both represented.
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Figure 4.5: Spectra from the thick ™C target, logarithmic scale, illustrating
the background near 490 MeV. A small hump is visible above the flat back-
ground near 485 MeV. This hump is from 13C in the natural carbon, and would
be an order of magnitude smaller for the 14C target.
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peak fitting

The IAS peak is separated from the neighboring GT peak by 1640 keV, and

the effective resolution of the NTOF detector was 700 keV, so these peaks are

easy to distinguish. Due to low-En tails and the enormous cross section of the

GT reaction, however, these two peaks blend together, and must be separated

using careful fitting techniques. After the flat background was removed, the

program GAUFIT [SUG 82] is used to perform a least-squares fit to the peaks,

each of which is assumed to have the functional form:

E>E': y = Ae**-**'** gaussian peak (4.1)

E<E'i y = Asey/SS{B-*)f' exponential tail (4.2)

where

E' = E0- <T\/2 \ns (4.3)

gives the energy at which the gaussian peak joins the exponential tail, based

on a "skew" pa rame te r s (—I<s<+1) .

The GT and IAS peaks are fit simultaneously; the 1+ gs is very weak and

well separated, so is not included in the fits. Free parameters for each of the two

peaks include the amplitudes A and the centroids EQ. The widths a and skew

parameters are free to vary, but are constrained to be the same for both peaks.

To minimize uncertainty, the parameters Eo, <r, and s are first determined from

the "grand sum" histograms, ENN and ENP, for each reaction channel; for the

sixteen separate sector gated histograms (ENPLR, e.g.), only the amplitudes

(areas) are permitted to vary as fitting parameters. The asymmetries cnn and

enp are found from the areas by methods described in Section 3.3. A sample fit

is illustrated in Fig. 4.6.
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Figure 4.6: Illustration of fit to the 14C(p,n)14N GT peak at £ es = 3.95 MeV
and IAS peak at Etx = 2.31 MeV. IAS parameters marked with an asterisk
are constrained to be equivalent to the corresponding GT parameters. These
particular data are from the (n,p) channel during cycle 56, summed over the
+ and — polarizations states, and inclusive of the entire range of <f>.



105

4.1.3 Aeff results from 1 4C

The effective analyzing powers determined from UC using the methods

described above, averaged from data taken during cycles 56 and 58, are

/!„„ = 0.231 ±0.017,
Anp = 0.151 ±0.011.

These analyzing powers correspond to an incident neutron energy of 491.2 ±0.5

MeV. If one does not make use of the asymmetry ratio i^, and instead computes

the effective analyzing powers based on Eqs. (3.44)-(3,47), then Ann and Anj>

are 0.272±0.027 and 0.135±0.014, respectively. Details from individual cycles

appear in Table 4.1.

Table 4.1: A* from MC(p,n)

cycle En (MeV) DLL channel
56 491.7 ±0.5 1.000 0.517 ±0.011 (*,n) 0.1218 ±0.0184 0.230 ±0.036*

(n,p) 0.0634 ±0.0093 0.123 ±0.018*

58 490.7 ±0.5 1.000 0.540 ±0.011 (n,n) 0.1702 ±0.0209 0.315 ±0.039'
(n,p) 0.0816 ±00108 0.158 ± 0.021*

56+58 491.2 ±0.5 1.000 0.525 ±0.012 (>>,») 0.1427 ±0.0138 0.231 ±0.017b

(n,p) Q.0710 ± 0.0070 0.151 ± 0.012"

•Computed with Eq. (3.44-3.47).
bComputed with Eqs. (3.49-3.52) with & fixed at 1.529 ± 0.037-
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4.2 Analyzing power from 2H at 318 and 494 MeV

Secondary measurements of the effective analyzing power are made using a

deuterated polyethylene target. The 2H(j>, n)2p reaction is used as a source of

polarized neutrons, while neutrons from the 12C(p, n)12N reaction are identified

and rejected on the basis of En. The DLL value from the 2H(p, n)2p reaction

(uDLi(d)n hereafter) must be determined from a separate experiment [McN

92a], which is why these results are considered to be "secondary," less reliable

than the 14C results. One A& measurement is made at with E+ = 494 MeV in

support of the previously discussed 14C results, and another at Ep = 318 MeV,

where results are otherwise unavailable.

4.2.1 Values of DLi,(d) measured at BR

An experiment took place at the BR staging area at LAMPF, under the

supervision of M. W. McNaughton, with the goal of establishing deuterium

as a standard of calibration for a variety of polarimeters [McN 92a]. The

longitudinal-longitudinal polarization transfer coefficient was measured for the

double reaction

(4.4)

where both reactions took place near zero degrees on liquid deuterium targets,

and the polarizations of the incident and final proton are both measured. This

is equivalent to the measurement of [Dn,(O0)]2 for the 2H(j>, n)2p reaction,

and provides the values required for our calibration purposes. This author

participated in the measurements taken with nominal bombardment energies

oi 311, 491, 641, and 728 MeV, the results of which are given in Table 4.2.
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Table 4.2: Zero-degree Dr,z,(d) results from the BR experiment [McN 92a].

nominal
energy (MeV)

311
491
641
728

effective
energy (MeV)

305 ± 2
485 ± 2
635 ±2
722 ±2

DLl

-0.411
-0.579
-0.686
-0.717

t(d)

±0.010
±0.011
±0.012
± 0.013

4.2.2 Applicability of the BR results to NTOF

Before the BR results can be used for NTOF calibrations, one must consider

differences between the two experiments. One major difference is the fact that

the BR results come from a double reaction, and rely on the assumption that

the (n,p) and (p,n) reactions have identical polarization transfer properties.

The validity of this assumption of charge symmetry will not be discussed here.

Other differences between the experiments include the range of neutron energy

acceptance, and the proton bombardment energies, Ep.

energy acceptance considerations

The NTOF and BR experiments employed very different ranges of neutron

energy acceptance. This has the potential to cause problems, because the

2H(p, n)2p reaction produces a broad peak with a long tail extending to many

tens of MeV in excitation energy, and the two experiments sampled different

portions of this tail.

At NTOF, deuterated polyethylene was used for 2H data. The 12C in this

target produces a gs —* gs peak with E-loss of about —18.13 MeV, plus more

peaks with higher excitation. Thus, it is necessary to select only those events
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with E-loss < 15 MeV (or so) to exclude the 12C, which unfortunately requires

that some of the 2H(p,n)2p tail is excluded as well.

The BR experiment, on the other hand, utilized liquid deuterium targets,

so there were no extraneous peaks to be avoided. As a result, it was possible

to accept events with up to E-loss of 45 MeV. For the BR experiment, "E-loss"

includes the excitation energy of two charge exchange reactions, proton losses

through an average of 24.5 cm of LD2, and a small amount of recoil, but the

acceptance range is still wide enough to include effectively the entire 2U(p,n)2p

tail. In Fig. 4.7 the energy acceptances from the two experiments are compared.

The mismatch is evident, as is the difference in energy resolution.

One can make a reasonable estimate of what fraction of the cross section is

accepted by the narrower windows used at NTOF. The tail may be assumed

to have the form:
da a . .

W' (4-5)

This form has been found to fit well to the NTOF data, and is suggested in

[BUG 87]. Deuterium data from cycle 60, with £p=318 MeV, will serve as an

example. The En acceptance window for these data at NTOF is 303.5-317.3

MeV, and 1,039,420 counts fall within this window. When the functional form

of Eq. (4.5) is used to fit the data in the En region from 303.5 to 312 MeV,

the result is a = 1.0464 x 105 cnts./chan. and b = 315.35 MeV. If the tail

is extrapolated to En = 270 MeV using the same function, as illustrated in

Fig. 4.8, it is seen that about 64,860 counts fall outside the window. Thus, the

fraction of the cross section captured by the window is estimated to be 94%.

By the same methods, it is estimated that this fraction is 92% when Ep is 494

MeV. The missing fraction would cause significant error if the £>Li,(d) value of
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Figure 4.7: Comparison of the E-loss acceptance regions of the BR experiment
and NTOF experiment. Limits are indicated with heavy lines. The NTOF data
have vastly superior resolution, but are contaminated with 12C, so a narrower
energy region must be selected.
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Figure 4.8: Estimated extension of 2H(p, n)2p tail beyond the acceptance
window. Approximately 6% of the deuterium cross section falls outside the
window.

the tail was very different from that in the main peak.

Fortunately, Dn,(d) is predicted to vary only slightly with excitation energy.

D. V. Bugg has computed the dependence of £>Lr,(d) on excitation energy EKX,

the results of which are tabulated in Table 4.3 [BUG 92]. These calculations

are for Oub — 0.5°, and should be quite accurate for 0°. As one can see from

the table, the largest shift in the value of DLL{^) across a range of 46.7 MeV is

only 0.0039 (absolute), or 0.5% (relative), a very small effect. If one assumes

the worst case: loss of 8% of the cross section in the tail region, and a value

of I?L£,(d) in the tail which is 0.995x the value in the main peak, then the BR

values of DLL{&) should be multiplied by 1.0004 before using them at NTOF.

In practice, these corrections are considered negligible and are ignored.
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Table 4.3: Dependence of DLL{&) on excitation energy. Values appearing in
table are ADLL - DLUP)" - DLL{d) computed at flpub = 0.5° [BUG 92].

Eex

(MeV)
2.5
3.5
5.1
7.4
10.3
13.9
18.2
23.0
28.6
34.8
41.7
49.2

ADLL

£p=325MeV j
0.1222
0.1220
0.1218
0.1217
0.1217
0.1217
0.1216
0.1216
0.1216
0.1216
0.1216
0.1216

Ep=515 MeV i
0.1783
0.1777
0.1773
0.1770
0.1768
0.1767
0.1766
0.1766
0.1766
0.1766
0.1766
0.1766

A£>£L
Ep=800 MeV

0.2408
0.2395
0.2385
0.2379
0.2375
0.2373
0.2372
0.2371
0.2370
0.2370
0.2370
0.2369

°Bugg has not provided #£z,(p), which is the coefficient for p(n,p)n reac-
tions, but according to [ARN 83] using the 1991 Bugg-Bryan parameterization,
DLL(P) at 0.5° = -0.328, -0.431, and -0.527 at Ep= 325, 515, and 800 MeV,
respectively.

bombardment energy considerations

The effective bombardment energies from the BR experiment do not corre-

spond exactly with the bombardment energies at NTOF, so one must interpo-

late to determine the values of DLL{6) required at Ep^ 318 and 494 MeV. A

parameterization of calculations by Bugg suggests that the functional form

DLL{d) = a + bEp + cEp
t (4.6)

describes the energy dependence of Z)r,i,(d) between 300 and 800 MeV, where

a = 1.2505 x 10"3, b = -1.6413 x 10"3/MeV, and c = 8.8573 x 10"7MeV2

[BUG 92]. This curve agrees with the BR data in Table 4.2 with a total x2 of
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0.990. We may allow this curve to shift while maintaining its shape by fixing

b and c, and allowing only a to vary. If we shift the curve in this manner to

find the best fit to the BR data, then a = 5.5925 x 10"3, with \2 = 0.403. The

BR data, Bugg's predictions, and shifted best fit all appear in Fig. 4.9. Using

Eq. (4.6) and the new value of a, we have the result

DLL(A) = -0.427 ± 0.012 for Ep = 318 MeV
DLL(d) = -0.589 ± 0.013 for Ep = 494 MeV

at a laboratory angle of zero degrees; these values are marked with arrows in

the figure. Uncertainties come from the uncertainties in the BR data and the

fitting technique.

Q
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-0.5

-0.8

-0.7

. 1 . .

• • 1 • • • • 1 • • • • 1 ' • • • 1 ' • q

D - BR data

= Bugg prediction

\ . = ihifted for belt fit

^w t "* interpolation point

. . 1 . . . . 1 . . . . 1 . . . . 1 . . .

300 400 500 800
Ep (MeV)

700

Figure 4.9: Value of DLL(0°) for the 2H(j?, n)2p reaction. Data are from the
BR experiment, dashed line is the Bugg prediction, solid line is the -best fit to
BR data, and arrows indicate the points which must be interpolated for use in
the NTOF calibration.
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4.2.3 Aeff results from 2H

The effective analyzing powers deter nined from the CD2 target, computed

using Eqs. (3.44-3.47) and the Dn(d) values reported above, are as follows:

from the weighted averages of cycles 56, 57, and 58,

for E" " 489-3 ± °'Ann = 0.230 ± 0.020
Anp = 0.156 ± 0.007

Uncertainties reflect scatter in the three data points as well as Pp, Dn(d), and

asymmetry uncertainties. From cycle 60,

Ann = 0.252±0.014 , - i q - , n , M A V

Anp = 0.142 ± 0.007 f o r E" = 3 1 3 3 * ° ' 5 M e V -

These results are independent of the value of B*. Details from individual cycles

appear in Table 4.4; the energies En are the averages from neutrons observed

within the acceptance window during each cycle.

Table 4.4: A^g from 2H(j>, n)2p from individual cycles.

cycle En DJ.LW channel

MS 488.5 ±0.5 -0.589 ±0.013 0.463 ±0.0130 («,») -0.0881 ± 0.0038 0.250 ±0.016

(%,,) -0.0444 ± 0.0018 0.163 ± 0.009

57 490.5 ±0.5 -0.589 ±0.013 0.578 ±0.0130 (»,») -0.0764 ± 0.0042 0.224 ±0.014

(n,f) -0.0523 ±0.0019 0.154 ±0.007

58 488.2 ±0.5 -0.589 ±0.013 0.472 ±0.0110 (*,m) -0.0581 ± 0.0052 0.209 ±0.020

-0.0424 ±0.0025 0.153 ± 0.010

60 313.3 ±0.5 -0.427 ±0.012 0.640 ±0.0110 («,») -0.0689 ± 0.0031 0.252 ±0.014
(%,f) -0.0387 ± 0.0016 0.142 ± 0.007
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4.3 Monte Carlo predictions of Aejf

The performance of the NTOF detector can be simulated using Monte Carlo

techniques, useful for studying effects for which actual data are scarce or un-

available. In particular, Monte Carlo techniques help to study (1) the de-

pendence of Atff on the polarization direction of the incident neutron, (2) the

elect of spatial resolution and binning on Afft, and (3) the dependence of Air

on neutron energy. The last of these is the most important, because the ana-

lyzing powers are measured only at En = 491.2, 489.3, and 313.3 MeV, and it

will often be necessary to interpolate/extrapolate to find the analyzing power

at other energies. The MC prediction of energy dependence makes this task

easier.

A FORTRAN program AYPMC, which is described in Appendix B, was

written to simulate the NTOF detector. Results from this program may be

summarized as follows: (1) There was no significant dependence of Ann or

Anp on the direction of incident polarization. For example, if we compare the

MC-generated analyzing powers for N and S incident neutrons, we see that

A (N\ A (N\
" n V ? ; = 0.993 ± 0.007 and np{ . ; = 1.025 ± 0.015.

Ann(S) Anp(S)

These ratios are close to unity, which is not unexpected because the NTOF

detector was designed to be as symmetrical as possible in the horizontal and

vertical directions. There is also no significant dependence on polarization for

intermediate angles between N and S.

(2) The simple A{6) averaging technique agrees with the the sector method

within statistical uncertainties. Results suggest that the effect of spatial reso-

lution and binning in the detector is to reduce the value of Ann by (0.1 ±0.5)%,
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and the value of Anp by (0.2 ± 1.2)%. That the effect is consistent with zero

is not surprising, because the small-0 events, which might harm the analyzing

power with their poor <j> resolution, are rejected from the analysis.

(3) The energy dependence was studied by calculating the analyzing powers

with En ranging from 250 to 800 MeV in 50 MeV steps. The results appear in

Table 4.5. The value of Ann decreases with increasing En, while Anp increases

with increasing En. The MC predictions for Ann are significantly larger than

the measured values, a point which will be addressed in the next section.

Table 4.5: Monte Carlo predictions of effective analyzing power as a function
of neutron energy En. Predictions are based on free nucleon-nucleon analyzing
powers.

En (MeV) Ann

250
300
350
400
450
500
550
600
650
700
750
800

0.4604
0.4343
0.4049
0.3798
0.3612
0.3468
0.3372
0.3332
0.3336
0.3317
0.3246
0.3130

±0.0029
±0.0029
± 0.0029
± 0.0029
± 0.0028
± 0.0028
± 0.0027
± 0.0026
± 0.0025
± 0.0025
± 0.0024
± 0.0024

0.1330
0.1407
0.1440
0.1459
0.1486
0.1539
0.1638
0.1773
0.1890
0.1929
0.1891
0.1823

± 0.0014
± 0.0014
± 0.0014
± 0.0014
±0.0014
±0.0014
±0.0015
± 0.0015
± 0.0015
± 0.0015
± 0.0014
±0.0014
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4.4 Summary and comparison of Aeff results

In this section, the various measurements of Ann and Anp are compared to

each other and to the Monte Carlo results. Effective analyzing power mea-

surements are available from three different sources: (1) 14C data from this

experiment, considered to be the most reliable, (2) CD2 data from this ex-

periment at two different energies, and (3) In a separate NTOF experiment,

analyzing power at 0ub = 18° measured for 2H(p, n)2p quasifree scattering;

with the assumption that polarization Pn = A(18°) one can derive the effec-

tive analyzing powers of Ann = 0.259 ± 0.024 and Anp = 0.172 ± 0.016 [CHE

92]. In addition, measurements were made with a CD2 target during cycle 52

[TAD 88]; however, these measurements are not useful for comparison because

the fourth NTOF plane had not yet been installed. Very preliminary results

for En near 643 MeV will be displayed for purposes of comparison, but these

are "online" results from cycle 61, and are not to be considered final.

The measurements are compared with each other and with the Monte Carlo

predictions based on free N-N scattering in Table 4.6, Fig. 4.10, and Fig. 4.11.

As can be seen in the table and figures, the 14C and CD2 measurements near 490

MeV are in excellent agreement, which offers credibility to the CD2 technique.

The P = i4(18°) results suggest slightly higher effective analyzing powers,

but still within statistical error. The experimental values for Anp agree very

well with the MC predictions based on free N-N scattering, but there is a

discrepancy between the predicted and experimental values for Ann: experiment

yields only about 2/3 the analyzing power of the MC predictions. The ratio

of the MC predictions to the experimental values also appears in Table 4.6,
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Figure 4.10: Comparison of Ann results. Solid line is Monte Carlo prediction
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tiplied by 0.632. The data point in parentheses is a very preliminary "online"
result from cycle 61.
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Figure 4.11: Comparison of Anp results. Solid line is Monte Carlo predic-
tion based on free (n,p) analyzing power, and vertical scale is the same as in
Fig. 4.10. The data point in parentheses is preliminary.
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Table 4.6: Summary of Aeg results, and comparison with Monte Carlo pre-
dictions based on free (n, n) and free (n, p) scattering. The rightmost column
gives the ratio of the measured value of Ata to the the Monte Carlo prediction.

channel source En measured Aea ratio:
(MeV) j4eff measured-r-MC

(n,n) CD2
P=A
CD2
1 4 C

CD2

P=A
CD2

" C

313.3
430.0
489.3
491.2

313.3
430.0
489.3
491.2

0.252
0.259
0.230
0.231

0.142
0.172
0.156
0.151

±0.014
± 0.024
± 0.020
±0.017

± 0.007
±0.016
± 0.007
±0.011

0.591
0.704
0.658
0.662

1.001
1.168
1.023
0.989

and the weighted average of this ratio is 1.020 ± 0.029 for the np channel, and

0.632 ± 0.023 for the nn channel.

The most likely cause of the dilution of Ann is contamination from 12C(n, n)

quasifree scattering in the scintillator fluid. The fluid contains roughly 37 Atm%

carbon, and there is evidence that the analyzing power for quasifree (p,p) scat-

tering, is much smaller than the free N-N value [HOR 88, HIC 88]; from isospin

symmetry, this reduction must also hold true for quasifree (n, n). On the other

hand, one would not expect Anp to be diluted as much as Ann- Event selection

for the (n,p) channel is more stringent; furthermore, analyzing power for the

12C(j?, n) quasifree reaction has been found to have approximately the same

value as the free N-N reaction at these energies [TAD 91], and by isospin sym-

metry this should also be true for 12C(n, p). One might expect a dilution of

Anv for neutron energies above 500 MeV, because the (p, n) quasifree analyzing
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power becomes smaller than the free value at these higher energies [PRO 92].

There is some evidence which supports the hypothesis that neutrons from

quasifree scattering are diluting the analyzing power. Due to the larger Q-value,

neutrons from 13C(n, n) quasifree scattering (and other inelastic channels) will

be less energetic than their counterparts from 1H(n, n), and as a result they will

tend to have a value of R» which is less than unity (see section 3.3). Although

the resolution is not good enough to discriminate completely between these two

sources of neutrons, at least Ry provides a means of illustrating the dilution.

In Fig. 4.12 appear plots of effective analyzing power vs. Ry. For the (n,»)
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Figure 4.12: Effective analyzing power as a function of vratio (Rv), from a
combination of 7Li and CD] data. For the (n, n) channel, quasifree scatter-
ing has much smaller analyzing power than free scattering, but for the (n,p)
channel, the reduction is not so severe.
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channel there is significant reduction in analyzing power for R,, < 1, an indi-

cation that the quasifree analyzing power is smaller than the free value. Many

quasifree events will fall within the acceptance window, diluting Ann. For the

(n,p) channel, there is less dilution. A narrower acceptance window could im-

prove Ann or Ann, but this would also cause rejection of many potentially useful

events.

In conclusion, we have successfully measured the effective analyzing powers

of the NTOF detector at En w 313 and 490 NleV. For convenience, interpolated

and extrapolated values of effective analyzing power as a function on En are

given in Table 4.7. The values of Anp are very close to the Monte Carlo predic-

tions based on free scattering, but Ann is only 2/3 of the free value. Neutrons

scattered from carbon in the analyzer fluid are a plausible cause for the dilution

on Ann.
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Table 4.7: Effective analyzing k ower as a function of energy, interpolated and
extrapolated based on shifted Monte Carlo predictions. Uncertainties are 7%
(260-550 MeV), 10% (550-600 MeV) or 15% based on reliability estimates.
Values in parentheses are based on fits to local data near 313 and 490 MeV,
and have uncertainties based on the local fit.

En {MeV)
260
270
280
290
300
305
310
315
320
325
330
335
340
350
360
370
380
390
400
410
420
430
440
450
455
460
465
470
475
480
485
490
495
500
510
520
530
540
550
560
570
580
590
600
620
640
660
680
700

A
0.288 ± 0.020
0.285 ± 0.020
0.281 1 0.020
0.278 1 0.019
0.274 ± 0.019
0.273 ± 0.019
0.271 ± 0.019
0.269 1 0.019
0.267 ± 0.019
0.265 1 0.019
0.263 1 0.018
0.261 ± 0.018
0.260 1 0.018
0.256 ± 0.018
0.252 1 0.018
0.249 1 0.017
0.246 1 0.017
0.243 ± 0.017
0.240 ± 0.017
0.237 1 0.017

0.235 ± 0.016
0.233 1 0.016
0.230 1 0.016
0.228 ± 0.016
0.227 1 0.016

0.226 1 0.016

0.225 ± 0.016
0.224 ± 0.016
0.223 1 0.016
0.223 ± 0.016
0.222 ± 0.016
0.221 ± 0.015
0.220 ± 0.015
0.219 ± 0.015
0.218 ± 0.015
0.216 1 0.015

0.215 ± 0.015
0.214 1 0.015
0.213 ± 0.015
0.212 ± 0.021
0.212 ± 0.021
0.211 ± 0.021
0.211 ± 0.021
0.211 ± 0.021
0.211 ± 0.032
0.211 ± 0.032
0.211 ± 0.032
0.210 ± 0.032
0.210 1 0.032

nn
(0.26910.016)
(0.26610.016)
(0.26310.016)
(0.26010.016)
(0.25710.016)

(0.25510.016)
(0.25310.015)
(0.25210.015)
(0.25010.015)
(0.24810.015)
(0.24610.015)
(0.24410.015)

(0.23610.012)
(0.23510.012)
(0.23410.012)
(0.23310.012)
(0.23210.012)
(0.23110.012)
(0.23110.011)

(0.23010.011)
(0.22910.011)
(0.22810.011)
(0.22610.011)

An.
0,138 1 0.010 (0.13510.008)
0.139 1 0.010 (0.13710.008)
0.141 1 0.010 (0.13810.008)
0.142 1 0.010 (0.14010.008)
0.144 1 0.010 (0.14110.008)
0.144 1 0.010 (0.14110.008)
0.144 1 0.010 (0.14210.008)
0.145 1 0.010 (0.14210.008)
0.145 1 0.010 (0.14310.008)
0.1461 0.010 (0.14310.008)
0.1461 0.010 (0.14310.008)
0.146 1 0.010 (0.14310.008)
0.1461 0.010
0.147 1 0.010
0.147 1 0.010
0.148 1 0.010
0.148 1 0.010
0.148 1 0.010
0.149 1 0.010
0.1491 0.010
0.15010.011
0.15010.011
0.151 1 0.011
0.15210.011
0.152 1 0.011
0.152 1 0.011 (0.14810.007)
0.153 1 0.0U (0.14810.007)
0.1531 0.011 (0.14910.007)
0.154 1 0.011 (0.14910.007)
0.154 1 0.011 (0.15010.008)
0.155 1 0.011 (0.15010.008)
0.1561 0.011 (0.15110.008)
0.156 1 0.011 (0.15110.006)
0.157 1 0.011 (0.15210.006)
0.1591 0.011 (0.15410.008)
0.160 1 0.011 (0.15610.008)
0.162 1 0.011
0.165 1 0.012
0.167 1 0.012
0.1701 0.017
0.172 1 0.017
0.175 1 0.018
0.178 1 0.018
0.181 1 0.018
0.186 1 0.028
0.191 1 0.029
0.194 1 0.029
0.196 1 0.029
0.197 1 0.030



CHAPTER 5

POLARIZATION TRANSFER COEFFICIENTS FOR

GAMOW-TELLER REACTIONS

In this chapter, measurements of polarization transfer coefficients

at Ep = 318 and 494 MeV are reported. Measurements are made for 7Li(j>, n)7Be,

2H(p, n)2p, 12C(p, n)12N, and 14C(p, n)"N reactions, including several Gamow-

Teller transitions. These are compared with predictions utilizing the plane wave

impulse approximation (PWIA) and the distorted wave relativistic impulse ap-

proximation (DRIA), and with previous measurements at lower energies. The

measurements provide direct information about the importance of tensor terms

in isovector nucleon-nucleus reactions.

In addition, measurements of the transverse coefficient DNN(®°) are made

for the 2H(p, n)2p and 12C(p, n)12N reactions at Ep = 318 MeV. These are used

to help verify a relation between Gamow-Teller observables at zero degrees.

5.1 Plane wave impulse approximation

The PWIA offers a convenient means of predicting PT coefficients, and also

serves to isolate the various parts of the interaction, which should help to make

the motivation for this experiment clear. In the PWIA, the nucleon-nucleon

amplitude may be written (with isospin indices suppressed) as:
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M(q) = A + B{<rx - h){tra • n) + C{<rx + <r3) • n

t • f)(«, • 4) + F(«r, • p)(a, • p), (5.1)

where

following the Madison convention [BAR 71]. It is possible to reorganize Eq. (5.1)

so that the central, spin-orbit, and tensor terms are separated [TAD 87a]:

c e n t r a l spin-orbit

M(q) = i4 + £

j ( S - B)Si2(g) + \(F - B)S12(p) (5.3)

tensor

where

Su(q) = 3(irx -q)(era-q) -*>•*„ (5.4)

a-p) - ^ • «ra. (5.5)

The Hucleor-nucleus amplitude, where the target nucleus has J* = 0+, may be

found in the PWIA as

MM(q) = (jM\M(q)t-^\^), (5.6)

and the PT coefficients are found from

where i = {L, N, 5} denotes the spin orientation of the bombarding particle

(proton), and j = {L',N',S'} denotes the spin orientation of the scattered
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particle (neutron). Moss has derived expressions for Aj's for unnatural parity

transitions, such as Gamow-Teller, in the PWIA approximation [MOS 82], For

angular momentum change AJ = AL + 1,

n _ ( A L + 2 ) ( g 2 + & ~ F2) ~ &AL + 2 ) g 2 /,«>
"" ' (AL + 2)(CJ + 5 J + F*) + (2AI + 2)E*' v '

Several simplifying assumptions can be made: at zero degrees and zero momen-

tum transfer, there can be no spin-orbit term (n is undefined) and no Su(q)

term, which is sometimes referred to as "direct tensor" (q is undefined), so

C = 0 and E = B. The coordinate system simplifies so that V — L = p,

N' = N, and 5' = 5, and by convention h = N. Also, AL = 0 in the cases we

study, so we have

( 5 ' 9 )

which is first pointed out in [TAD 90b]. At zero degrees, there is a useful

relation for Gamow-Teller transitions:

DLL + 2DNN = - 1 . (1.9)

Therefore, for Gamow-Teller transitions with AJ* = 1+, AL = 0,

F2 - 2B2

Furthermore, F — B if the reaction is purely central, and the expression reduces

to DLL(0°) = - 1 /3 . The difference (F-B) indicates the strength of the Si2(p)

tensor term, as can be seen in Eq. (5.3).

The coefficients B and F may be computed for N-N scattering with the aid

of the phase shift program SAID [ARN 83]; then Eq. (5.10) may be used to

predict the values of Z>LL(0°). Reference [PRO 92] describes how to convert
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the Wolfenstein parameters, which are produced by SAID, into A, B, C, E, and

F. Resulting predictions of the DLL values for pure GT transitions appear

in Table 5.1. In the table, predictions employing two different phase shift

solutions are compared: Arndt 1990 solutions ("SM90" in the notation of the

program), and solutions from the 1991 Bugg-Bryan analysis. The latter of

these is derived from a more highly culled set of data, and has been found to

be more accurate for prediction of PT coefficients in free n-p scattering [McN

92b]. Note that the PWIA predictions are equal to - 1 / 3 only when Ep w 250

MeV, with a significant deviation from this pure-central value is expected at

higher energies. Distortion effects have been ignored in this simple calculation;

however, PT coefficients are expected to be insensitive to distortion for the

cases studied here [TAD 87a, KLE 86].

5.2 Distorted relativistic impulse approximation

A more sophisticated prediction of Dn is possible using the distorted wave

relativistic impulse approximation (DRIA). The FORTRAN program DREX

[ROS 87} is used to perform the calculations, with approximately 35 partial

waves used at each energy, and a sample target nucleus of 13C. While this

program has the option of computing Dn with an explicit treatment of direct

and exchange terms, this option was not used due to concern for its validity

at small angles and high energies. The program incorporates phase shifts data

from a 1984 parameterization by Arndt, which are slightly outdated. Results

appear in Table 5.1. As can be seen in the table, the PWIA and DRIA predict

similar qualitative energy dependence
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Table 5.1: PWIA and DRIA predictions of DLL(0°) for AJ* = 1+ , AL = 0
Gamow-Teller transitions.

Ep

(MeV)
100
150
200
250
300
350
400
450
500
550
600

PWIA (SM90)
DLL(0°)
-0.1135
-0.2423
-0.3313
-0.3951
-0.4480
-0.4985
-0.5491
-0.6038
-0.6642
-0.7334
-0.8028

PWIA (Bugg)
DLL(0°)
+0.0308
-0.1038
-0.2097
-0.3121
-0.3971
-0.4596
-0.5120
-0.5590
-0.6001
-0.6437
-0.6752

DRIA
DLL(0°)

-0.1558
-0.2948
-0.3770
-0.4689
-0.5154
-0.5697
-0.6111
-0.6418
-0.6788

5.3 IUCF results

Measurements of A\w(0°) have been made at the Indiana University Cy-

clotron Facility (IUCF) for the (p, n) reaction on a variety of targets, ranging

from 6Li to ^Zr, at bombarding energies ranging from Ep=l20 to 200 MeV

[TAD 87a]. A simple average of all the IUCF Gamow-Teller results across the

energy range gives DNN = —0.33 ± 0.05, or DLL = —0.34 ± 0.10 when rela-

tion (1.9) is used to convert. This is consistent with the complete absence of

tensor contributions at these energies. The present experiment seeks to deter-

mine D,IL at higher energies, where the tensor contribution is expected to be

more pronounced.
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5.4 Experimental, methods

5.4.1 General

The majority of the details of the experiment and analysis have been de-

scribed in previous chapters, especially since data from the CDs and 14C targets

are also used to determine effective analyzing powers, the 7Li target is used to

determine detector efficiencies, and the 12C target is used to help study back-

grounds. Asymmetries cnn and enr are determined using the sector method,

described in Section 3.2, with corrections for accidentals applied as in Section

3.5. Backgrounds are removed from the asymmetries if necessary, and the co-

efficients are found from Eq. (3.56). Uncertainties are given by Eq. (3.57),

and when DLL results are combined, care is taken to treat the normalization

uncertainties 6Ann and SAnp as systematic, rather than random.

5.4.2 Background removal

lithium

The resolution of the NTOF detector was insufficient to separate the 7Be

ground state from the first excited state at 0.43 MeV, so the summed results

from the two states are given. 7Li(p,n)7Be gs -» 0.43 MeV (3/2~ - • 1/2")

is a GT reaction, but the 7Li(p, n)7Be gs —* gs (3/2~ —• 3/2") reaction has a

mixture of Fermi and GT contributions; higher multipole transitions, such as

electric quadrupole (E2) or magnetic octupole (M3), are also possible, but these

are suppressed at a scattering angle of zero degrees. The Fermi contribution

has DLL(Q°) — +1, so the resulting Dn(0°) value from the two unresolved

states in 7Be will be less negative than for pure GT. One can estimate the
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fraction of the cross section which is due to the Fermi contribution as

where R is the ratio of isovector interaction strengths and distortion factors,

which is energy-dependent and peaks near Ev = 300 MeV with the value 14.7±

1.1 [SUG 90]. The reduced transition probabilities fi(GT) and B(F) are found

from /?-decay: B(GT) = 1.24 ± 0.01 and 1.10 ± 0.01 from the gs and 0.43

MeV final states [AJZ 79] for a total B(GT) of 2.34, and B(F) = \N - Z\ = 1

from the gs. The total Fermi fraction fp is typically 0.06 or smaller for the

summed reaction at NTOF energies. Once fp is known, one can adjust the

PWIA predictions with the aid of Eq. (3.17).

carbon-12

Resolution is very poor for the 12C data, particularly for data taken with

the thick natural carbon target. The most notable unresolved states falling

under the 1+ gs peak are Eex = 0.96 MeV (2+) and E*x = 2.44 MeV (0+).

Neither of these states are expected to give a significant contribution to the

cross section, as can be verified in [RAP 81].

For the carbon data taken with the CD2 target, there is a background of

approximately 10% due to the high-excitation tail of the 3H(j>, n)2p reaction,

as illustrated in Fig. 5.1. This background is removed by determining the

asymmetry from the deuterium (see Table 4.4), estimating the background

under the carbon peak by extrapolating the deuterium tail, and correcting the

observed asymmetry for dilution by applying Eq. (3.17). The asymmetries are

corrected (increased) by this method by an average of 2.4%.
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Figure 5.1: Illustration of background extrapolation under the i aN gs peak in
the CD2 data. The method of extrapolation is the same as in Section 4.2.

carbon-14

The background removal for the £ „ = 2.31 IAS and En - 3.95 MeV

(1+) peaks from the UC target has been discussed in Section 4.1. For the

Eex = 13.72 MeV (1+) peak, there is probably significant background due to

nearby states (see the level diagram in Fig. 1.5 and the energy spectrum in

Fig. 2.16); however, no attempt is made to perform a background subtraction.
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5.5 Results

In Table 5.2 appears a summary of the PT coefficients determined by this

experiment, where individual cycles have been combined wherever possible. In

the case of "C(p, n)12N at 494 MeV, data from the CDa target (three cycles)

is combined with the data from the natural carbon target (cycle 56). For

DLL from 2H(p, n)2p at 494 MeV, Ann and Anp are extrapolated using MC

measurements only, so the result is independent of values reported in [McN 92a].

Results from individual cycles appear in Table 5.3 on the next page, along

with the corrected asymmetries. Analyzing powers from Table 4.7 are used in

the calculations, with "local" values used at 318 MeV. Note that the asym-

metries from the 14C(p, n) IAS and the 2H(p, n)2p reactions have been used

to determine the effective analyzing powers, so for these reactions the DLL (0°)

values reported in Table 5.3 are not new measurements.

Table 5.2: Summary of PT measurements, with errors that include 5% nor-
malization uncertainty. Observables are DLL unless otherwise specified.

Ep (MeV) Reaction Eex (MeV) DLL (or DNN) Type
318 7Li(p, n)7Be 0.0+0.43 -0.573 ± 0.094 GT+F

12C(p,n)12N 0.0 -0.530 ±0.059 GT
2H(p, n)2p 0 -14 -0.224 ± 0.059 (DNN) GT

12C(p,n)12N 0.0 -0.289 ±0.166 (DNN) GT

494 2H(p,»)2p
7Li(p, n)7Be
12C(p, n)12N
14C(p, n)14N
14C(p, n)14N

0-14
0.0+0.43

0.0
3.95
13.72

-0.600 ± 0.056*
-0.546 ±0.032
-0.690 ± 0.048
-0.669 ± 0.042
-0.727 ± 0.058

GT
GT+F

GT
GT
GT

'Based on effective analyzing powers extrapolated from UC measurements only.
This value is -0.591 ± 0.049 when the Table 4.7 analyzing powers are used.
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Table 5.3: Asymmetries and polarization transfer results for specific cycles,
targets, and states. Errors in parenthesis include uncertainties in Ann and Anp

normalizations.

eye.
56

57

58

60

tgt.
7Li

CD2

l 2C
"C

7Li
CD2

7Li
CD2

"C

7Li
CDj

CD2

state
gs+

D peak
12Ngs

gs
IAS
3.95
13.7

gs+
Dpeak
12Ngs

gs+
Dpeak
12Ngs

IAS
3.95
13.7

g.s.
Dpeak
12Ngs
Dpeak
12Ngs

0.061l±0.0033
0.0681±0.0035
0.0885±0.0107b

0.0738±0.0073
0.1218±0.0184
0.0856±0.0054
0.0789±0.0094

0.0735±0.0054
0.0764x0.0040
0.0935±0.0114b

0.0643±0.0042
0.0581±0.0051
0.0796±0.0149b

0.1702±0.0209
0.0908±0.0060
0.0916±0.0108

0.0847±0.0158
0.0689±0.0030
0.0838±0.0087b

0.0412±0.0101
0.0339±0.0208b

fnp

0.0396±0.0016
0.0444±0.0018
0.0508±0.0052b

0.0553±0.0036
0.0634±0.0093
0.0506±0.0027
0.0551±0.0047

0.0487±0.0023
0.0523±0.0018
0.0578±0.0056b

0.0417±0.0021
0.0424±0.0025
0.0483±0.0074b

0.0816±0.0108
0.0535±0.0030
0.0670±0.0053

0.0571±0.0077
0.0387±0.0015
0.0494±0.0045b

0.0175±0.0051
0.0372±0.0146b

DLL(Q°)
-0.553±0.026(0.038)
-0.628±0.031 c
-0.754±0.076(0.085)
-0.675±0.050(0.060)
+0.876±0.118 c
-0.663±0.036(0.049)
-0.682±0.060(0.069)

-0.545±0.028(0.039)
-0.580±0.024 c
-0.668±0.065(0.073)

-0.538±0.030(0.040)
-0.564±0.037 c
-0.689±0.104(0.109)
+1.121±0.131 c
-0.675±0.038(0.051)
-0.782±0.067(0.077)

-0.573±0.087(0.094)
-0.426±0.018 c
-0.530±0.051(0.059)
-0.224±0.057(0.059)d

-0.289±0.165(0.166)d

a All enn values are corrected for accidentals.

b Asymmetry has been corrected for deuterium background.

c Data used to determine Ann and Anp, so normalization uncertainty is nonsensical.

d This value is DNN rather than
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5.S Discussion

comparison with predictions

The four 0+ —* 1+ results are illustrated in Fig. 5.2, along with the the-

oretical curves and selected IUCF results from lower energies. The £>LL(0°)

values are significantly more negative than —1/3, indicating a strong tensor

contribution to the interaction. There is qualitative agreement with the PWIA

and DRIA predictions, in that Dn decreases with increasing energy, but the

measurements tend to be even more negative than the predictions: At Ep = 318

MeV, the measured value for 12C of DLL = —0.530 ± 0.059 is more negative

than the PWIA (SM90), PWIA (Bugg) or DRIA predictions (-0.466, -0.420,

and —0.486, respectively). At Ep = 494 MeV, a simple average of the three

0+ —* 1+DLL values yields —0.689 ± 0.044, which is more negative than the

predictions (-0.658, -0.596, and -0.639, respectively).

The independent measurement of DiL(0°) from 2H(j», n)2p at 494 MeV

appears in Fig. 5.3, along with previous results from [McN 92a], which have al-

ready been seen in Fig. 4.9. The 2H(p, n)2p reaction at zero degrees is predom-

inantly A£ = 0, J* = 1+ —» 0+, which is a Gamow-Teller reaction. There may

be higher AL contributions due to deuteron d-wave mixing, and the proton-

proton system may be in a relative angular momentum p-state or higher, but

these effects are negligible when momentum transfer q is smaller than about 20

MeV/c [Bug 87], as is the case in the present experiment. Unlike the carbon

results, the deuterium measurements are free from distortion effects, nuclear

structure uncertainties, or possible medium modifications to the N-N interac-

tion. PWIA curves also appear in Fig. 5.3, and it is evident that the 1991
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Figure 5.2: Comparison of DLL(0°) 0+ - » l + results from the present exper-
iment (Ep = 318 and 494 MeV) along with IUCF results for similar reactions
(Ep = 120 and 160 MeV). For clarity, x and o symbols have been offset by +5
and +10 MeV, respectively. PWIA and DRIA predictions also appear.
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Bugg-Bryan parameterization predicts the results very accurately. The older

"SM90" parameterization is not so successful.

It is interesting to compare the carbon and deuterium results. Both indi-

cate a strong tensor contribution, but the D£L(0°) values from 12C(p,n)12N

and uC(p, n)14N are significantly more negative than those from 2H(p, n)2p.

One may use the PWIA (Bugg) predictions, which agree with the deuterium

results, as a baseline for comparison. Ratios of the Dn measurements from

GT reactions to the predictions appear in Table 5.4. The discrepancy between

carbon and deuterium is suggestive of medium modifications to the effective

N-N interaction, or of significant distortion effects.

Table 5.4: Ratio of measured DLL(Q°) values to the PWIA (Bugg) predictions
for GT reactions, along with an indication of whether the measurement agrees
with the PWIA prediction.

target Ep ratio agree?
(MeV) measured/predicted

»c

14c
(3.95)
(13.7)

305
485
494
635

318
494
494
494

1.02 ±0.03*
0.99 ±0.02"
1.01 ± 0.09

0.99 ± 0.02*

1.26 ± 0.14
1.16 ±0.08
1.12 ± 0.07
1.22 ± 0.10

yes
yes
yes
yes

no (1.9<r)
no (2.0cr)
no (1.7a)
no (2.2<r)

•Result from [McN 92a].
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Results from the 7Li(p, n)7Re reaction, which is mixed GT + F, appear

in Fig. 5.4. Strong tensor contributions are again evident in the fact that the

values are much more negative than —1/3. PWIA (Bugg) predictions, corrected

for Fermi contribution and uncorrected, also appear in the figure; the expected

effect of the Fermi contribution is to dilute the values of DLL(0°) by a small

amount. The measured values of DLL are more negative than expected from

the corrected prediction, although the difference is slight at 494 MeV. Statistics

axe very poor at 318 MeV, so the large difference at this energy should not be

considered especially significant.

0.0
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-0.4

-0.8

-0.8

-1 .0

\ K =Tli(p.n)

T
I

•P.W.I.A. (Bugf) for pure GT

^corrected for Fermi contribution

, . i , i
200 400 800

ED (MeV)

Figure 5.4: Du,(0°) results from the 7Li(p, n)rBe reaction. The dot-dash line
is the PWIA prediction for pure GT, and the dashed line is a PWIA curve
which has been corrected for Fermi contributions.
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a consequence of noncentrality

The present experiment has shown that there are strong noncentral contri-

butions to the isovector nucleon-nucleus interaction, and this may have con-

sequences for techniques which extract reduced GT strength from (p,n) cross

sections. The reduced strengths for Fermi and GT transitions are defined as

S(GT) = 2ATT?|( l 7 / l?w i" | j r ' ) | • (513)

In many cases, B(F) and B(GT) are found experimentally from /?-decay life-

times ft\/2 according to:

7tAm+WmGT)] (5i4)

where Co = 6166 ± 2 sec and | C G T | 2 * |CF|a = 1.262 ±0.005 [DeS 90, BOP 86].

There is an approximate proportional relationship between (p,n) differential

cross sections and /8-decay lifetimes, and this relationship may be employed to

compute the reduced Gamow-Teller strength £(GT) in cases where 0-decay is

energetically disallowed [TAD 87b]. If one omits tensor and spin-orbit terms,

the effective isovector N-N interaction may be approximated by

VNN « n • T5 {Vw(r) + l£(r)*5 • «*}, (5.15)

as compared with Eq. (1-1). Then the cross section may be written

~W = j ; feJ ivfpH1 lB(F) + Nfw B{GT)\' (5"16)

where Jp and JOT are magnitudes of the volume integrals of Vw and VJe,

respectively, and Âp* and N§T are calculable distortion factors. The ratio
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R2 = NQT\JGTI2 -5- Np\Jp\2 depends on the bombarding energy, and has been

measured for energies up to 795 MeV [SUG 90]. This proportionality rela-

tionship with /9-decay lifetimes has been tested and exploited to determine

B(GT) strengths from (p,n) cross sections where bombardment energies were

below 200 MeV ([GOO 80], for example). The present experiment has shown

that noncentral forces in the interaction may not be ignored, so Eq. (5.15) is

no longer a good approximation for energies above 300 MeV, and the simple

proportionality relationship breaks down.

Before rejecting the proportionality relation completely, one should realize

that DLL(0°) is a very sensitive probe of tensor terms, while the differential

cross section da(0°)/dil may be much less sensitive. A detailed study of the

effect of tensor terms on the cross section is beyond the scope of this thesis,

but the effect has been considered in [TAD 90b], and a crude estimate of the

limits of the effect on GT cross sections is presented below.

Ignoring distortion and nuclear structure uncertainties, the differential cross

section is proportional to the square of the interaction strength V. For a GT

reaction at zero degrees, V = VJa if the interaction is purely central, and

V = Vf if the interaction is purely tensor. For an intermediate case, VJa and

Vj may add with an arbitrary relative phase, with the limiting cases:

\VJa + Vf\2 constructive interference (0° phase)
KrT<rl2 + |Vrl2 incoherent sum (±90° phase) (5.17)
\VJa — V}|2 destructive interference (180° phase).

By examination of Eq. (5.3),

OO = \O + & + -T )/O, (O.lOj

V? = (F-B)/3, (5.19)
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where only the Sia(p) tensor term is retained in Eq. (5.19), as is appropriate at

zero degrees. The PWIA (Bugg) predictions can be used to find B, E, and F

as a function of energy, and the results can be used in the equations above to

find the ratio \V\2 -f- |V£,|J. This ratio is a crude estimate of the relative effects

of tensor terms on the cross section. Additionally, the values of B, E, and F

can be used to estimate DIL(0") as a function of energy (as in Section 5.1), so

to allow a comparison between cross section effects and the measured Dn,(0°)

values from the present experiment. The comparison appears in Fig. 5.5. In

the extreme cases seen for carbon at 494 MeV, cross section could be increased
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Figure 5.5: Comparison between the ratio |V|2-5-|l^|2 and values of DLL(Q°)
as computed using the 1991 Bugg-Bryan phase shift parameterization. Limiting
cases of constructive and destructive interference of VJ9 and V$ appear, along
with the incoherent sum. i?ii(0°) values from the present experiment also
appear for reference.
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or decreased by up to 30%. One may conclude that large tensor effects on the

cross section are possible, although such effects have never been observed.

check of relation between DLL and DNN

Measurements of both DLL and DNN are available at Ep = 318 MeV, so

one can check the relation between zero-degree GT coefficients (the 2H DLL

value is interpolated from [McN 92a]):

relation: DLL(0°) + 2DNN(0°) = - 1
from 12C(p, n): -0.53 ±0.06 + 2(-0.29 ± 0.17) = -1.11 ±0.34
from2H(p,n): -0.43 ±0.01 + 2(-0.22 ± 0.06) = -0.88 ±0.12

indicating agreement. Unfortunately, due to poor statistics, this is not a very

precise test. The agreement could also be taken as evidence that the effective

analyzing power calibrations are reasonable: If the Ann and Anp calibrations

were in error then the agreement between the relation and experiment might

be worse, because the reported values of DLL and DHN axe both inversely

proportional the the measured effective analyzing powers.
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In conclusion, this experiment has successfully measured polarization trans-

fer coefficients DLL{W) for 12C(p, n) l2N and "C(p, n)14N Garnow-Teller reac-

tions, for a 7Li(p, n)rBe mixed GT + Fermi reaction, and for the 2H(p, n)2p

GT reaction, with bombardment enrgies of 318 and 494 MeV. The measure-

ments indicate the presence of strong non-central contributions to the isovector

nucleon-nucleus interaction at these energies. This noncentrality may have a

significant effect on the differential cross section, so one must be cautious when

using {p,n) cross section data above 300 MeV to extract reduced Gamow-Teller

strengths.

There is qualitative agreement with PWIA and DRIA predictions of the ten-

sor contributions to the isovector nucleon-nucleus interaction, but the measured

values of DLL(0°) for p-shell nuclei are more negative than expected, which is

suggestive of distortion effects or medium modifications to the nucleon-nucleon

effective interaction.

Finally, the relation DLL + 2DSN — — 1 has been verified for GT reactions

at zero degrees using the 2H(p, n)2p and 12C(p, n)13N reactions.
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APPENDIX A

USEFUL DERIVATIONS

A.1 Proof that DLL(O°) = 1 for 0+ -+ 0+ transitions

For a transition in which both the target and product nuclei have spin zero,

the most general form for the scattering amplitude is

f(q) = a + 6(<r • n) + c(<r • q) + d(<r • p), (A.I)

where tr is the projectile spin, and n, q, and p are defined as in the Madison

convention. Unity and (tr-h) have natural parity, and (tr-q) and (tr-p) each have

unnatural parity. Parity is conserved in the hadronic interaction, so a 0+ —» 0+

transition can include only components with natural parity, so c = 0 and d = 0

are required. Furthermore, at zero degrees, n becomes indistinguishable from

q, so b — c = 0 is required. Thus, parity and symmetry arguments restrict the

scattering amplitude to the form:

/(0) = a. (A.2)

The zero-degree PT coefficients can easily be found:

<j " Tr[//+] " ~Wm~ ~ '' ( }

Taking i = j = L, we have DLL = 1 for 0+ —» 0+ transitions, which was to be

shown.



148

A.2 Proof that DLL(O°) + 2 D N N ( 0 C ) = - 1 for 0+ -»1+ transitions

This proof is adapted from [SHE 85]. When the product nucleus has spin 1

and unnatural parity, then the most general from for the scattering amplitude

is

f(q) = (17 • h)[ai + 6|(* • ft)]

+ (17 •*)[«(*• ft+ 4(ff-fl]

+ (17-ft[c(». ft+ *(•••*)] (A.4)

where S is the product nucleus spin, quantized in the q direction. From this

amplitude, we find that

| + M 2 + |dil2 (A.5)

IDnn = |Tr[/<7B/
+<7n] = latf + lhf-lcof-ldof-W-fa? (A.6)

± |do|2 - |Cl|
2 + |dx|3 (A.7)

i / « J = M 2 HM 2 + M2-I4.I2 + M2-|dil2 (A.8)

where some properties of properties of <r's and traces have been used: <7,-<7j =

+ iSij, Tr[cr,] = 0, and Tr[l]=2. We have

/ + IDnn + //?„ + /!?„, = 4|ai|
2. (A.9)

The coefficient a is proportional to the spin-orbit term, which vanishes at 9 =

0°. Also, at zero degrees, Z)M = Dnn = DNN, and Dpp — Du,, so equation

(A.9) reduces to

which was to be shown.
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A.3 Derivation of FOM=NA*ff

Figure-of-merit (FOM) is the quantity which must be maximized in order

to produce the smallest uncertainties in the measured polarization. Consider

as an example the polarization Ppj. We have from Eq. (3.8):

\ }if2 2$

where $ is the sector half-angle, and L and R are the symmetrized counts in

the left and right sectors. The errors in the symmetrized counts are 6L « \fh

and SR « \/R, SO the error may be written approximately as

LR V" 2*
(A.12)

From Eqs. (3.5) and (3.6) we have

L = - ( S + Pjv^ffsin*), (A.13)

R = - ( f c - Z f r ^ s i n * ) , (A.14)

where N is the total number of counts accepted in the 6 and Rv windows.

Substituting for L and R, we have

( }

1
/2 (

At NTOF, it is found that P^A^g sin2 $/*2 « 1 (it is maximally about 0.01),

so the term in square brackets may be taken as unity. If $ is held fixed, then

SPN « (AM2,)"1'2 (A.17)
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which leads to the conclusion that the uncertainty is minimized when NA*g is

maximized, so we may define FOM = NAlg.

If $ is allowed to vary, and everything else in held fixed, we see that

6PN

which is useful for choosing the optimal parameter $. The value of >/$ •¥ sin $

is minimal when tan $ = 2$, which is true for $ w 66.78°.



APPENDIX B

MONTE CARLO PROGRAMS

B.I AYPMC

A FORTRAN program AYPMC has been written to simulate scattering

events in the NTOF detector. Using this program, one can predict the effective

analyzing powers as a function of energy, and study optimization problems in

situations where data are scarce.

In the program, the paths of a large number of simulated particles are

traced through a model of the detector. The model is faithful to the detector

geometry, efficiencies, and resolution, but the scattering distribution and an-

alyzing powers of the scintillator fluid are based on free N-N scattering. The

fluid, BC517-S, contains a large fraction of hydrogen (H:C = 1.7:1), so this

is a reasonable estimate. One can use the phase shift program SAID [ARN

83] to generate analyzing powers and cross section distributions for p(ii,p)n

and p(n, n)p reactions (see Fig. B.I), and use the results to predict the 6 and <j>

probability distributions for scattering in the analyzer. The author is not aware

of any calculations or data which adequately give cross sections and analyzing

powers for 12C(n, n)12C or 13C(n,p)laN quasifree events in the analyzer fluid.

Events are selected with exactly the same criteria used for real data. In

particular, the restrictions on Ry and 0 are the same as those outlined in Sec-
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Figure B.I: Sample cross sections and analyzing powers as a function of 6 for
free hydrogen scattering, generated with the help of Ref. [ARN 83]. These are
used to generate the $ and <f> distributions used in the Monte Carlo program.
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tion 3.3. The effective analyzing power is determined by three different meth-

ods: (1) A{9) from the SAID input files is averaged over all events accepted by

the detector. This simple method does not take into account detector resolu-

tion or binning. Predictions with less than 1% relative statistical error may be

obtained with 106 simulated events at a given energy. (2) The sector method

is used to determine asymmetry from the simulated events, with the determi-

nation of left/right/up/down based on a <j> opening angle of 67°, then values

of Ann and Anp are found by factoring out the simulated polarization. This is

a close approximation to the method used for real data. About 5 x 106 simu-

lated events are required for relative statistical errors of 1% at a given energy.

(3) Asymmetries may be computed using the weighted sums method, which is

useful for comparison to the sector method. This is an option of the program

which is rarely used. It is statistically about as efficient as the sector method.

A flow chart for the program appears in Fig. B.2.
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Figure B.2: Flow chart for the program AYPMC.
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B.2 FPASS

A second Monte Carlo program, FPASS, was written to help study the

effects of (n,n) accidentals, which can dilute the effective analyzing power when

event rates are high (ft « .05 events//ip or more). Accidentals involve a neutron

hit one of the analyzer planes (NAO or NA1), and a hit from an unrelated

neutron in one of the catcher planes (NCO of NCI), which is a pattern that

mimics a valid (n,n) coincidence event. Data selection cuts on the quantities

9 and Ry, are effective in reducing the number of these events. The program

FPASS seeks to determine the fraction of accidentals which are retained for

analysis, despite the data selection cuts. This fraction, which is denoted / p o .

in Section 3.5, is an important part of the accidentals correction procedure.

The program is quite simple compared with AYPMC. A random position

(xi) and time (t\) are generated for the analyzer hit. Because there is no inter-

nal scattering event, it is not necessary to generate a random 9 and <j> scattering

distribution for thi J particle. The time is generated based on energy histograms

of real NTOF data: /, ,„, is found to be highly energy-dependent. Hit position

and time {£% and <j) are generated in a like manner for the independent neutron

striking the catcher. After resolution and binning corrections are applied, the

"observed" quantities 0 and Ry are computed, and the number of simulated

events which pass or fail the data selection cuts (as a function of the energy of

particle 1) are tabulated.

A flow chart for this program appears in Fig. B.3
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Figure B.3: Flow chart for the program FPASS.
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