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ABSTRACT

A survey in nuclear mass and in momentum transfer of cross sec-

tions and analyzing powers in the quasielastic region has been made using the

(p,n) reaction. The measurements were performed at an energy of 795 MeV

at the Neutron Time of Flight Facility (NTOF) and the Weapons Neutron

Research (WNR) line at LAMPF.

The (p,n) reaction isolates the isovector {f\ • f^) part of the nu-

cleon nucleus interaction. Standard models of quasielastic scattering were

able to describe the magnitude and shape of the double differential cross sec-

tions very well if account was taken of a significant background from double

scattering.

In contrast, the quasielastic response was shifted to much higher

excitation energy than what was expected. This was true for all nuclei at

moderate to large momenta transfers. Neither the Coulomb energy shift nor

RPA calculations with the standard particle hole (p-h) interactions could

account for this large shift. The data argue for a repulsive interaction in

both the transverse and longitudinal channels of the p-h interaction.

A suppression of the quasielastic analyzing power compared to the

free nucleon nucleon analyzing power was found in n**C at all the angles

measured. The same region in n a tPb showed little or no suppression. Part of

the suppression in the n a tC data may be accounted for by relativistic models

of the nucleus employing large vector and scalar potentials with an effective



mass of .85 times the free nucleon mass. The relatively larger contribution

of double scattering to n a tPb(p, n) than to na tC(p, n) may account for the

difference in analyzing power for these two targets in the quasielastic region.
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CHAPTER 1

Introduction

1.1 Prologue

This thesis presents the results of a series of (p,n) double differ-

ential cross section and analyzing power measurements of the continuum

region. This comprises a region from just above the low energy loss dis-

crete states to several hundred MeV excitation. All of the experiments were

conducted over a two year period (1988-1989) at the Los Alamos Meson

Physics Facility (LAMPF), in particular, at the neutron time-of-flight fa-

cilities at Weapons Neutron Research (WNR) and Neutron Time of Flight

(NTOF). The rest of this chapter presents a brief introduction to nucleon-

nucleus scattering to the continuum, and the motivation for performing

these experiments.

1.2 Nucleon-Nucleon Scattering

Quasielastic scattering is driven by the free nucleon-nucleon in-

teraction, which has been investigated extensively [MAC86]. While the

interaction between nucleons is believed to involve the exchange of gluons

between the constituent quarks of each nucleon, a fundamental theory of

the Nucleon-Nucleon (NN) interaction has yet to be developed. However, a

model of the NN force relying on the exchange of mesons (quark-antiquark

pairs) is able to account very successfully for the experimental NN scatter-

ing data [MAC86]. The present form of this model, called the one boson

exchange model (OBE) [PRE75], uses the exchange of four different, mesons
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(three known mesons and one additional fictitious meson to model the ef-

fects of multiple meson exchanges) to account for the NN interaction at

separations greater than about 1 fm. The interaction at very close range is

known to be repulsive and must be described by gluon-quark interactions,

but at present is only accounted for phenomenologically. A plot of the

strength of the nuclear force as a function of distance is shown in Figure

1.1, along with the various mesons presently used to describe the force.
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Figure 1.1. The strong force in the 1So state as a function of distance
and the contributions from various mesons (Greek letters) [MAC86]. The
heavier mesons and multiple meson exchanges dominate the short to inter-
mediate range interaction, while the pion accounts for the long range tail,
as well as, contributing to the short and intermediate interaction.

The explicit forms of the individual meson exchanges, given in

[HOS68], are both spin and isospin dependent. A phenomenological form

for the NN amplitudes due to Wolfenstein exhibits these dependencies.



O + MAt=l7!i • f2 (1.1)

where,

M(0, e) = [a + c(<7i • n + a2 • n) -f m(ai • n)(<r2 • n) + g[(<TX • p)(<r2

(ai • q)(a2 • q)] + h[(ffj • p)(<72 • p) - (at • q)(a2 • q)]]

and

l £ ± f e n = q x p .

where pi and pf are the initial and final momenta of one of the scattered

particles in the c.o.m. frame. By observing the spin and isospin of the

incoming and outgoing particles, the coefficients of each of the terms may

be determined. In turn, various combinations of these coefficients may be

associated with a particular meson exchange. For instance, the <TI • q<r2 • q

(longitudinal) term of the isovector (At = 1) amplitude is driven by re

meson exchange. Exchanges of the p meson dominate the o\ x qcr2 x q

(transverse) part of the isovector interaction.

1.3 Nucleon-Nucleus Scattering

Of fundamental importance to nuclear physics is how the strong

force between nucleons is modified within the nucleus. The effect of the

nuclear medium on nucleon-nucleus scattering is often calculated using the

Random Phase Approximation (RPA), which employs a particle-hole (p-h)

interaction based on meson exchange . The p-h interaction can propagate

an initial disturbance through the entire nucleus inducing collective mo-

tion. This collective motion is sensitive to the form and magnitude of the

p-h interaction. Measurements of Ml and Gamow-Teller excitations at low



q have been successfully described using particle-hole interactions derived

from 7r and p exchange [SPE80]. Fig. 1.2 shows the p-h force as a func-

tion of momentum transfer for n and p exchange using the parameters in

[TOK85]. As the momentum transfer increases the ir part of the p-h force

drops to zero and becomes attractive. Therefore, a large change in the col-

lective response of the nucleus should occur at large momentum transfer.

Examining the nuclear response in this region should provide valuable in-

formation concerning the validity of the meson exchange model of the p-h

force.

This region of large momentum transfer occurs where continuum

processes have become the dominant mode of excitation of the nucleus.

These processes are those that knock the struck target particle out of the

nucleus. This is also called quasifree scattering and is illustrated for (p,n)

scattering from natC and 2H in Fig. 1.3.

Measurements of the quasielastic region have been made on a

number of targets using both the (e,e') [M0N71] and the (p,p') reaction

[CHR80]. Electron scattering does not couple longitudinally (<7 • q) to the

nucleus and, so cannot examine the portion of the p-h force due to the

pion. The (p,p') reaction couples through both the spin transverse and

spin longitudinal fields and is a mixed isoscalar and isovector reaction. Fig.

1.4 shows n"C(p,p') data at 15° and 795 MeV from [CHR80]. Also shown

is a surface response model calculation that is broken into the isoscalar and

isovector spinfiip and spinnonflip parts. The isoscalar response swamps the

isovector, which makes extracting information about p and it exchange dif-

ficult. It is possible to measure spin transfer observables in (p,p') scattering

from which the longitudinal and transverse responses may be constructed.
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Figure 1.2. The momentum transfer dependence of the residual interac-
tion due to the TT (dashed) and p (dot-dashed) mesons is shown in the top
figure. The TT interaction changes rapidly because of its small mass. The
bottom plot shows how a Fermi gas model of the double differential cross
section for 12C(p,n) at 795 MeV and 1.2 fm"1 is effected by these inter-
actions. The light solid line shows the expected free Fermi gas response.
The p response (dot-dashed) is shifted to high excitation, because at this
momentum transfer the corresponding particle-hole interaction is repul-
sive. The n response (dashed) is unshifted because the particle-hole force
is close to zero at this momentum transfer. The responses are weighted
by the square of the free amplitudes in the respective channels. The extra
light dotted line is the sum of the central and spin orbit responses, which
result partly from multiple pion exchange.
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Figure 1.3 Energy spectra for the 2H(p,n) (top) and natC(p,n) (bottom)
reactions at 12° over a large range of energy loss. This shows the delta
resonance at around 400 MeV as well as the quasifree peak. The delta
resonance is believed to be produced from the quasifree knock out of an
excited nucleon. The dotted line in the top spectrum is the position of the
final neutron if free NN kinematics are used. The width of the quasi free
peak is due to the Fermi motion of the target nucleons. The small peak in
the natC(p,n) spectrum is a discrete 4" state in 12N [BER87].



However, the results still contain an isoscalar admixture along with the

isovector response [CAR84],[TOK85]. To isolate the TT and p responses

a reaction is needed which is mediated only by the isovector part of the

nucleon-nucleus interaction. This is what the (p,n) reaction does.

1.50

0.00
550 600 650

1 proton

700 750 BOO

(MeV)

Figure 1.4 natC(p,p') data from [CHR80] along with the responses in the
various spin and isospin channels from a slab model calculation [SMI88].
The heavy dotted curves are the two isovector responses to be studied in
this experiment. They are shifted to higher excitation from the isoscalar
responses, one of which is shifted to lower excitation. The model curves have
been shifted by 15 MeV to higher excitation and the data was renormalized
as specified by [MCG84].

Ideally, a similar measurement of spin transfer observables to ex-

tract the transverse and longitudinal responses should be carried out with

the (p,n) reaction. These measurements are difficult and time consuming

and therefore not applicable to general systematic surveys. Fortunately,

simple observables such as cross section and analyzing power are still sen-

sitive to the 7T and p responses, as illustrated in the bottom of Fig. 1.2,

and require much less time, making a wide systematic survey of quasielastic

scattering in the isovector channel possible.
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Quasielastic measurements using the (3He,t) reaction have been

made [BER87]. As with the (p,n) reaction, this reaction involves a charge

exchange and should probe the isovector part of the nucleon-nucleus in-

teraction. The quasielastic peak position for n*'C extracted from this data

is shown in fig. 1.5 along with the peak position expected from free NN

kinematics. The peak is shifted above the free kinematic line at low mo-

mentum transfers and gradually falls below this line at large momentum

transfer. This has been interpreted as due to the pion part of the p-h force

which becomes attractive at large momentum transfers pulling the peak to

lower excitation relative to free scattering. However, the complexity of the

probe casts doubt on the validity of this interpretation [SMI90]. On the

other hand, a survey across the same momentum transfer using the (p,n)

reaction should extract unambiguously the isovector part of the quasielastic

cross section.

1.0

Figure 1.5. The quasifree peak positions seen in (e,e') (dash-dotted line
with open circles) , (p,p') ( + ) and (3He,t) (solid line with solid circles ) are
compared with the u> = q2/2m line in the q-a; plane. (ICH89J.



1.3 This Experiment

The experiment reported here measured the quasielastic charge

exchange double differential cross section on a large selection of targets (2H

to 238U) at 795 MeV and over a broad range of momentum transfer (0 to 3.8

fm"1). In addition, a small number of analyzing power measurements were

made. By using the charge exchange interaction over a wide momentum

transfer range, the response of the nucleus to purely isovector excitations

is extracted. The range of momentum transfer chosen in this experiment

allows some of the effects of the ir and p mesons to be manifested, through

the normalization and position of the quasielastic response. The mass de-

pendence of the quasielastic peak should make it possible to uncover those

features of the peak that are common to all nuclei. In addition, these data

complement and augment an already existing set of data of the (p,p') and

fe,e') reactions and, therefore, contribute to a more complete understanding

of the continuum response of the nucleus.



CHAPTER 2

Experimental Methods

2.1 Introduction

All the (p,n) data in this thesis were taken at LAMPF using time

of flight (TOF) to determine the outgoing neutron energy. In these exper-

iments the LAMPF LINAC provided pulsed groups of protons, along with

a radio frequency signal to determine when the protons struck a target. A

final timing signal came from sets of scintillation detectors at the end of

a long flight path. Two TOF facilities exist at LAMPF for making high

resolution wide range neutron energy measurements. In July of 1988 the

rirst set of data (WNRl) was taken at a recently constructed flight path at

the Weapon Neutron Research (WNR) line. A second set of data was then

taken (NT0F1) in August during the commisioning of the Neutron Time of

Flight Facility (NTOF). A third set of data (WNR2) was taken in October

of 1988 at WNR. Finally, a set of data (NT0F2U and NT0F2P) was taken

at NTOF in Sept. of 1989. The data in experiment NT0F2P were taken

with the first polarized beam from the recently installed Optically Pump

Polarized Ion Source (OPPIS), which allowed analyzing power measure-

ments to be made. A description of the WNR facility is given in [LIN86].

In the following the experimental set up of NTOF will be described.

2.2 The NTOF Experimental Setup

A diagram of the LAMPF experimental areas is shown in Fig. 2.2.

The LAMPF LINAC delivers hydrogen ions accelerated up to 800 MeV to
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the beam switchyard. Details concerning the operation of the LINAC at

LAMPF may be found in [JEP86]. What is important for TOF measure-

ments is the structure of the proton beam. Figure 2.1 shows a schematic of

the time structure of the LAMPF beam. It consisted of macropulses which

have a maximum repetition rate of 120 Hz. Each macropulse is made up

of micropulses separated by as little as 5ns. During NTOF2P the length of

the macropulses was 625/JS with a repetition rate of 60 Hz. The micropulse

spacing was 200ns. The values for the other experiments are shown in table

2.1.

MacropulM 650 /it
V

MlcropulM ipadng SOOni

Fig. 2.1 A schematic of the beam structure for NTOF2P. The
repetition rate of macropulses as well as the micropulse spacing may be
varied. There were approximately 3250 micropulses in a macropulse during
NTOF2P. The repetition rate for macropulses was 60 Hz. Each micropulse
is on the order of 50 pico seconds long.
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Fig. 2.2 The LAMPF experimental areas. Hydrogen ions are diverted
at the beam switchyard into line X (top arm of the diagram) and into the
NTOF channel. The WNR line is shown on the bottom. to
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Table 2.1 Beam parameters. The length of the macropulse and the spac-
ing between the micropulses is given. Only coincident events were useful
in experiments NTOF2P and NTOF2U because of the short micropulse
spacing. The night paths are to the middle of the first detector plane for
the NTOF experiments.

Exp.

WNR1

WNR2

NT0F1

NT0F2U

NT0F2P

Macro

(fisec)

660

—

810

625

625

Micro

(/zsec)

5.4

4.3

5.0

0.35

0.2

Rep. rate

(Hz)

23-24

—

—

20

60

Flight Path

(meters)

240.1

240.1

617.77

169.82

169.82

Source

H"

H"

H"

H~

OPPIS P"

Current

(namps)

120

80

15-40

1-60

1-25

From the beam switch yard the protons are sent down line X,

through a polarimeter (EPPO) and finally into the NTOF cave (Fig. 2.3).

The protons proceed through another polarimeter (NTPO), a beam mon-

itoring device (SEM), and into a set of four magnets called the swinger,

since they are used to steer (or swing) the beam onto the target at any

angle between -5 and +52 degrees. A final magnet is used to sweep away

those protons that did not interact in the target. These protons are stopped

by a large carbon block that functions as a charge collector to monitor the

beam.

The neutrons produced in the target pass through a small hole

in the concrete shielding to proceed along a flight path, and finally, into a

set of detectors housed in a mobile trailer (Fig. 2.4). The flight path has

a maximum length of 618m. Since the neutrons must travel through air

the attenuation of the neutron flax must be taken into account. Table 2.1
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shows the flight paths for the different experiments. General information

about the accelerator may be fornd in [LIV77] and [VAN82].

2.3 Beam Integrators and Polarimeters

Two beam integrators (SEM and the beam stop) were monitored

throughout the experiment. Studies of the beam stop and of the SEM

revealed that the response of the SEM was linear with current as long as

a dark current correction was made, while the beam stop had severe non-

linearities at both very high and very low current. For this reason the SEM

was used to normalize all data. A description of how an SEM functions is

given in [JEP86].

During NT0F2P analyzing power measurements were made by

taking data with both plus (up) and minus (down) polarized beam. The

magnitude of the polarization was monitored by the two polarimeters EPPO

and NTPO (Fig. 2.3). In order to correct for inherent asymmetries of the

polarimeter and for asymmetries due to misalignment of the polarimeter,

a small amount of unpolarized beam was periodically interspersed with

the polarized beam. The operation of these polarimeters is described in

[MAC89]. General information about polarimeters is provided in [OHL73].

2.4 Detectors and Data Acquisition

The neutron detector/data acquisition system consisted of sets of

scintillation detectors contained in a movable trailer along with the bulk

of the data acquisition electronics, a microprogrammable branch driver

(MBD) [LAM90], and a Microvax II computer to process the data. Since

experimenters were prohibited from occupying the trailer when neutrons

are being produced, a way of monitoring the data outside the trailer was
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neutron flight path

EPPO

\

Fig. 2.3 The NTOF swinger cave. Protons enter at the left and immedi-
ately encounter the second polarimeter NTPO
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Fig. 2.4 The 618m long flight path is shown with detector and computer
trailers along with surrounding highlights.
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devised. An additional trailer outside of the flight path was added. A sec-

ond Microvax-Il inside this trailer was connected to the computer inside

the detector trailer. While processing of the data was done by the com-

puter inside the detector trailer, the actual event data was written to the

computer in the experimenter trailer. This procedure allowed data to be

taken and copied to tape without experimenters entering the flight path.

In order to determine neutron energy and polarization, the detec-

tor system is divided into two sets of scintillator planes that are capable of

detecting both the time and position of an event. Each plane is segmented

into separate cells, which individually supply timing and position infor-

mation. To enhance the detector resolution while maintaining the same

efficiency, the front and back planes are each divided into two separate

planes.

The setup for experiment NT0F2P and NT0F2U consisted of

four planes and two thin scintillator paddles. A schematic diagram of the

system is shown in Fig. 2.5. Table 2.2 lists the detector characteristics for

NT0F1 and NT0F2. NT0F1 used only three planes.

Table 2.2 Detector characteristics for NTOF experiments. All path
lengths are in meters from the middle of the first detector plane to the
center of each of the other detector planes. IUCF denotes that the detectors
were from the Indiana University Cyclotron Facility.

Exp.

NT0F1

NT0F2U

NT0F2P

0

0

NAO

0

(rotated)

(rotated)

NA1

—

.27

.27

NCO

1.69

1.40

1.40

1

1.61

1.61

NCI

.96 (rotated)

IUCF (rotated)

IUCF (rotated)
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Kcutrona-

NCI
CAO NAO NA1 CCO NCO

Fig. 2.5 The NTOF detector system for experiments NTOF2U
and NTOF2P. The phototubes and lightguides have been removed for clar-
ity. NAO and NA1 together are called the analyzer, while NCO and NCI
are the catcher stemming from their use in polarimetry.

2.4.1 Planes and Veto Paddles

Three of the planes consisted of ten cells, while the "fourth was

made of six plastic scintillator cells. The first two planes (NAO and NA1)

were identical except that NA1 was rotated 90 degrees from the other.

These two planes were called the analyzer stemming from their use in po-

larimetry. The back two large scintillator planes (NCO and NCI), called the

catcher, were separated from the analyzer by a relatively large distance. Be-

tween the analyzer and catcher was a thin scintillator paddle (CCO) whose

purpose was to detect charged particles created in the analyzer. The an-

alyzer and catcher were separated by a mean distance of 150 cm, which

allowed the velocity of particles between the two sets of planes to be mea-

sured. Another thin scintillation detector was placed in front of the rest of

system to filter out any charged particles that hit the detector.
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Each of the three most forward planes was a 1.05 m by 1.05 m by

w stainless steel tank segmented into ten cells by lucite dividers. Two edges

of the tank were open to allow placement of rows of photomultiplier tubes.

The fourth plane consisted of six separate plastic blocks of scintillator of

dimension > 10 cm by > 10 cm by > 100 cm, capped with a light guide

and photomultiplier tube on each end. Surrounding each block were several

layers of paper and black tape. These plastic detectors were borrowed

from a similar polarimeter set up at Indiana University Cyclotron Facility

(IUCF).

The two paddle detectors (CA0,CC0) were actually five separate

solid plastic scintillators. Three of the scintillators were 104.14 cm long,

40.0 cm inches high and .56 cm inches thick, while the remainder were

130.8 cm high 10.0 cm long high and .30 cm thick. The five scintillator

detectors were mounted such that they covered the entire area subtended

by the thicker plane detectors.

A schematic of ten of the cells stacked to form a plane is shown in

Fig. 2.6. Each cell in planes NA0,NAl,NC0 is a separate 10 cm by 10 cm by

100 cm cavity with a light guide and an Amperex XP2262 phototmultiplier

tube at each end. The cavity is filled with a liquid scintillator and is

surrounded on the top and bottom by lucite plastic and black paper to

ensure that every cell is optically isolated from the next. Futhermorej this

construction enhances the ability of the cell to transmit prompt light to

the photomultiplier tube, as it provides for total internal reflection at the

cell boundaries. This is important in that prompt light will produce a crisp

edge on the pulse generated by the photomultiplier tube, leading to better

timing resolution.
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Fig. 2.6 A single scintillator detector tank showing the ten opti-
cally isolated cells along with lightguides and phototubes.

The liquid scintillator (BICRON 517s) had a ratio of hydrogen

to carbon of 1.7:1 and a density of .86 j*jjj. This composition was chosen

as a compromise between high light output and high ratio of hydrogen to

carbon [CIS88].

Four quantities are derived from the pulse generated by an event

in the cell. These are the mean time of arrival of signals from the two

ends of a cell, the position of the event determined by the time difference,

a number proportional to the energy deposited in the detector, and the

position of the event derived from the integrated pulse strength from the

two ends. A more complete account of this detector system is given in

[CIS88]. The operation of a similar detector system used at IUCF is given

in [TAD85].
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2.5 Data Acquisition and Electronics

In this experiment the Q-data acquisition and replay system was

used. This system has been described in detail in many other places

[LAM90],[HAR81].

The Q-system consists primarily of two sets of software programs.

The first set, called the Q-Acquisition Language (QAL), is a special lan-

guage designed to run a micro-processor called the MBD. In most cases,

when an event had occurred a signal was sent to inform the MBD that data

had been accumulated and was ready to be read from the hardware devices.

The MBD then followed the procedure for reading CAMAC [LEO87] mod-

ules, prescribed by the QAL code, and placed the data in its own memory

buffers. The data was then transferred to a Microvax 2 computer for pro-

cessing by the second set of software.

2.5.1 Events, Electronics, and Logic

The Q-system software, and its interface with hardware through

the MBD and CAMAC, had the capability of responding in a variety of ways

depending on cues it was given from a device called the trigger module. It

was through this module that all data acquisition was initiated. There were

four triggers used at NTOF. Three of these trigger signals go directly to

the trigger module and the other went to a device in the FERA system,

which is explained later.

Triggers 8,6 - Read all sealers. Usually done every 30 seconds.

Trigger 5 - Sets data acquisition into a mode to read FERA mem-

ory through CAMAC after the end of a macropulse.

Trigger 7 - This corresponds to any detector event and causes the

FERA system to acquire data through banks of ADCs and TDCs.
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While triggers 8,6 are activated by a signal from a clock, and

trigger 5 is generated by an end of macropulse signal, several different

detector events will produce a trigger 7. The events that can create trigger

7 may be broken up into two types: physical values which are sought at the

end of the experiment to help deduce energy and polarization; events that

are collected to monitor the performance of the detector system. These are:

Main events:

1) NN - neutral particle in both analyzer and catcher

CAO • analyzer - catcher • CCO • rfnn • beam

2) NP - neutral particle in analyzer, charged particle in catcher

and intervening charged particle detector.

CAO • analyzer • catcher • CCO • rfnp • beam

3) NSING - neutral particle in analyzer or catcher.

CAO • (analyzer + catcher • CCO) • rfn»ing • beam

Rf stands for a gate based on the accelerator frequency described

later. Analysis of NT0F2U and NT0F2P used only coincidence events

(NN and NP), while NTOF1 used NSING events.

Calibration events:

1) COSMIC - strikes in end cells of any plane with no hit in CAO

and only when there is no beam.

2) PP - strikes in at least one cell of all planes and strikes in both

charged particle detectors while there is no beam.
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When any of the above events occurs, all of the TDCs and ADCs

are read for every cell. No attempt is made in hardware to sort out what

particular cells or planes have been affected. This task is deferred to the

software. While this method greatly reduces the complexity of electronic

logic, it leads to a tremendous increase in the amount of useless data that

is recorded. How this is handled is. discussed in the section on FERA

electronics.

Schematic diagrams of the logic for a single plane, and diagrams

of the trigger logic for NSINGLE, NN and NP events are provided in Fig.

2.7, Fig. 2.8 and Fig. 2.9.
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To FERA ADC

To FERA TDC

atten.

discriminator

CeU

Atten

to trigger logic "and"

plane fan-in (10 celle)

discriminator

Fig. 2.7 The electronic logic for a single cell. The logic for
the other cells is identical and all meantime outputs are eventually fanned
together.
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Fig. 2.8 The trigger logic for an NSINGLE. The inputs from the
planes (NAO etc.) are from the meantime fan-ins in the plane logic diagram
(fig. 2.7).
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Fig. 2.9 The trigger logic for NN and NP events. The inputs
from the planes (NAO etc.) are from the meantime fan-ins in the plane
logic diagram (fig. 2.7).
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2.5.2 Plane Logic

When an event occurs in one of the cells the signal produced by

both photomultipliers is split. Part of the signal goes through an attenua-

tor to an ADC to record pulse height information. The other part of the

signal goes to a discriminator. If this signal is of sufficient height (about 50

Mv) the discriminator produces two logic pulses. One is sent to a discrim-

inator/latch which is used to convert NIM to FERA logic. This converted

signal is then used as a timing stop. The other signal from the discrimina-

tor serves as one input to a LAMPF custom mean-timer. The other input

to the mean-timer is the discriminated signal from the second phototube

of the struck detector cell. The system trigger is defined from this mean-

timer. If two input signals are present simultaneously, a logic signal will be

produced that is offset a determined amount from the mean of the arrival

times of the two pulses. If either of the two input pulses is missing, no

trigger will be produced by this cell.

2.5.3 Trigger Logic

The mean time signals from all cells in a plane are fanned together.

This plane signal is vetoed by cosmic events.

An NSING trigger will be produced if a valid mean time occurs

in the analyzer or if there is a valid meantime in the catcher without a hit

in the intervening charged particle paddle CCO. If both the analyzer and

the catcher have produced meantime signals within the resolving time of

the system and CCO has registered a hit an NP trigger will occur. In this

case if CCO has not been struck an NN trigger is produced. The resolving

time for coincidence events is about 20fis.
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All three triggers require that the event occurred within an rf win-

dow. This window selects only those events that could have been produced

by a micropulse striking the target resulting in neutrons in the desired en-

ergy range. The window is constructed by a coincidence of a signal of the

basic 201.25 MHz accelerator frequency and a signal from the source at the

micropulse frequency. The triggers also required that the event happened

during a macropulse. This is the "beam" condition in the figures.

The trigger logic for cosmic events is shown in Fig. 2.10. The

cosmic trigger requires a simultaneous strike in the two end cells. The

NOT beam indicates that cosmic events generate triggers only between

beamgates or macropulses. While several categories of events that are not

cosmic rays may cause cosmic triggers, these events are sorted in the soft-

ware where numerous other tests on the raw data are made.

2.3.6 The FERA system

FERA (Fast Encoding Readout ADC) consists of four different

CAMAC modules, which take the place of standard CAMAC TDCs and

ADCs. This system is used because it is both faster than the standard

CAMAC devices and has the ability to compress data, reducing the amount

of useless information that is recorded to tape.

The central component of the system is the FERA driver module.

The trigger 7 signal is routed to this module instead of to the standard

LAMPF trigger module. When this trigger is received by the driver it

sends out a gate signal that allows a bank of ADCs to integrate the signals

that appear at their inputs. Nearly half of these inputs are pulse height

signals directly from the ends of each cell; the other inputs come from the

FERA TFCs. The TFCs produce a constant current between a start and
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NA09
NAOO

NA19
NA10

NCOO-H J

NC19 —
NC1O —

To trigger

BEAM veto

CAO veto

Fig. 2.10 The cosmic trigger logic.
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stop signal. A common start is generated by the trigger, and the individual

stops are produced by both the discriminated time signal from the end of

each cell and the rf signal. By integrating the current output of the TFCs,

the ADCs act as a TDCs. At the end of the gate signal, the driver reads the

ADC data and puts this into the FERA memory buffer (this is a separate

module). Any ADC channel that has either a zero (no pulse height) or

an overflow (no TFC stop) is not recorded. In this way the data were

greatly compressed. All of the control and data signals appear on front

end outputs and inputs using a comparatively fast type of logic (ECLine).

Because of this, during a single macropulse several events may be recorded

and stored in the FERA memory. At the end of the macropulse any data

in the memory was read out through CAMAC into the MBD and finally

processed. More information on this system may be found in [AMA90].



CHAPTER 3

Data Reduction

3.1 Introduction

The goal of data reduction for experiments WNR1, WNR2 and

NT0F1 was to produce a single neutron energy or time of flight spectrum

which could then be converted into double differential cross sr ' ;ons. Ex-

periment NT0F2 required replay to produce two energy spectra gated on

the two beam polarizations from which both analyzing power and double

differential cross sections could be formed. The reduction procedure for

WNR1 and WNR2 was very similar to that in [JEP86], except that a cali-

bration procedure had to be developed to correct for drifts in some of the

hardware of WNR2. The micropulse spacing during experiment NT0F1

was large (5.0 ps) (similar to that during WNR1 and WNR2), so that

neutron singles data could be used. The reduction procedure thus was con-

ceptually the same as that for WNR1 and WNR2. On the other hand, the

beam structure for NTOF2 was much different from that in the other exper-

iments (table 2.1). Because of this, coincidence events instead of neutron

singles had to be used in the data reduction. Only the reduction procedure

for NTOF2 will be described below.

3.2 Replay

Two replays of this data were done using the Q-data acquisition

and replay system. The first replay was for calibration, and the second

replay produced the final histograms. Throughout the experiment, cosmic
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ray events were collected to monitor the performance of the detector sys-

tem. The purpose of the first replay was to extract information from the

cosmic ray events that could be used to determine what adjustments were

necessary to compensate for drifts in the detector system timing. A de-

scription of this cosmic ray calibration at NTOF is the subject of a future

NIM article [TAD92]. In the final replay, neutron energy histograms were

accumulated, that had been corrected for any relative drifts in the hardware

of the detector system.

3.2.1 Cuts on the Data

Because of the short micropulse spacing (Fig. 2.1) and relatively

short flight path in experiment NT0F2, there was a significant problem

with wrap around events. This occurs when slow neutrons produced in

one micropulse arrive at the detector at the same time as prompt neutrons

from the following micropulse. The top of Fig 3.1 shows a n**C(p, n) time

of flight spectrum at 9°. The arrow points to a 4~ state corresponding to

the highest energy neutrons that are expected to be produced. Above this

are slow (low energy) neutrons from the previous pulse that have "wrapped

around". In the right side of the spectrum is a large peak resulting from a

burst of gamma rays "catching up" from the following micropulse.

Coincidence events (events in which both an analyzer plane and a

catcher plane were struck) provided a means to eliminate many of the wrap

around events. A fraction of the coincidence events result from elastic or

charge exchange scattering from 1H or quasielastic scattering from n**C.

For these events the interplane velocity of the scattered particle will be

related to the velocity of the incident neutron by free NN kinematics. The

angle and interplane velocity of the actual scattered particle are known from
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Fig. 3.1 The top figure is a natC(p,n) spectrum at 9° showing
wrap around gamma events, while the bottom figure shows the correspond-
ing VRATIO spectrum. By cutting on the neutrons with a VRATIO around
1 virtually all of the wrap around events are eliminated. The TOF spec-
trum also shows a 4~ state in 12N. The time difference between this peak
and the gamma peak allowed the beam energy to be monitored throughout
most the experiment.
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the position and timing information provided by the analyzer and catcher

detectors. Within the resolution of the detectors this value will be the same

as that determined from free NN kinematics. Therefore, the ratio of these

values (VRATIO) will be close to one. However, if the detected neutron is

actually a slow neutron from a previous micropulse the interplane velocity

will be smaller than that determined from free kinematics, resulting in a

VRATIO less than one [TAD85].

To deal with the wrap around neutrons, a cut was made on VRA-

TIO (velocity ratio) (bottom of Fig. 3.1). For wrap around neutrons the

value of VRATIO will be less than one, while for the gammas it will be

greater than one. By placing cuts to select those coincidence events with a

VRATIO close to one, much of the the wrap around contaminant is elimi-

nated.

If two or more cells in a plane are struck during a.coincidence

event, there will be more than one path for which the angle and interplane

velocity may be evaluated. If more than two cells in a plane are struck the

event is thrown away. If only two cells are struck, the average of the time

and position information from these cells is used to determine the angle and

interplane velocity. However, a cut is placed on the final neutron energy

histograms to retain only double hit events, which occurred in adjacent cells.

This is because it is possible that a strike in one cell will send either the

scattered or recoil particle into an adjacent cell causing that cell to register

a hit. If two nonadjacent cells are struck during a coincidence event, the

strikes are assumed to be independent of one another, and the event is

thrown out. A schematic of a typical accidental event is shown in Fig.



35

Analyzer Catcher

Fig. 3.2 A schematic of a coincident event (dashed line), that is
rejected because of a chance strike of another particle in a different (non-
adjacent) cell within the resolving time of the system.

3.2. The fraction of coincident events thrown out because of accidentals

increases with the event rate.

The final relevant cut on the data was on the polarization state

of the beam. (During the experiment, a signal from OPPIS was monitored

indicating whether the beam was polarized up or down.) This resulted in

two final neutron energy spectra gated on plus or minus polarization. These

two histograms, ENCN (+) and ENCR (-), could then be used to form the

analyzing power and double differential cross section.

3.3 Cross Section and Analyzing Power

The expression for the double differential cross section is [TAY72]:

dftdw dfidw
(3.1)

where JJ is proportional to the number of particles expected in the
o

ith bin with unpolarized beam, P is the beam polarization, and n is the
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normal to the scattering plane. At NTOF neutrons that scatter to the right

from the target are detected. For this reason the normal to the scattering

plane points down, or in the direction of reverse (-) polarized beam. Using

histograms of neutron counts versus energy gated on plus or minus polarized

beam along with the above expression, the unpolarized cross section and

analyzing power are formed.

dfidw
P _ d2<7i P +

P_)dfldu;
(3.2)

0 V-* + ~ * -

and

Ai = r i - P J ^ p + , (3.3)

where P+ and P_ are the magnitude of the polarization when the beam is

polarized up (anti-parallel to h) and down (parallel to n) respectively, and

where r is the ratio of the double differential cross sections for up (+ or

normal) and down (- or reverse) polarized beam. The statistical uncertainty

in the analyzing power is (assuming Poisson statistics):

r.P.
[P»um(l + ri) + Pdiff(l - ri)]2 y counts+ counts-'

where PSUm = P+ + P - and Pdiff = P+ — F - . The statistical uncertainty

in the analyzing power due to the uncertainty in the polarization is:

and

where AP+ and AP_ are the uncertainties in the polarizations. These

uncertainties were added together in quadrature. It was found that the
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contribution to the uncertainty in the analyzing power due to the uncer-

tainty in the polarizations was negligibly small.

Each of the quantities is formed from the expression
±

d2<7 Ni|±

± (SEM)(TRI/EVE)|±(THI)(ATT)(EFF) ' (corr.fact.)|±" (3"4)

where N; |± is the number of counts in the ith bin of the final neutron energy

spectrum gated by up or down polarized beam. SEM is the sealer value of

the current monitor, which is proportional to the actual number of protons

that passed through the target. TRI/EVE is the ratio of two sealers that

gives the livefraction (TRIGGERS is EVENTS-BUSY) for plus or minus

polarized beam. THI is the target thickness in terms of scattering centers

per square centimeter. (The target thicknesses and uncertainties, as well

as the expected average energy loss of protons in the target, are listed

in table 3.1. All of the replayed energy spectra were shifted to correct

for this energy loss.) ATT is an attenuation factor for neutrons through

170m of air, which is a function of temperature and pressure. EFF is the

detector system efficiency folded with other constants which don't change

throughout the experiment.

The last factor multiplying the expression contains a dark current

correction to the SEM and another multiplicative factor to make up for

lost events due to accidental events.

3.3.1 Polarization

During NTOF2 sealer values from the arms of the two polarimeters

(EPPO, NTPO) were recorded continuously. These values for plus, minus

and unpolarized beam were used to deduce an average polarization for plus

and minus polarized beam over an entire run. How this is done is described



38

in [MAC89]. A weighted average of the values from the two polarimeters

was used to deduce the final polarization. This is shown in Fig. 3.3.

As a check that the two polarimeters were measuring the same

beam polarization the ratio of EPPO to NTPO was formed and is plotted

in Fig. 3.4. The average value of this ratio for plus polarization is 1.01 ±

.02 and for minus polarization is .97 ± .016.

3.3.2 Dark Current

During this experiment it was found that the current integrator

(SEM), registered a small number of counts, even when there was no beam

present. To monitor this, a number of runs were taken with no beam on

target. A value averaging 5.9 counts/sec was found. For each run, this

value times a clock sealer was subtracted from the SEM sealer and used as

the correct SEM count.

Table 3.1 Target thicknesses and energy losses for experiment NTOF2.

Target Thickness ( ^ ) Energy loss (MeV)

1.1
1.8
0
.1
.2
.2
.5
.9

3.3.3 Accidental Correction

The yields for a given target and at a given angle were found

to decrease significantly as the event rate was increased. The number of

raw coincident events normalized to the SEM, however, did not show this

n* lC
l**Pb
90Zr
58Ni
27 Al
i 3 C

7Li
CD2

1770± 15
1730± 15
25.5± .1

90±l
176±4
96.±1
720±5
780±5
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Fig. 3.3 The top figure is the magnitude of the polarization for
"+" polarized beam formed from a weighted average of polarimeters EPPO
and NTPO. The bottom figure is for "-" polarized beam.
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Fig. 3.4 The top figure is the ratio of the polarizations of EPPO
and NTPO for "+" polarized beam. The bottom figure is the same for "-"
polarized beam. The point at run 150 is the average of all the ratios.
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effect. This meant that somewhere in the data reduction, good coincident

events were being rejected, and the rejection of the data was a function of

the event rate. By taking the ratio of tost results to the total number of

coincidence events and plotting this as a function of event rate, it was found

that the rate dependence occurred after the cut on the cell separation. This

test eliminates those coincident events which have double hits in a plane

in nonadjacent cells. This type of event is shown in Fig. 3.2. Figure 3.5

shows a plot of the ratio of the number of triggers passing this test to the

total number of triggers versus the event rate for light targets.

1000 3000 3000

Event rate (events/sec)

4000

Fig. 3.5 Test ratio versus event rate for light targets. Since the
accidental coincidence of a neutron with a good coincident event (hit in
two different planes) was thrown out by the analyzer, data taken at high
event rates should show proportionally fewer good coincident events. The
test ratio shows the ratio of good coincidences and coincidences that pass
a cell separation test in the analyzer.

Direct evidence of these accidental events is provided by a set of

sealers which count the number of coincidences between the top and bottom

cells in a plane. A plot and explanation of this is shown in Fig. 3.6.
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Fig. 3.6 This plot shows the rate at which two cells in a sin-
gle plane (the top and bottom cells) are struck simultaneously during a
beamgate as a function of the overall event rate. At low event rates the
coincidence rate is the same as the background cosmic ray event rat, but
raises dramatically with event rate, indicating an increase of beam induced
accidental events .

The loss of good coincidence events from accidentals is a function

of the total event rate and the resolving time of the detector system. The

fraction of coincident events that occur without another event 'of any type

striking the detector within the resolving time of the system follows from

a Poisson distribution.

COlIlobs = —St-eventrate

expanding the exponential,

COintrue
~ (1 — 8t • eventrate). (3.5)

Ideally, the instantaneous event rate could be used in the expression. How-

ever, because of a faulty beamgate sealer only the average event rate over

many macropulses was known. For this reason, event sealers divided by

a clock sealer were used to provide a rate proportional to the true event
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rate. Test 6 was a coincident bit test proportional to the total number of

coincidence triggers, while test 143 was the test which eliminated the types

of coincident events demonstrated in Fig. 3.2. The ratio of these tests was

proportional to the ratio of total and observed coincidence events.

testl43 ^.events.
? | ]= a _ Q / ? | (3.6 )

The value of a and j3 were determined by a linear fit to the data in Fig. 3.5.

Any change in the neutron acceptance window or in the repetition rate of

macropulses required the constants a and f3 to be reevaluated. Three fits

had to be done. The repetition rate for macropulses and the acceptance

window for NT0F2U were different from NT0F2P so separate fits had to be

done for these two experiments. During NT0F2P the neutron acceptance

window was changed to eliminate the gamma peak shown in Fig. 3.1. New

values for a and /? had to be determined after the window change.

This target independent parameter (/?) was then used to scale the

energy spectra from each run to reflect the actual number of coincident

events encountered by the detector.

. coineventsobwrvedli / o -x
com eventstrueU = — — ^ ^ — J - . (3.7)

Because the targets studied had a nonzero analyzing power, the event rates

were different for the two polarization states of the beam. For each run

in NT0F2P the plus and minus polarized energy spectra were corrected

separately. Table 3.2 shows the values of the 0 parameter for NT0F2U

and NT0F2P.



Table 3.2 Accidental Correction Parameter.

Experiment

NT0F2P (runs 51-118)

NTOF2P (runs 119-141)

NT0F2U

0 (sec/event)

2.5e-05

9.5e-05

1.75e-04
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Cross section data from n**C at 9° over a large range of event

rates are shown in the top of Fig. 3.7. The same data corrected for dark

current and accidentals is shown in the bottom of Fig. 3.7. Table 3.3 shows

additional parameters for the same data.

Table 3.3 The currents, rates and corrections for the n*'C data at 9°. This
data was taken with the widest range of event rates and shows the most
severe corrections that had to be made in NT0F2P.

run

66

67

68

69

70

71

72

current

M
2.4

2.5

11.6

21.9

1.4

1.7

1.2

avg. eventrate

(ev/sec)

415.6

419.7

2142.2

4231.7

224.67

276.7

188.61

SEM

correction

.93

.93

.985

.99

.88

.90

.855

accidental

correction

.99

.99

.946

.89

.994

.993

.995
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Fig. 3.7 The top figure shows the results of a sum over the
natC(p,n) spectra at 9° before accidental and dark current corrections were
made at different event rates. The bottom figure shows the same after the
corrections had been applied. The corrections tend to raise all the cross
sections.
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3.4 Absolute Normalization and Systematic Uncertainties

The final step required to transform the data to double differential

cross sections is to deduce the effective efficiency (EFF in the cross section

expression) of the detector system as a function of neutron energy. By

dividing each energy bin of data by an efficiency the number of counts per

bin is scaled to reflect the actual number of neutrons that were within the

solid angle of the detector system at a given energy.

Several absolute charge exchange cross section measurements at

0" and 795 MeV have been made using the proton recoil technique at the

Nucleon Physics Lab (NPL) at LAMPF [BON78]. In addition, the absolute

differential cross section for the 7Li(p,n)7Be(g.s.+ 0.42) reaction at 0" and

800 MeV has been obtained by extrapolation of a result derived from an

activation technique found successful at lower energies [TAD90]. By com-

paring the 0° data taken in this experiment with any of the relevant data

mentioned above, an effective efficiency could be obtained.

The peak from the 7Li(p, n)7Be(g.s.+ 0.42) reaction from this ex-

periment was integrated and compared to the value obtained by [TAD90]

(41.9 ± 1.3 mb/sr). This gave an efficiency at one energy (795 MeV). For

coincidence data, the relative change in efficiency with energy could be

computed based on the detector geometry and the NN cross sections from

the SAID program [ARN82]. When combined with the absolute efficiency

determined from the 7Li extrapolation the double differential cross sections

for all angles and targets could be computed. It was found that the ef-

ficiency changed by only a few percent over the neutron energy range of

interest for quasielastic scattering (550-800 MeV).
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After normalizing all the data in this manner, the 2H(p,n) data,

summed over the quasielastic region, were compared to both the SAID

cross sections and the 2H(p,n) data of [BJO76] and [JEP86] (Fig. 3.8 and

table 3.4) at several angles. The data do not reproduce these result and lie

30% higher than the SAID cross sections for angles other than 0°. Because

of shadowing of the neutron in the 2H(p,n) reaction, the cross section is

expected to be somewhat below the free charge exchange cross section as

was obtained by [JEP86]. At 0° the 2H(p,n) cross section is expected to be

particularly suppressed by Pauli-blocking, allowing only the spin flip piece

of the nucleon-nucleon interaction to be effective [JEP86],[SIM78]. The spin

flip piece of the interaction is also plotted in Fig. 3.8.

•o

•8

2H(p,n) for different data sets

10 20

Angle,,,, (deg.)

30 40

Fig. 3.8 2H(p,n) data integrated over the peak at several angles
from this experiment normalized to 7Li data (circles) and to n UPb data
(boxes), and [JEP86] (x). The solid line is the SAID cross-section value,
while the dashed line is the spin-flip piece of this.
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Because of this discrepancy, the data were ultimately normalized

to a double differential cross section of n*tPb(p,n) from [BON78]. A possible

explanation for the discrepancy between the different normalizations is that

at 800 MeV pion production channels [(p,p'?r)] contribute to the production

of 7Be from 7Li. An activation measurement would result in an erroneously

large total cross section for the 7Li(p, n)7Be(g.s.+ 0.42) transition [PET92].

The n*tPb(p,n) spectrum from this experiment at 0° was divided

by the natPb(p,n) data of [BON78]. The resolution of the Bonner data

was poor, so, the data from the NTOF experiments was folded with a

gaussian to reproduce the resolution of the Bonner data. A least squares fit

of this experiment's n*lPb data to the Bonner data was performed varying

the spreading width of the gaussian. A value of 8 MeV was found to be

the optimal spreading value for the natPb(p,n) data of NTOF2. The fitting

region was taken from 700 to 800 MeV where the efficiency was presumed to

be reasonably flat. The spread data divided by the Bonner data are shown

in Fig. 3.9. A polynomial fit to this was made and the data were normalized

to this function. The results for the 2H(p,n) differential cross sections using

the natPb(p,n) normalization are also shown in Fig. 3.8. In table 3.4 0°

data from this experiment are compared to data from [JEP86] and the NPL

experiments. With the Pb(p,n) normalization this experiments data agree

to within 5 % of the data of [JEP86], and to within 10% of the NPL data

except for the 7Li(p,n) reaction. The natPb and 7Li normalizations differ

by about a factor of two.
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Figure 3.9 Relative detector efficiency spectrum obtained by dividing the
natPb data from this experiment by that of [BON78]. The data shown are
from WNR2 since the data extended to low neutron energies. The NTOF2
data only covered the region from 550 to 800 MeV and showed only a small
energy dependence. The WNR2 detector was a single block of organic
scintillator described in [JEP86]. The solid line is a polynomial fit to the
data.
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Table 3.4 Normalization Comparison between NPL experiments and this
experiments data normalized to na lPb(p,n) and 7Li(p,n) data. The num-
bers are summed differential cross sections (mb/sr) over the high excitation
region of the spectra. The 7Li data were summed from 657 and up. The
n a l C data were summed from 665 and up. The 27A1 data were summed
from 660.8 and up. The 2H data were summed from 657 and up in the high
energy region. The 2H and 'H data were summed from 74 to 657 MeV
in the low energy (pion) region. These regions were taken from the NPL
references. The uncertainties in the table are statistical.

target

7 Li

natQ

27 Al
2H

2H (pion)

»H

angle

0°

0°

0°

0p

0°

0°

NPL data

67.8 [RIL77]

28 [CAS76]

58.0±.7 [BON78]

31 [BJQ76]

67 [BJO76]

33 [BJO76)

NTOF2
7Li

78.7±.7

46.4±.6

103.08±.04

46.6±.3

—

—

NTOF2

natpb

43.7±.5

27.1±.3

59.8±.O2

28.1±.4

62.0

33.7

[JEP86]

43.2±.l

27.8±.l

—

29.3

—

—

Table 3.5 shows all the overlapping data from these experiments

and from [JEP86]. The WNR experiments and NTOF1 did not require any

dark current or accidental corrections In addition, except for 90Zr and 7Li,

all the targets used in the different experiments were of different thicknesses.

All the data is normalized to the Bonner n*lPb(p,n) data.

Systematic uncertainties to the data came from three sources. The

uncertainty in target thickness was generally small < 2%. An estimated

uncertainty of < 4% in the beam integration. The largest systematic un-

certainty was in the absolute normalization which is 13.3% from [BON78].

Standard error propagation was used to compute the statisticaJ uncertainty

in the double differential cross sections and analyzing power data. AH the
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spectra in the following chapters show only the statistical uncertainty in

the data.

Table 3.5 Normalization Comparison between the different experiments.
The numbers are differential cross sections (mb/sr). Experiments NTOF2U
and NTOF1 were normalized directly to the ""Pb of [BON78]. The other
experiments were connected to these through the 0° carbon data. The data
of [BON78] has a reported systematic uncertainty of 13.3 percent. The n**C
data at 0° were summed from 661 MeV and up. The natC data at 4° were
summed from 660 MeV and up. The natC data at 6° were summed from
650 MeV and up. The 27A1 data at 0° were summed from 661 MeV and
up. The 2H data at 9° were summed from 700 MeV and up. All the rest
of the data were summed from 670 MeV and up. The final column shows
the data with the largest disagreement with the [JEP86] data divided by
the [JEP86] data.

target
7Li

nat c

1 3 C
90Zr
2 7 Al
natp b

1 3 C
1 3 C
7Li
2H

nat c

nat c

nat c

ftab
0°
0°
0°
0°
0°
0°
6°
9"
9°
9°
4°
6°
9°

NTOF2U

42.78±

26.55±

45.39±

139.25±

57.53 ±

223.8±

—

—

—

—

—

—

—

.01

01

01

.04

.02

03

WNR2

42.41± .18

27.16± .1

—

138.0± 1.4

58.92 ± .35

—

—

—

—

—

35.3±.l

32.2±.2

—

NTOFl

38.16±

24.91±

46.41±

—

—

227.7±

40.50±

34.75±

30.65±

—

—

—

27.19±

.16

.14

.48

1.32

.25

.19

.08

17

NTOF2P

42.53± .49

26.43± .33

—

—

—

—

—

30.74± .13

12.7±.2

—

—

27.01± .10

[JEP86]

42.27±

27.82±

42.34±

—

—

—

4007±

34.28 ±

31.14±

13.8±

35.0±

33.5±

28.52±

.09

.09

.12

.11

.1

.08

1

1

1

.08

ratio

.90

.90

1.1

—

—

—

1.0

1.0

.98

.92

1.0

.96

.95

3.5 Energy Calibration

To monitor the energy of the beam the position of the gamma

peak in the neutron spectrum was compared with the position of the low

excitation states in na tC.

The time of flight of the gammas along the flight path can be

determined and is independent of the energy. The time difference between
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either the ground state or four minus states and the gamma peak may be

used to measure the beam energy. These features of the neutron spectrum

are shown in Fig. 3.1. The beam energy was found to be 795 ± 1 MeV.

3.6 Discussion of Experiments NTOF1, WNRl and WNR2

In addition to the FERA system, experiment NT0F1 used a long

range Lecroy TDC for collecting data at large excitation for angles greater

than 16°. The data collected using the FERA system were normalized to

the 0° n*tPb(p,n) spectrum of [BON78]. This data, however, only spanned

a range of neutron energies from 670 MeV and up. The spectra from the

long range TDC were normalized to the FERA spectra at neutron energies

above 670 MeV. The normalization of the data at neutron energies lower

than 670 MeV was determined by comparing the nmtC{p,n) data in this

excitation region at 16° with a n**C(p,n) spectrum at 15° from experiment

WNRl. This was necessary since no 0° na tPb spectrum at 795 MeV was

taken using the long range TDC.

Each experiment had a different neutron acceptance window so

that sharp cut offs appear in the spectra at different neutron energies. The

data from the FERA system TDCs used in NTOF1 cut off at 670 MeV,

while the spectra from the WNR experiments extend to below 100 MeV

in neutron energy. The data from the long range TDC used in NTOFl

extended, also, below 100 MeV.

The thicknesses of targets used during WNR2 and NTOFl are

given in table 3.6.
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Table 3.6 Target thicknesses for experiments WNR2 and N T O F l . The tar-
gets without uncertainties were borrowed from other facilities at LAMPF.
It is assumed that the uncertainty is in the last digit.

Target

CH2

CD2

7Li

1 3 C

27 Al

9 0Zr

n»tpb

2 3 8 U

Thickness (WNR2)

mg/cm2

40.2 ± .9

64 ± 3

534 ± 2.5

44.4

—

43.7± .9

25.5 ± .1

59.8 ± 2.1

54.68

Thickness (NTOFl)

mg/cm2

—

—

534 ± 2.5

358.

96. ± 1

—

—

309.

—



CHAPTER 4

Models of Quasielastic Scattering

4.1 Introduction

Quasielastic scattering is NN scattering in the nuclear medium.

This is demonstrated by the spectra of the quasielastic regions for 2H(p,n)

and natC(p,n) shown in Fig. 4.1. At large angles (> 6°) where final state

interactions are small and the effects of Pauli blocking have disappeared,

the 2H spectra illustrate charge exchange scattering from a very lightly

bound neutron. The position and width of the peak are consistent with a

simple nonrelativistic kinematic expression.

S i P F i ' ̂  P A

2m m f 2m A - l + ^ ' K }

where q is the momentum transfer, u; is the energy loss, pFermi is the struck

nucleon's momentum, and Q the binding energy.

With small binding energy and small target particle momentum

the first two terms dominate. The first term is free scattering from a nucleon

at rest (dashed lines in Fig. 4.1). The second term shows how the peak

widens with momentum transfer due to the motion of the struck nucleon.

In contrast, the positions of the discrete states at the lowest exci-

tation in the natC(p,n) spectra are consistent with the kinematics for scat-

tering off of the entire nucleus. At higher excitation in the spectra greater

than 6° a broad peak appears, which has similar features to the peak in the
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Fig. 4.1. Energy spectra for the 2H(p,n) and natC(p,n) reactions are
shown for selected angles. The 2H(p,n) spectra show scattering from a very
loosely bound neutron. The carbon spectra show similar structures to the
deuterium, in addition to, discrete states. The rapid shift in the broad
bump at large excitation is indicative of quasielastic scattering. All the
spectra have been divided by the NN cross section at that angle. The nat C
spectra were also divided by an effective number of neutrons (Neff=LS5).



56

2H(p,n) spectra. This suggests the projectile proton has primarily inter-

acted with a single target nucleon in na tC, knocking it out of the nucleus.

The rest of the nucleons are spectators. This is quasielastic scattering.

4.2 Eikonal Approximation

All of the models studied in this thesis relied on a semi-classical

approximation to the DWIA called the eikonal approximation. This ap-

proximation is valid at small angles and at high energies and results in a

multiple scattering series called the Glauber series [EIS80], [SMI85].

The series consists of terms of successively higher orders of mul-

tiple scattering. The first term is the dominating single step cross section

[ESB86].
A*rr —— A/T

S(q,w)a (4.2)dfidEv™ \

The double differential cross section is factored into a distortion piece, the

free NN cross sections and the nuclear responses or form factors. The dis-

tortion factor accounts for the absorption of nucleons through processes

other than single step [SMI88]. The a subscript refers to the different scat-

tering channels (appendix 1). How this factoring comes about is described

in [EIS80], [SMI85].

In the eikonal approximation as presented by Glauber [GLA59],

the projectile follows a straightline path through the nucleus with a proba-

bility of being scattered proportional to the local density of nucleons. This

is weighted by an attenuation factor to account for the absorption of the

projectile. The total cross section for n scatterings is [SMI88], [ESB85]:

(4.3)
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with

th(b)eiastic = / <^2p{z,h)aeiastlc, (4.4)
J—oo

and
,00

th(b)tot = / dz/)(z,b)0tot- (4.5)
J—00

Where b is the impact parameter, z is the straightline path of the projectile.

In place of th(b)tot an optical model expression is often used

th(b)opt = - —

where M is the nucleon mass, k is the projectile momentum and Vopt an op-

tical model potential from [KOB85]. The distortion part of eq.4.2 becomes

an effective number of nucleons.

Neff = — (4.7)
' M l

Th(b) is the target thickness at impact parameter b. This function is large

at the center of the nucleus. The competition between the exponential

and th(b) in equation 4.3 determines where in the nucleus most of the

single step scattering takes place. The distortion factor is just the effective

number of nucleons. The equations were integrated numerically and the

nuclear density parameters came from [NUCS7].

The thickness function is also used to determine the average den-

sity at which the interaction takes place [HORS8]:

/bdbT(b)/dZ/>(b,z)2

P /bdbT(b)/dz/9(b,z) l

with

(4.9.
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and

T(b) = e " t h ( b W (4.10)

where po is the central nuclear density, Ro is the nuclear radius and ao is

the diffuseness parameter.

Table 4.1 shows the values for Neff, />avg- The value of <rtot that was

used is 80 percent of the measured value at 800 MeV. This number is from

[SMIS6] and is due to the fact that Pauli blocking in the nuclear medium

causes the mean free path to be longer than would be expected considering

just <rtot. [ESBS6] used a self consistent procedure using a Fermi gas model

to determine the effective value of <7tot- Table 4.2 shows how the results

change for different parameterizations of the nuclear density for n i t C . Also

shown are the results for these values using the relativistic optical model

parameters from [HOR86],[KOB85]. In this case the attenuation term is

given by equation 4.6. The density functions came from [HOR86]. The

surface peaking of the reaction is demonstrated in Fig. 4.2, which shows

the differential cross section with respect to the impact parameter.
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Fig. 4.2 Nuclear density (light solid line) and differential cross
section for multiple sceitterings with respect to the impact parameter. natPb
is shown on top. The thick line is the single scattering contribution and
the dotted line is the double scattering contribution times 2. The dashed
line is the triple scattering cross section times 2. The same is shown on the
bottom plot for 12C for single and double scattering. This demonstrates
the surface peaking that occurs for both targets at around the same average
nuclear density.
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Table 4.1 The values for Neff, the Fermi momentum,average density and
impact parameter (bavg) of the interaction, and the value of M* using the
Glauber approximation. The heavy attenuation in the center of the nucleus
limits most of the scattering to the surface of the nucleus. The right most
column shows the parameterization of the nuclear density that was used.
Har: harmonic oscillator, 2pf: two parameter fermi, 3pf: 3 parameter fermi.
The entries at the bottom were obtained using the optical model parameters
of [HOR88]. The value of />o was determined for each target and each
parameterization by requiring the volume integral of the nucleon density to
be equal to atomic number for that target.

target

7Li

" C

1 3 C

27 Al

58N i

9 0Zr

208pb

238u

1 2 C

9 0Zr

208pb

N ( 1 )

1Neff

1.823

1.850

1.945

2.946

4.177

4.655

7.135

7.977

1.590

3.724

6.962

PFermi

(frn"1)

0.852

0.941

0.965

0.932

0.912

0.936

0.S84

0.860

0.951

0.905

0.890

<P>

(Po)

0.275

0.308

0.353

0.317

0.310

0.344

0.299

0.269

0.318

0.312

0.305

M*

(Mnucieon)

0.879

0.S64

0.845

0.860

0.863

0.848

0.869

0.882

0.860

0.863

0.866

b a v g

(fin)

2.203

2.493

2.511

3.365

4.497

5.167

7.051

7.402

2.467

5.291

7.078

Parameterization

Har

3pf

Har

2pf

2pf

2Pf

2pf

2Pf

(optical) 3pf

(optical) 2pf

(optical) 2pf



61

Table 4.2 This table shows how the Glauber model results vary for differ-
ent nuclear density functions for carbon. Two 2 parameter Fermi function
parameter were used. The first is from the nuclear data tables and the sec-
ond from [HOR86]. The last entry uses the optical model parameters with
the density functions from [HOR86],[KOB85]. HAR stands for a harmonic
oscillator parameterization of the nuclear density.

Param.

2pf

3pf

HAR

2pf [HOR86]

Optical

1.759

1.850

1.861

1.759

1.517

PFermi (fm X)

0.952

0.941

0.938

0.952

0.981

< P > (Po)
0.278

0.308

0.323

0.278

0.305

M*

0.878

0.864

0.858

0.878

0.866

bavg ( f m)

2.455

2.493

2.492

2.455

2.379

4.3 Fermi Gas Model

In this model, the nucleus is replaced by infinite nuclear matter.

All plane wave states up to a certain momentum are filled following Fermi-

Dirac statistics. This is represented by a momentum sphere with radius

For the projectile to scatter off of one of the particles of the Fermi

gas, both the target particle and the projectile must have final momenta

larger than the Fermi momentum. If the interactions between the target

particles are ignored all that can happen for a single-step reaction is that

all of the momentum transferred (q) by the projectile is taken up by a single

target particle, knocking it out of the nucleus. This means that the sum

of the momentum transfer vector and the initial target particle momentum

must be greater than |^ermi|- This is shown in Fig. 4.3. A circle of radius

|-PFermi| is drawn around the origin of the momentum transfer vector. Any

final target particle momentum lying within this sphere will be Pauli block

and no scattering will occur. The region of overlap of the two spheres is
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the volume of inaccessible momentum space due to Pauli blocking. This is

a function of momentum transfer and the Fermi momentum.

when

|q| < 2pf.

The shaded area in Fig. 4.3 shows the Pauli blocked region.

Since the scattering takes place on a single target nucleon, free NN

kinematics are used to determine the energy loss spectrum of the scattered

projectile. Energy conservation requires that

ll- (4.12)
141

This shows that for a given |q|, each value of u> will trace out the circle of

intersection between the Fermi sphere and the plane defined'by equation

4.12. The volume defined by the planes intersecting the sphere between u

and u> + du> is the response of the Fermi gas for scattering the projectile,

into this energy loss range. The response is divide by the volume integral

over the entire Fermi sphere to normalize the response to one when there

is no Pauli blocking. The evaluation of the Pauli-blocking factor and the

energy loss response is a geometry problem. The answer is from [BERS2].

3m ^ . „ ,̂  „, j i
r2mu> if |2qpf > 2mw + q

4qp?

s ( * w ) = ZITlPf " ( ^ - mw)2/q2] if |2qpi < 2mu; + q2|, (4.13)

= 0 if ( - -mu; ) 2 >p 2 q 2 .
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Figure 4.3 Top is the kinematics for a Fermi gas for q < 2pr. The bottom
is the same as the top but for q > 2pf (FET71J. The shaded area between
the two spheres in the top figure is the region of momentum space that is
inaccessible due to Pauli blocking.



64

For values of u> which don't intersect the Pauli blocked region, the response

is a parabolic function of u>. Once the plane intersects the Pauli blocked

region the response becomes linear. These features of the response are

illustrated in Fig. 4.4. The Fermi momentum that was used was 185

MeV/c as prescribed by the Glauber approximation. The arrow points to

the position expected for scattering from a nucleon at rest. The dotted

lines show the results with the Pauli blocking turned off.

The Fermi gas model shows the major features of quasielastic scat-

tering. The peak position moves with free NN kinematics. The peak widens

as the momentum transfer is increased and much of the quasielastic re-

sponse is blocked at low momentum transfer. The natC data shown in

Fig. 4.1 display similar tendencies. The quasielastic response disappears at

small momentum transfers. The low lying discrete states which dominate

this region are due to the specific shell structure of which no account can

be made in the Fermi gas model. The plots on the left used the average

value of the nuclear density from the Glauber approximation to determine

a single Fermi momentum that was used in the Fermi gas model. But Fig.

4.2 shows that the observed scattered nucleons come from a distribution

of densities peaked near the surface of the nucleus. The plots on the left

in Fig. 4.4 show the results of running the Fermi gas code with the aver-

age Fermi momentum at each impact parameter and then averaging these

results weighted by the cross section expected at each impact parameter.

This is a local density approximation and shows some of the effects, of the

surface peaking on the shape of quasielastic response. A long tail appears

on the peak from large Fermi momentum components. In addition, the
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sharp change when Pauli blocking begins is washed out forming a smooth

curve resulting from the small Fermi momentum components.

4.4 Fermi Gas with Interactions

The interaction between the nucleons allows an initial disturbance

caused by the projectile to propagate through the nucleus inducing collec-

tive motion. An approximation to the full response called the Random

Phase Approximation (RPA) is usually used to calculate the effects of the

interactions. The RPA and linear response theory are described in [FET71]

and [RINSO].

A function called the polarization propagator is denned which

contains the exact effect of the interactions and the full nuclear geometry.

This is related to the response function in eq. 4.2.

S(q,O>) = ImII(q,a;) • l//>nudear matter (4-14)

The exact polarization propagator can be written in terms of a function

called the proper polarization propagator.

The RPA is obtained by replacing n*(q,u;) with the non-interacting polar-

ization propagator n°(q,w).

A formal expansion of this expression shows that all particle hole

(ph) diagrams of the type shown in Fig. 4.5 are summed together in the

RPA. These are all of the direct single ph diagrams rather than a perturba-

tion series expansion. Approximating the free polarization propagator with

that for infinite nuclear matter gives the Fermi gas model with interactions.

The imaginary part of II0(q, u>) gives the Fermi gas response with no in-

teractions. This is the first diagram in Fig. 4.5. The real and imaginary
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Fig. 4.4 The Fermi gas model response function at several angles.
The broadening of the peak is due to the q • PFermi term in the kinematic
formula 4.1. The solid line is the free Fermi gas model curve. The dotted
line is the same without Pauli blocking. The curves on the left use a sin-
gle average Fermi momentum of ISO MeV/c determined from the Glauber
approximation for 12C. The curves on the right are from a local density ap-
proximation and show the effects of averaging the response over the nuclear
surface.
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parts of the non-relativistic H°(q,uj) are calculated in [FET71]. The real

part of the propagator can be related to the momentary polarization of the

medium in the presence of a perturbing field. A physical interpretation of

the polarization propagator is given in [FET71].

Fig. 4.5 RPA ring diagrams from [ALB82]. The free interaction
for the scattering of two nucleons is modified by the nuclear medium. The
blob represents the exact many body modification to the scattering. In the
RPA or "ring sum" all the direct particle hole diagrams shown above are
summed to approximate the exact polarization propagator.

4.5 The Interactions

The interactions used in the Fermi gas RPA were taken from

[T0KS5]. These interactions are based on free nucleon-nucleon interactions

as prescribed by the one boson exchange model [PRE75]. A phenomeno-

logical parameterization of the NN force is given in equation 1.1.

Four mesons are used to describe the NN force. The w,7r and p

are real mesons, while the a is fictitious and is used in place of multiple

pion exchanges. The terms in expression 1.1 can be recombined to form

pieces that are associated with a particular meson exchange. The strength

and character of the contribution of a particular meson to the NN force
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depends on how the particle couples to the nucleon field. This is described

in detail in [HOR89] and [MACS6]. The u> and a are vector and scalar

isoscalar particles, respectively. The ir is a pseudoscalar isovector particle

and the p is a vector isovector particle. While the exchanges of all these

mesons contribute to (p,p;) scattering, only the TT and p contribute to charge

exchange reaction because they are isovector particles.

The expression for the potentials for each meson is worked out in

[MAC86]. The potential for the TT meson:

Ki9) = AMI q* + ml ' (4-

or
- g l ^ • <x2

VVn 12Mn

and for the p meson

X q(72 X q

or

v

Vp~12Mn qt + mj ' (

where g*,gp are coupling constants and mn,mp are the meson masses. All

expressions are multiplied by fi • TZ.

The expressions show that the 7r meson gives the longitudinal (a\ •

q<72 • <0 isovector part of the NN interaction and the p gives the transverse

(<T\ x qo"2 x q) part of the interaction. These expressions have also been

written to show each meson's contribution to the spin-spin (vector) and

tensor parts of the interaction.

The a ?nd u mesons make large contributions to the isoscalar

central and spin-orbit part of the (p,p') interaction. The central, vector,
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spin orbit and tensor pieces of the (p,p') reaction are shown in the top

of Fig. 4.6. The central and spin orbit parts dominate the other parts.

(The free NN amplitudes drive quasielastic scattering. This is why the

isoscalar quasielastic response is so large as shown in Fig. 1.4.) The same

parts of the charge exchange reaction are shown at the bottom of the same

figure. No single term dominates this reaction. ( The central and spin orbit

terms in the isovector channel are due, in part, to multiple meson exchanges

[H0R91].)

The longitudinal and transverse cross sections of the charge ex-

change interaction are shown in the top off Fig. 4.7. The shapes of these

curves follow the expressions 4.12-4.15. The mass of the TT is small and the

curve decreases rapidly because of this. The p mass is large and the curve

changes slowly. The cross section does not go to zero at low momentum

transfer because of the hard core repulsive interaction which is not included

in expressions 4.12-4.15. The OBE breaks down at close distances between

the nucleons. The NN force at close range is known to be repulsive. The

attractive part of the interaction due to the ir and p mesons is masked by

the hard core repulsion. If the expressions 4.12-4.15 are transformed to con-

figuration space, attractive delta functions terms appear [MACS6]. These

are called contact terms. These attractive terms are partially subtracted

off to take account of the hard core repulsion. In momentum space this will

be a term:

m2

+*'*t7H»i-«4 (4-20)

with

0 < g' < 1 (4.21)
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b•a

(p.p') elastic scattering

2.0

0.0

Fig. 4,6 The top figure shows pp cross sections in various chan-
nels (appendix 1). The bottom figure show the same for the charge exchange
reaction. The solid line is the central part. The dotted is the vector part.
The dashed is the spin orbit part. The dark dot-dashed is the tensor(q)
part. The light dot-dashed is the tensor(p) part.
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where a value of one amounts to completely subtracting off the delta func-

tion.

The value of g' is usually the same for the IT and p mesons, al-

though this does not have to be [SHE91]. This is called the Landau-Migdal

parameter.

The value has been determined by [BER81],[BER83] by adjusting

it to fit RPA calculations of G.T. states at low momentum transfer. The

bottom of Fig. 4.7 shows the interaction from [TOK85] at us — 0 using

g'=0.7. This interaction includes form factors for the nucleon and has

other modifications described in [ALB82] and [TOK85]. Figure 4.8 shows

the effect of the interactions in the RPA on the response in infinite nuclear

matter. The momentum transfer here is 2 fm"1. The transverse interaction

is repulsive and the longitudinal is attractive at this momentum transfer.

The repulsive interaction redistributes strength to higher excitation while

the longitudinal interaction pull strength to lower excitation.

4.6 Cross Sections and Spin Observables

In the eikonal approximation the cross section is obtained by sum-

ming the response in each channel times the NN cross section in that chan-

nel times the overall distortion factor [SMI88]. In addition to the trans-

verse and longitudinal channels, there is a central and spin orbit channel

that must be included. The interaction in this channel is not discussed in

[ALB82] or [TOK85], but motivated by the fact that the momentum depen-

dence of the longitudinal and transverse interactions channels follows that

of the cross sections in these channels, the central interaction momentum

dependence was taken from the sum of the squares of the a and c coeffi-

cients in expression 1.1. The strength of the interaction is determined by



72

XI

3 •

\(p,n) scattering amplitudes longitudinal and transverse

400

Fig. 4.7 The top plot shows the longitudinal and transvers<
parts of the the charge exchange reaction, while the bottom plot shows th<
particle-hole interaction of [TOK85] using a g' of .7.
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setting it equal to the value found by [BER83] at zero degrees from studies

of G.T. and Fermi states. The momentum dependence is similar to that of

the transverse channel. The total double differential cross section is

d2c

dfidw
= Neff[I0S0 + I tS t (4.22)

where Ij refers to the elementary NN differential cross section in the ith

channel and Si is the nuclear response in that channel. In the eikonal

approximation the spin observables are a weighted average of the observable

in each channel (see [SMI88] and Appendix 1). For the analyzing power,

the expression is:

AQIOSO + AJtSt + A1I1S1
Atot = IoSo + ItSt +

(4.23)

The result of using the interactions of [TOK85] in the Fermi gas model

with these expressions is shown in Fig. 1.2 for the double differential cross

section.
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Fig 4.8 Longitudinal (dashed), transverse (dotted) Fermi gas re-
sponse using the interactions of [TOK85] compared to the free (solid) re-
sponse at 15° and 795 MeV.
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4.6 The Surface Response Model

The effect of the surface peaking of the projectile on the response

function has been modeled with semi-infinite nuclear matter by [BER82],

[ESB86],[ESB84] and [SMI88]. Called the Semi-Infinite Slab (SIS) model,

this model has three major effects: it redistributes some of the strength of

the single-scattering response into a long tail, it smooths the response in

the low excitation Pauli-blocking region and it includes the effects of the

binding energy of the nucleus.

In this model space is cut in half and a Woods-Saxon potential

used for the z < 0 part of space. Wavefunctions for the x and y directions

are assumed to be plane waves while the Wood- Saxon potential is used to

generate the z dependence of the nuclear wavefunctions. These wavefunc-

tions are then used to compute numerically the free polarization propagator

for this geometry. To incorporate the fact that the particles only penetrate

the surface of the nucleus, the operator considered in the nuclear form fac-

tor in eq (A 1.4) is (r-,)/«0 consistent with Glauber theory, in that the

parameters chosen for the operator will cause the operator to have the same

behavior as ^ (Fig. 4.2) in the surface region [TOK85].

Energy conservation takes into account the depth of the Woods-

Saxon potential well constraining the final target particle momentum. This

produces a binding energy effect on the response pushing it to higher exci-

tation. This is shown in Fig. 4.9 for values of the Vo (well depth) parameter

of 25,45,55 MeV. The accepted value is around 45 MeV.

The surface response model can also include RPA correlations, in

a similar manner to the Fermi gas model except that II0 now represents

the free polarization propagator with slab geometry. The interactions that
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Fig. 4.9 Binding energy effect in the surface response model
caused by the depth of the well. Vo is 25 (solid), 45 (dashed), 55(dots) MeV.
The vertical dashed line is the peak position expected from free Kinematics.

were used by [SMI88], however, have a different momentum dependence,

since they were derived from a phenomenological Skyrme model [SMI88],

[BER83]. The qu?'Itative effects of the RPA are similar to those of the

Fermi gas model

4.7 Relativistic Plane Wave Impulse Approximation (RPWIA)

The relativistic impulse approximation (RIA) has been used to

describe elastic scattering successfully (see [HOR89]). This model has been

extended by [HOR86],[HOR88] to study quasielastic cross sections and ob-

servables. This model treats the nucleus in the infinite nuclear matter

approximation without RPA correlations and calculates changes in the NN

scattering amplitudes due to large relativistic potentials in the nucleus.

Mean field self consistent calculations have been made using cou-

plings between the <r, u> and nucleon fields [HOR89]. These calculations

require large scalar and vector potentials of opposite sign in order for nu-

clear matter to saturate at the central density of a typical nucleus (0.16
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nucleons/fm3):

S = -400 MeV V = +350 MeV. (4.24)

The two potentials sum to -50 MeV which is about the standard depth for

the nuclear potential well in non-relativistic models.

Relativistic nucleon-nucleus scattering solves the Dirac equation

in the presence of these strong potentials. The attractive scalar potential

comes into the Dirac equation in the same way the nucleon mass does. The

Dirac equation is solved with an effective mass,

M* = M - S (4.25)

This leads to Dirac spinors with M replaced by M* and enhances the lower

components of the spinors which can substantially change the observables

[HOR86].

To determine the effects of the change in the effective mass of the

nucleons when scattering inside nuclear matter a Lorentz invariant form for

the NN amplitudes is used.

F = F. + FW7"(1)7M(2) + Fp7
5(l)75(2)+

Fa7
5(l)75(2)7"(l)7^2) + ^ ^ " ( 1 ) ^ ( 2 ) . (4.26)

The amplitude is given by sandwiching it between Dirac spinors,

K(m*) = 2ikcTJ(l, m*)U(2, m*)F(/(l, m*)U(2, mm). (4.27)

The Fj are determined from the on shell values given in the SAID pro-

gram. All the change in the amplitudes compared to free NN scatter-

ing comes through the M* in the Dirac spinors. More details are given
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in [HOR86],[HOR88],[HOR89]. In [HOR88],[MAC86] it is shown that for

charge exchange scattering the Fp term accounts for almost the entire am-

plitude (more than 98 percent at 500 MeV). The form of the operator for

this amplitude is ambiguous [HOR88] and may also be pseudovector. In

this case the 75 in Fp is replaced by %fc. Only in inelastic collisions in

nuclear matter will there be a difference between the pseudoscalar (ps) and

pseudovector (pv) (or derivative) couplings. Charge exchange scattering is

then particularly useful in determining the form of this term. Figure 4.10

shows the values of the cross section and analyzing power from the code

described in [HOR88]. The ps coupling causes an increase of the cross sec-

tion and suppression of the analyzing power. The opposite occurs for the

pseudovector coupling. A value of .86 was used for M*/M. This was deter-

mined using Glauber theory, assuming the scalar potential is proportional

to the baryon density.

M* =M- AAM^-^-, (4.2S)
Po

where.44M is the value of the scalar potential at the central density. Values

of M'are shown in table 4.1.

4.8 Higher Order Scatterings

The contribution from multiple scattering can also be calculated

in the eikonal approximation. A derivation of the higher orders of multiple

scattering is given in [SMI88] and [SMI85]. [SMI88] shows that in (p.p')

scattering each higher order is reduced by an order of magnitude. However,

for charge exchange scattering the large cross section for (p,p') or (n.n')

scattering causes multiple scattering to contribute a relatively large back-

ground. Expressions 4.3 and 4.7 with n=2 will give the effective number
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Fig. 4.10 Results for 12C(p,n) at 18° using the RPWIA [HOR88]. The
short dashed curve is for pseudovector coupling, while the dotted is for pseu-
doscalar. The large dashed line is the free value from the SAID program.
The solid curve is the result, when M* = M in the RPWIA program.
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of pairs of particles for double scattering [SMI88]. This is the distortion

in double scattering equivalent to Neff in single scattering. The double

scattering contribution was calculated in the Fermi gas approximation as

in [ESB85]. The contribution to the spin observables was also calculated.

This is discussed in Appendix 2.

4.9 Summary

An eikonal approximation was presented that is valid at small an-

gles and high energy. This allows a convenient means to factor the quasielas-

tic cross section and observables into a distortion factor, a reac'.ion term

(the free NN amplitudes) and a nuclear response function. It was shown

that the Glauber approximation predicts that the reaction is very surface

peaked.

The Fermi gas and slab models describe the approximations to the

response function. The RPA was applied in these models to account for

the interaction between the nucleons within the nucleus. Another model,

the RPWIA, used the Fermi gas without RPA to describe the response,

but took account of the changes in the NN amplitudes due to the deep

scalar and vector potentials predicted in relativistic mean field theories.

Charge exchange scattering is particularly sensitive to the form of one of

the amplitudes in the relativistic parameterization of the NN amplitudes.



CHAPTER 5

Results

5.1 Introduction

The bulk of the data in this thesis consist of double differential

cross section measurements. Table 5.1 shows the targets and angle for

which data were taken. The double asterisk indicates that both cross sec-

tion and analyzing power measurements were made. First, the cross section

measurements and their agreement with three different models will be dis-

cussed, then the analyzing power measurements will be presented.

Table 5.1 Target Matrix. A single asterisk means cross section data were
taken for this target and angle. The double asterisk means analyzing power
measurements were made as well. On the bottom the momentum transfer
for free NN scattering is shown for each of the scattering angles at 795 MeV.

target
2H
6Li
7Li
a»t c

13C
27 Al
58N.

»°Zr

"*Pb
238U

0°

*

•
•
*
*
*
*

0

2°

.26

4°

.52

6°

•
•

•

.77

7.5°

*

•

•

•

•

.97

8°

•

•

1.03

9°
*•

*
••
*

•*

1.16

12°
*•

*

•«
*

*

•*

1.54

15°
••

•

••
*

•
*
*

••

1.92

18°
••

•

•*

•*

2.3

20°

•

*

•

2.55

24°

3.04

28°

*

3.51

qffm"1)
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5.2 The Cross Section Measurements

A qualitative discussion will first be given introducing the general

target and angular dependences of the double differential cross sections

of the quasielastic peak. Motivated by the general trends in the data,

a prescription for dealing with the background processes that influence

the quasielastic response will be advanced. To obtain accurate values for

both the energy integrated quasielastic differential cross section and the

position of the maximum value in the quasielastic region, the backgrounds

as described below will be added to the SIS (semi-infinite slab ) model of the

quasielastic response. Parameters related to the position and normalization

of the SIS model curve will, then, be allowed to vary to find the best fit

to the data. The data are also compared to the Interacting Fermi Gas

model and the Relativistic Plane Wave Impulse Approximation. In all of

the models, the normalization is given by the Glauber approximation for

Neff.

5.3 Qualitative Features of the Data

The left side of Fig. 5.1 shows the angular dependence of n**C(p,n).

A small peak at low excitation, believed to be a 4~ state in 12N, appears

first. Following this the large quasielastic response dominates. At approxi-

mately 300 MeV higher excitation a large broad structure consistent with

delta production occurs. At still higher excitation the so called preequilib-

rium region is seen which is believed to come from the ejection of neutrons

after a brief excitation of a small group of nucleons by the incoming proton.

The target dependence at 12° is shown on the right in Fig. 5.1.

In the plot the data has been divided by Neff from Glauber theory (table

4.1) as well as by the NN differential cross section yielding the response.
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Fig. 5.1 The first column is an angular distribution for MtC(p,n)
at 795 MeV showing the greater contribution of the preequilibrium at larger
angles. The second column shows the target dependence at 12°. The dashed
line is the expected peak position for NN kinematics. All the data has been
divided by Neir and the NN differential cross section at the appropriate
angle.
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This places all the data on the same scale. The deuterium data show the

response of a very lightly bound neutron to the charge exchange reaction.

The dotted line indicate the energy loss for free NN kinematics. As the

target mass increases, from deuterium to natC the width of the quasifree

peak changes and the position of the maximum value shifts. Beyond this

the shift and width do not change. The widenning of the peak is due to

an increase in the Fermi motion of struck particles in the heavier targets.

Because of the surface nature of the reaction, nuclei from n4tC to 238U

will respond at nearly the same density. The shift of the peak to higher is

excitation is close to 20 MeV.

The delta peak position in all targets except 7Li is shifted 40 MeV

to lower excitation than in 2H. This is an angle independent result and is, in

part, the cause of the filling in of the region between the delta and quasifree

region. An explanation of the shift in the delta is given [UDA90] but will

not be further investigated in this thesis. At large excitation a significant

difference appears between the light and heavy targets. The preequilibrium

processes begin to dominate this region even at small angles in the heavy

targets.

In Fig. 5.2 a plot for »»*Pb, 90Zr and n4tC at 12° is shown each

divided by the calculated Neff. The data coincide in the single scattering

knock-out region. The delta region shows the same deviation between the

targets as seen in the previous figures. Most of this deviation is believed

to be due to the preequilibrium background lifting up the tail of the delta

peak region. In addition, slight differences could be due to a difference in

delta production on neutrons and protons. The large neutron excess in
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Fig. 5.2 nmtC (light), 90Zr (gray) and "*Pb (black) at 12° divided
by Neff as calculated in the Glauber approximation (table 4.2 and 5.3).
They coincide in the quasielastic region, indicating the predominantly single
step nature of the interaction. The delta region shows some effects of the
neutron excess in n**Pb. The 90Zr data is similar to n**C in this region but
is lifted up by the preequilibrium background in the tail of the Delta peak.

BmtPb leads to a slight suppression in the delta region since the yield for

the reaction n(p,n)A+ is smaller than for p(p,n)A++.

Motivated by these observations, a model of the quasielastic re-

gion was constructed incorporating the processes discussed above. For the

quasielastic response, the slab model curve was used since it appeared to

give a very good description of the shape of the data in this region. Because

Smith [SMI88] has shown that double scattering might make a substantial

contribution to quasielastic charge exchange scattering, a double scattering

curve has been added to the slab model curve.
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To model the background that might come from the low excitation

part of the delta production region, a fit to the deuterium data was used.

Whereas a significant widening of the quasielastic peak is observed between

deuterium and the heavier targets, the shape of delta region is very similar

in all of the targets. Because the resonance width is so large the effects of

Fermi broadening are not visible. Assuming the delta peak is due to a single

step knock-out process similar to the quasielastic response, the deuterium

delta region was fit and multiplied by the same Ne« that was used in the

models of the quasielastic region. Presumably, for N = Z targets this should

take account of charge-exchange delta production on both the neutron and

the proton. It was found that when the deuterium delta region was shifted

by 40 MeV to lower excitation and multiplied by the appropriate Neff for

"**€, that the right edge of the delta region matched very closely that of

the n i tC data into the dip region.

No attempt was made to model the preequilibrium region, as it did

not effect the quasielastic region except at the largest momenta transfers. In

the n**C and 13C spectra a Gaussian was used to model the low excitation

states.

An example of the data and the model are shown in Fig. 5.3. The

top figure shows natC at 9° with the slab plus delta background, while the

bottom shows the same with the double scattering curve included.

5.4 Slab Model (SIS) plus Backgrounds

The figures in appendix 4 show the data for all targets along with

the slab model added to the double scattering calculation. The only fitting

done in these figures was on the position of the summed curves. In addition,

the delta region from the deuterium data times Neff has been added to the
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Fig. 5.3 The model of the continuum region consisted of adding
the slab model result (light dashes) to Neff times the fitted 2H delta data
(heavy dashes). The top figure shows the sum of these, where a gaussian
has been added to fit a small 4~ state. The delta curve is shifted 40 MeV to
lower excitation, while the slab model curve is shifted to higher excitation
by 15 MeV. The bottom plot shows the same results but with the calculated
double scattering contribution (dots). The double scattering accounts for
about a third of the strength in the dip region.
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curves after shifting it forward by 40 MeV. Fits to the data were done

allowing the normalization of the slab plus double scattering curves to vary

(sec. 5.6). The area under the slab curve was taken as the quasielastic

response. As demonstrated in Fig. 5.3, this model accounts very well

for shape and magnitude of the data. The 7Li(p,n) and 6Li(p,n) data

were fit with hypergaussian curves in place of the slab model curves. This

was because the slab model calculations were unable to account for the

narrowness of the quasielastic peak in these targets.

5.5 Cross Sections and the RPA

RPA calculations in infinite nuclear matter (Fermi gas model) are

shown for natC at two angles in figures 5.4-5.5. Additional data is compared

to this model in Appendix 3. There is qualitative agreement with the data,

especially at the small angles. The RPA is mostly repulsive at these angles,

and pushes the peak to larger excitation. This agrees with the data at

9°. On the other hand, the softening (shifting to lower excitation) of the

response at larger angles, due to the attractive residual interaction does

not appear to occur. In fact, the peak seems to stay hardened (shifted to

higher excitation) at these large angles. The propagator [FET71] used in

these calculations was nonrelativistic. This causes the peak to be shifted to

higher excitations at large momentum transfers (q > 3fm-1). The spectra

shown in appendix 3 ate not at large enough momentum transfers to be

substantial effected by this.

The Glauber approximation was used to obtain the normalization

(Neff) and the Fermi momentum of the Fermi gas. The values of pFermi for
natC and na tPb are approximately the same, 185 MeV/c , while the value for
7Li was only 168 MeV/c. This is consistent with the observed narrowness
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Fig. 5.4 A comparison between RPA model curves and n**C data
at 795 MeV and 9°. Analyzing power results are shown on top, while cross-
sections are on the lower plot. The Fermi momentum used is .94 fin""1 and
Neff is from the Glauber approximation. No background has been added.
The dark solid curves is the full RPA result. The light curve is the free
Fermi gas model. The dark dashed curve is the longitudinal part, while the
dot-dashed curve is the transverse piece. The dotted curve is the central
part. The dashed curve in the top figure is the NN analyzing power from
the SAID program.
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Fig. 5.5 A comparison between RPA model curves and natC data
at 795 MeV and 18°. Analyzing power results are shown on top, while cross-
sections are on the lower plot. The Fermi momentum used is .94 fm"1 and
Neff is from the Glauber approximation. No background has been added.
The dark solid curves is the RPA result. The light curve is the free Fermi
gas model. The dark dashed curve is the longitudinal part, while the dot-
dashed curve is the transverse piece. The dotted curve is the central part.
The dashed curve in the top figure is the NN analyzing power from the
SAID program.
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of the 7Li peak compared to the heavier targets. The value taken for natPb

is larger than that determined from the Glauber approximation since the
natPb data appeared to have the same width as the n*'C data.

5.6 Integrated Cross Sections

The slab curve plus backgrounds was used to fit the data allowing

both the peak position and the normalization of the sum of the slab curve

and the double scattering curve to vary. The slab curve alone was then

integrated and used as the quasielastic differential cross section. The shape

of the slab model curves for n**C were used in all the fits, since this shape

matched more closely the shape of the data, even for the large mass targets.

The slab model calculations were not able to provide a large enough average

Fermi momentum for the large mass targets, resulting in a peak a little too

narrow compared to the data. The wider peak in the na tC calculations was

due, in part, to a particularly large central density for this target.

The integrated double differential cross sections for several targets

are shown in Figures 5.6-5.10. The values for the differential cross sections

are shown in table 5.2. The dotted curve in the figures is the NN charge

exchange differential cross section from SAID times Neff. The solid curve is

the same as the dotted except it is multiplied by the Pauli blocking factor

(eq. 4.11) with a Fermi momentum of 0.94 fm"1. In the free Fermi gas

the response is normalized to one, so the integral cross section should be

Neff j§- The aa tC data show good agreement at large momentum transfers

and shows roughly the same behavior as the model at small momentum

transfers. The summed data peak around 1 fm"1. The value of the point

at the lowest momentum transfer is uncertain. The double differential cross

sections show that low excitation states are beginning to become dominant
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and may be a significant background to the quasifree cross section. With

the natC and 13C data, a single gaussian was used to fit a collection of

states next to the quasifree peak. The fit is not very good, leading to

an uncertainty in the value of the energy integrated cross sections. In any

case, quasielastic processes have become very small part of the cross section,

indicating that the Pauli principle is suppressing the response at these small

momentum transfers. The 4° point for zirconium is suspicious for the same

reasons as the natC point at the same momentum transfer. However, in this

case, there is no obvious low excitation peaks to fit. The region over which

the peak was fit may contain significant low excitation strength which has

been washed out by the relatively poor resolution. The value obtained for

the quasifree cross section is at best an upper bound. Figure 5.11 shows all

of the targets divided by the appropriate Neff-

Table 5.2 Energy Integrated cross sections. The SIS model curve was
integrated after fitting it along with the double scattering curve and the
delta curve from deuterium. The units are mb/sr and the uncertainty is the
statistical uncertainty from the fitting program (MINUIT [HOI89]) added
in quadrature with a 4 % uncertainty in the beam integrator.

flab
4"
6U

7.5°
8°
9°
12U

15°
18U

20°
24b

28°

target
7Li

30.1 zb 1.2

29.7 ± 12

30.2 i 1.2

28.4 dz 1.1

21.1 dl 0.8

17.8 i 0.7

12.8 dz O.S

8.60 dz 0.3

natQ

16.9 dz .7

20.7 dz 0.8

26.o dz i.i

23.0 Zt 0.9

20.2 dz 0.8

16.5 db 0.6

ii.9 dz o.s

9.60 zb 0.4

7.60 zb 0.3

6.40 zb 0.3

13Q

29.6 dz 12

2»-7 zb 1-2

29.9 dz 12

25.i dz i.o

19.5 dz 0.8

a7Al

32.6 dz 1.3

20.8 dz 0.9

13 8 zb 0.8

58Ni

30.2zb 14

9 0Zr
7«.3 dz 31

70.7 d: s.o

7«.4 dz 3.3

S6.3 dfc 2.4

43.8 Zb 2.2

n«pb

90.1 dz 3.9

S9.3 dz 3.8

71.1 dz 2.9

56.2 dz 2.3

39.2 dz 1.6

4).8 dz 1.8

238JJ

104.1 dz 4.6
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Fig. 5.6 Energy integrated cross sections for 7Li(p,n) as deter-
mined through the fitting procedure using a fit to a hypergaussian to rep-
resent the quasielastic differential cross section. The results below 7° are
an upper bound on the cross section, since low excitation contamination
is difficult to isolate and extract. The dotted line is the free cross section
times Neff from the Glauber approximation (table 5.3), while the thick solid
line is the same times a Pauli blocking term (eq. 4.11).
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Fig. 5.7 Energy integrated cross sections for n*tC as determined
through the fitting procedure using the slab model as the quasielastic cross
section. The dotted line is the free cross section times Ne<r from the Glauber
approximation (table 5.3), while the thick solid line is the same times a Pauli
blocking term (eq. 4.11).
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Fig. 5.8 Energy integrated cross sections for i3C(p,n) as deter-
mined through the fitting procedure using the slab model for the quasielas-
tic cross section. The dotted line is the free cross section times Neff from
the Glauber approximation (table 5.3), while the thick solid line is the same
times a Pauli blocking term (eq. 4.11). The error bars without points are
the MtC(p,n) results for comparison.
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Fig. 5.9 Energy integrated cross sections for 90Zr as determined
through the fitting procedure using the slab model as the quasielastic cross
section. The dotted line is the free cross section times Neff from the Glauber
approximation (table 5.3), while the thick solid line is the same times a Pauli
blocking term (eq. 4.11).
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Fig. 5.10 Energy integrated cross sections for 90Pb as determined
through the fitting procedure using the slab model as the quasielastic cross
section. The dotted line is the free cross section times Neff from the Glauber
approximation (table 5.3), while the thick solid line is the same times a Pauli
blocking term (eq. 4.11).
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Fig. 5.11 Energy integrated cross sections for all targets divided
by the respective value of Neff as determined in the Glauber approximation
(table 5.3). The dotted line is the free cross section, while the thick solid
line is the same times a Pauli blocking term (eq. 4.11).
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Since the shapes of the curves remain constant in the slab model

fits, the fitting determines a new value for Neff. This was determined for

each target and angle. These values for each target were averaged over

angle to create a new empirical Neff with the uncertainty coming from the

spread in Neff. Table 5.3 shows these values, along with the same values

determined from the Glauber approximation. The ratio is shown between

theory and the data indicating relatively good agreement. The averages

were made over data taken at a momentum transfer greater than 1 fm"1.

Table 5.3 Experimentally determined Neff. The fits allowing the nor-
malization to vary, described in the text, determined a new value for the
effective number of neutrons. The value was determined from an average
over all the angles for which new values of Neff was determined.

target
7Li

natC

1 3 C

27Al

58Ni

90Zr

natpb

238^j

Neff (Glauber)

1.82

1.85

1.94

2.95

4.18

4.65

7.14

7.98

Neff (experiment)

1.82 ± .03

1.95 ± .03

1.99 ±.04

3.61 ± .09

3.72 ±.17

6.33 ±.15

8.14 ±.14

10.7 ± .46

ratio

1.0

1.05

1.02

1.22

.89

1.36

1.30

1.65

5.7 Peak Position

The values for the peak position are shown in fig. 5.12-5.18. The

results for 7Li are for a split gaussian with an exponential tail. The plot

shows the difference between the peak position and that expected from

free kinematics versus momentum transfer. Along with this is a curve

showing the expected peak position in a calculation with RPA correlations.
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(Since this is a nonrelativistic result the peak position at large momentum

transfers (> 3 fm"1) is significantly different from relativistic results. The

line shown is the RPA result minus w = 5L-, whereas the data points are

the peak position minus u; = y/q2 + m2 — m.) The curve drops below

zero at around 1 fm"1 due to the attractive longitudinal channel. While

some decrease in the data is seen at large momentum transfer, it is quite

small, and indicates a repulsive interaction is still operating. The same

result appears for the rest of the targets with the deviation from the free

peak value being approximately the same. 7Li, on the other hand, presents

a significantly smaller deviation from the free value. In addition, it was

found that the shift in the delta centroid from the deuterium data to 7Li

was 20 MeV to lower excitation rather than 40 MeV as was the case in the

larger targets. In all the plots the same results for the (p,p') reaction are

shown. A compilation of the deviation of the quasielastic peak from the

value expected from free kinematics is given in table 5.4.
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Li(p,n) and (p,p') at 795 MeV

-20

Fig. 5.12 The difference between the expected peak position for
free scattering and the measured peak position found through the fitting
procedure described in the text. For 7Li this involved a fit to a hyper-
gaussian curve instead of the slab model. The dark solid curve is the RPA
correlated Fermi gas model prediction using the standard ir and p particle-
hole interactions [TOK85]. The solid circles are the charge exchange results
and the open circles are for the (p,p') reaction on the same target from
[CHR80].
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Fig. 5.13 The difference between the expected peak position for
free scattering and the measured peak position for MtC found through the
fitting procedure described in the text. The dark solid curve is the Fermi
gas model prediction if RPA correlations are included. The solid circles are
the charge exchange results and the open circles are for the (p,p') reaction
on the same target from [CHR80].
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Fig. 5.14 The difference between the expected peak position for
free scattering and the measured peak position for 13C found through the
fitting procedure described in the text. The dark solid curve is the Fermi
gas model prediction if RPA correlations are included.
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Fig. 5.15 The difference between the expected peak position for
free scattering and the measured peak position for 90Zr found through the
fitting procedure described in the text. The dark solid curve is the Fermi
gas model prediction if RPA correlations are included. The solid circles are
the charge exchange results and the open circles are for the (p,p') reaction
on the same target from [CHR80].

Pb(p.n) and nalPb(p,p') at 795 MeV

- 2 0

Fig. 5.16 The difference between the expected peak position for
free scattering and the measured peak position for n*tPb found through the
fitting procedure described in the text. The dark solid curve is the Fermi
gas model prediction if RPA correlations are included. The solid circles are
the charge exchange results and the open circles are for the (p,p') reaction
on the same target from [CHR80].
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Ni(p,n) " ^ ( p . n ) 795 MeV

Fig. 5.17 The difference between the expected peak position for
free scattering and the measured peak position for , 58Ni (iron cross) ,
238U (cross) found through the fitting procedure described in the text. The
dark solid curve is the Fermi gas model prediction if RPA correlations are
included.
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27Al(p,n) and ') at 795 MeV

Fig. 5.18 The difference between the expected peak position for
free scattering and the measured peak position for 27A1 found through the
fitting procedure described in the text. The dark solid curve is the Fermi
gas model prediction if RPA correlations are included. The solid circles are
the charge exchange results and the open circles are for the (p,p') reaction
on the same target from [CHR80].
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Table 5.4 Deviation of quasielastic peak from free kinematics. The units
are MeV and the uncertainties are the quadrature sum of the statistical
uncertainty form the MINUIT fitting program [HOI89] and a 1 MeV sys-
tematic uncertainty for the beam energy. The 7Li(p,n) data were fit with
a hypergaussian curve, all the rest of the data were fit with slab model
curves.

flab
4U

6U

7.5°
8U

9°
12U

15°
18°
20°
24°
28°

T»rget

12.7 d: i

14.9 d: i

14.7 ± 1

10.2 i I

s.o dr i
7.4 ±1

li.i i i

21.5 db i

n a t c

30.5 db 2.0

29.3 dt 2.0

25.8 d: 2.0

26.1 i 2.0

24.0 i 2.0
21.7 i 2.0
19.7 i 2.0

17.8 i 2.0

18.6 i 3.6
15.6 i 5.4

1 3 c

Jos dr i

la.s d: i

21.3 dl 1

20.1 d: i 2

i9.3 d: i 6

2 7 AI

28.3 i 2

16.7 i 2.1
23.4 i 2.3

58Ni
28.1 i 2.0

19.7 i 2.8

90 _Zr

29.2 d: 2.1

28.i d: 2.0

2i8 d: i

is.ad: 3.2

n a t p b

22.5 ± 2.1

26.5 d: 2.0

19.3 i 2.o

17.3 ± J.O
is.8 d: 2.i
17.7 i 2.8

25.4 d: 2.1

If the shift of the delta to lower excitations and the shift of the

quasielastic peak to higher excitations are the results of correlations in

nuclear matter, the 7Li data is not inconsistent with this result. The peak

is very narrow indicating a smaller Fermi momentum for 7Lu which means

that the interactions between the projectile and target occurs at a smaller

density. RPA effects and relativistic effects due to M*, should become less

and less striking as the density of interaction diminishes. A more thorough

study of nuclei between deuterium and natC may help map out this density

dependence.

5.8 n a tC and 13C

While the peak shift between natPb(p,n) and n>ltC(p,n) is small,

a closer examination of the peak shapes between n**C(p,n) and 13C(p,n)

can at least suggest an explanation of this small shift in the peak. The

slab model calculations use a Wood-Saxon potential that is 45 MeV deep.
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Because the slab is semi-infinite, this potential is filled continuously up to

the top of the well. In the case of n a tPb and even 13C this is approximately

the case with the separation energy of the least bound neutron only a

couple of MeV On the other hand, targets such as n a tC and 90Zr have

particularly high values for the separation of the least bound neutron. This

is particularly evident in n a tC where the separation energy is around 18

MeV. The nucleus is unable to respond at all until the projectile drops 18

MeV of energy. Once the nucleus responds, however , it responds essentially,

just as the rest of the nuclei.

If the n a tC and 13C are divided by Neff and overlaid the back edges

of the quasielastic peak coincide. However, the front of the 13C quasielastic

peak, even in the region where n a tC may respond , is slightly more filled in

than the n a tC peak giving the 13C data a somewhat more triangular shape.

This filling in also gives rise to a shift in the peak to lower excitation. The

slab model explanation of this filling in is that the extra neutrons at the

top of the well allow an incoming projectile to scatter with a small but

sufficient energy loss to knock the lightly bound neutron out of the nucleus.

Without those lightly bound neutrons the momentum space for scattering

at low excitation is smaller suppressing the response in the low excitation

part of the peak.
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Fig. 5.19 A comparison of the charge exchange reaction for n a tC
(dark) and 13C (light) at 6° . The n a tC has been multiplied by the ratio
of Neff for 13C and n a tC. The effect of the extra neutron may be seen as a
filling in of the front edge of the peak as explained in the text.
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BOO

Fig. 5.20 A comparison of the charge exchange reaction for n*lC
(dark) and 13C (light) at 9°. The n a tC has been multiplied by the ratio
of Neff for 13C and n a tC. The effect of the extra neutron may be seen as a
filling in of the front edge of the peak as explained in the text.
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Fig. 5.21 A comparison of the charge exchange reaction for n a tC
(dark) and 13C (light) at 12°. The n a tC has been multiplied by the ratio
of Neff for 13C and n a tC. The effect of the extra neutron may be seen as a
filling in of the front edge of the peak as explained in the text.
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Fig. 5.22 A comparison of the charge exchange reaction for n a tC
(dark) and 13C (light) at 15°. The n a tC has been multiplied by the ratio
of Neff for 13C and n a tC. The effect of the extra neutron may be seen as a
filling in of the front edge of the peak as explained in the text.
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5.9 Analyzing Power

Because the analyzing power depends only on the difference be-

tween right and left scattering of particles, any systematic uncertainties

associated with the overall normalization are eliminated. The analyzing

power in the quasielastic region may be sensitive to collective effects through

RPA correlations. In addition, changes in the effective mass of the nucleon

in the nuclear medium due to relativistic effects may induce either a sup-

pression or an enhancement in the analyzing power.

Analyzing power measurements were taken on four targets. How-

ever, because of the low beam polarization only on three of the targets do

the measurements have enough statistical accuracy to be significant. These

are 2H, n a tC, n a tPb. The data are compared to the models in two ways.

First, the analyzing power binned by twenty MeV is shown along with one

of the model curves. Below this is a plot of the predicted cross section

with the cross section data. This is to show how the analyzing power may

change across the quasifree peak. Secondly, the average analyzing power is

taken over the quasielastic peak and compared to the free analyzing power.

5.10 n a t C

In appendix 3 the results for n a tC analyzing powers and cross sec-

tion are shown with RPA calculations. A sample of this is shown in fig.

5.23. The RPA includes a residual interaction which shifts and enhances

the response in different channels depending on the strength of the interac-

tion. This effects the result, since the different channels may have different

analyzing powers, which, when shift ed and enhanced, lead to different val-

ues of the analyzing power across the quasielastic region. In particular,

for the range of momenta transfer in the figures, the particle-hole force is
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attractive in the longitudinal channel and repulsive in both the transverse

and central channels. This pushes forward and enhances the longitudinal

part of the response which has zero analyzing power. The transverse and

central response dominate the back of the quasielastic peak, and since they

carry all of the analyzing power, enhance this measurement in the tail of

the peak. This is what produces the slope in the model curves.

The data in the figures show a similar trend, except they are uni-

formly pushed down from the RPA results. This suppression was believed

to be due to the effects of double scattering, which has been shown [SMI88]

to suppress and wash out the spin observables results in (p,p') scattering.

Appendix 5 shows the same results including double scattering as discussed

in section appendix 2. Append!:: 6 shows the slab model plus double scat-

tering. A sample of this is shown in fig. 5.25.

In contrast to what was expected, the analyzing power is enhanced

in the front part of the peak by the double scattering. This occurs because

in charge exchange double scattering at least one scattering must be a (p,p')

or (n,n') interaction. The large scalar and spin orbit parts of these reactions

may lead to a very large analyzing power. On the other hand, the charge

exchange analyzing power is small. The large (p,p') analyzing power leads

to a large analyzing power relative to the single scattering charge exchange

analyzing power. The RPA plus double scattering fails to account entirely

for the analyzing power in na tC.

The same data are compared to the Relativistic Fermi gas model

in appendix 7. A sample is shown in fig. 5.27. The two model curves

show the effects of using a pseudoscalar and pseudovector coupling. While

neither of the curves show the slope indicated by the data, the pseudoscalar
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Fig. 5.23 The sum (solid) of a RPA Fermi gas model (dark
dashed) and the calculated double scattering contribution is shown for natC
data at 795 MeV and 18°. Analyzing power results are shown on top, while
cross-sections are on the lower plot. The dotted curves show the double
scattering effect. The light dashed curve is the NN analyzing power from
the SAID program.
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Fig. 5.24 The sum (solid) of a RPA Fermi gas model (dark
dashed) and the calculated double scattering contribution is shown for
no 'Pb data at 795 MeV and 18°. Analyzing power results are shown on
top, while cross-sections are on the lower plot. The dotted curves show the
double scattering effect. The light dashed curve is the NN analyzing power
from the SAID program.
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Fig. 5.25 The sum (solid) of the slab model (dark dashed) and
the calculated double scattering contribution is shown for n a tC data at
795 MeV and 18°. Analyzing power results are shown on top, while cross-
sections are on the lower plot. The dotted curves show the double scattering
effect. The light dashed curve is the NN analyzing power from the SAID
program.
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and the calculated double scattering contribution is shown for no*Pb data
at 795 MeV and 18°. Analyzing power results are shown on top, while
cross-sections are on the lower plot. The dotted curves show the double
scattering effect. The light dashed curve is the NN analyzing power from
the SAID program.
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curve is consistent with the suppression of the data in the forward edge of

the peak.

5.11 n a ( P b

The figures in appendix 3 show n * l Pb data compared to RPA

calculations. A sainple is shown in fig. 5.24. Since scattering from n a t P b

and n a t C takes place at nearly the same densities, the model curves are

almost identical. The cross sections differ only through the value of Neff.

On the other hand, while the Pb statistics are poor they are consistent with

that expected from free NN scattering, in contrast to the n**C data. Part

of this difference could be due to double scattering. In table 5.5 the ratio

of single to double scattering is shown, indicating that the contribution in

n a t P b is almost twice that in n a t C . Appendix 5 show the n**Pb data with

the double scattering contribution. While the double scattering does raise

the analyzing power towards the free value it is not enough to account for

the difference between M t P b and n a t C data. Appendix 6 show M t P b data

with the slab model plus double scattering curves. A sample is shown in

fig. 5.26. For the same reasons stated above, the model results differ little

from the n a t C results, and are at variance with the M t P b data.

Table 5.5 This shows the ratio of double to single scattering.

target

ratio

7Li

.21 .28

1 3 C

.30

2 7 Al

.34

58Ni

.34

90Zr

.43

n»tpb

.43

238U

.41

5.12 Summed Analyzing Power

Since the statistics are poor, it is convenient to sum over the entire

qua&ifree peak and compare to the free NN results and with the results of
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the models. Instead of averaging over a given number of bins around the

peak, an average, at each angle, was taking within a range,

peak ±a-
m

where a is some arbitrary constant (0.20). This way the average encom-

passes the same target particle momentum regardless of the angle.

The results are plotted in figure 5.29 for natC(p, n) and figure

5.31 for natPb(p,n). Figure 5.28 shows the results for 2H(p,n), which are

consistent with free NN scattering. In table 5.6 the ratio of this average

with the corresponding free analyzing power is shown for na tC and na tPb.

Table 5.6 Average analyzing powers.

target
natc

natp b

9°
.048 ±
.093 ±

.02

.02

12°
.081 ±
.ll:fc

.01
02

15°
.115 ±
.116 ±

.02
.03

18°
.131 ±
.182 ±

.02

.02

Ay 0.2

H(p,n) Elastic and Free N-N Ay

Fig. 5.28 The analyzing power for 2H(p, n) averaged over a range
of the elastic peak. The solid line is the free NN analyzing power for the
same angle.
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Fig. 5.29 The analyzing power for n4tC averaged over a range of
the quasielastic peak as described in the text. The solid line is the free NN
analyzing power for the same angle. The dashed line is the RPWIA result
with pseudovector coupling and the dotted curve is the RPWIA result with
the peudoscalar coupling.
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0.0
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Fig. 5.30 The same as the above plot except double scattering
has been averaged into the relativistic models. In addition, RPA (light
dot-dashed} plus double scattering and Slab plus double scattering (heavy
dot-dashed) have been added. The dashed line is the RPWIA result with
pseudovector coupling and the dotted curve is the RPWIA result with the
peudoscalar coupling. The values are in table 5.8.
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Pb(p,n) Quasi-Elastic and Free N-N Ay

0.0
10 IS

Angleub (deg.)

20 25

Fig. 5.31 The analyzing power for n**Pb averaged over a range of
the quasielastic peak as described in the text. The solid line is the free NN
analyzing power for the same angle. The dashed line is the RPWIA result
with pseudovector coupling and the dotted curve is the RPWIA result with
the peudoscalar coupling. The values are in table 5.8.

0.4

Ay 0.2

Pb(p.n) Quasi-Elastic and Free N-N A-

10 15

Angleub (deg.)

20 25

Fig. 5.32 The analyzing power for n*lPb averaged over a range of
the quasielastic peak as described in the text. The solid line is the free NN
analyzing power for the same angle. Also shown are the RPA (light dot-
dashed^ plus double scattering and Slab plus double scattering (heavy dot-
dashed). The dashed line is the RPWIA result with pseudovector coupling
and the dotted curve is the RPWIA result with the peudoscalar coupling
both with double scattering. The values are in table 5.8.
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Table 5.7 Ratio of average Ay to Ay|free. The free NN value is from
solution SM89 of the SAID program.

target

natC

natpb

9°

.54 ±

1.1 ±

.2

.3

12°

.66 ±

.87 ±

.1

.2

15°

.71 ±

.7 ±

.1

.2

18°

.65 ±

.9±

.1

.1

Table 5.8 Predictions of various models for the analyzing power of na tC(p, n).
RPWIA is the relativistic plane wave impulse approximation of [HOR88].
Ps and pv refer to pseudoscalar and pseudovector couplings in the RPWIA.
The double scattering contribution to the analyzing power is added to the
model results where indicated. RPA and Slab refer to the random phase
fermi gas model and SIS results discussed in the text.

model

RPWIA (ps)

RPWIA (ps)+double

RPWIA (pv)

RPWIA (pv)+double

RPA + double

Slab + double

9°

.085

.088

0.13

0.128

.095

.090

12°

0.11

0.117

0.18

0.182

.131

.129

15°

0.13

0.145

0.22

0.225

.164

.175

18°

0.16

0.178

0.27

0.268

.206

.218

Table 5.9 Predictions of various models for the analyzing power of n a tPb(p, n).
The notation is the same as for table 5.8.

model

RPWIA (ps)

RPWIA (ps)+double

RPWIA (pv)

RPWIA (pv)+double

RPA +double

Slab +double

9°

.084

.089

.127

.13

.096

.093

12°

.108

.121

.178

.184

.131

.138

15°

.130

.150

.222

.226

.170

.184

18°

.155

.181

.276

.27

.214

.218



CHAPTER 6

Conclusion

6.1 Introduction

In this thesis charge exchange data at 795 MeV in the quasielastic

and delta regions were presented. Data were taken on targets from *H to
238 U to allow a systematic study of the target dependence of the quasielastic

cross section. These data extended across a large range of momentum trans-

fer, permitting an examination of the angular dependence of the quasielastic

peak. The data were compared to three models of quasielastic scattering

and also compared to (p,p/) scattering at the same energy.

6.2 Normalization and Cross Sections

The Glauber approximation gave a good description of the target

dependence of the quasielastic cross section. At low momentum transfer the

quasielastic cross section is suppressed, as expected, due to Pauli blocking.

The filling in of the dip region between the delta and quasielastic region

required a contribution from double scattering. The double scattering con-

tribution made up a substantial part of the cross section at large angles.

The surface response model gave an excellent description of the shape of the

quasielastic peak. This, along with the success of the Glauber approxima-

tion, shows the importance of considering the surface nature of the reaction

when modeling quasielastic scattering. The width of the peaks from natC

to na tPb were consistent with the value of the Fermi momentum attained
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from Glauber theory. The 2H and 7Li data indicate a smaller value of the

Fermi momentum must be used.

The most significant result of this set of data is the momentum de-

pendence of the quasielastic peak position. For targets from natC to natPb

the peak is shifted to much higher excitation than would be predicted from

free kinematics. RPA calculations predicted that the isovector repulsive re-

action should push the peak to higher excitation at low momentum transfer

but that the peak should ultimately be pushed downward at high momen-

tum transfers as the particle-hole (p-h) interaction becomes attractive.

This was not observed in any of the targets. This is in contrast to the

(3He,t) data shown in fig. 1.9. The targets with mass greater than natC all

show close to the same shift to higher excitation (18 MeV). The target in-

dependence is surprising since each of the targets has a different separation

energy and a different Coulomb shift (Fig. 6.1). A possible explanation for

the shift is that the p-h interaction remains repulsive in both the longitu-

dinal and transverse channels at large momentum transfers. Preliminary

theoretical results from [SHEP91] calculate the p-h interaction in nuclear

matter using the Bonn potential and have shown that the p-h interaction

does, indeed, stay repulsive even at large momentum transfers.

6.3 Analyzing Power

Analyzing power measurements of natC and n**Pb were taken from

9 to 18 degrees. All the natC data were suppressed in the front of the

quasielastic peak and sloped gradually upwards towards the tail of the peak.

On the other hand, very little suppression or sloping was seen in the n**Pb

data. The Fermi gas model with interactions does produce a slope in the

analyzing power, but the average analyzing power is not suppressed over
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Fig. 6.1 The difference between the expected peak position for
free scattering and the measured peak position for all the targets measured
at 15° versus atomic mass. The dotted curve is the expected shift just due
to the Coulomb energy.

the quasielastic peak. The RPWIA does not show any slope but is able to

account for some of the large suppression in natC if a value of M* = .85 • Mn

is used. The same suppression should be seen in the n*'Pb data since the

Glauber approximation predicts M* to be nearly the same, surprisingly, the
natPb analyzing power data are consistent with the free NN result showing

no suppression. The double scattering contribution to n*lPb is almost twice

as large as in na tC. The. calculations done in appendix 2 show that double

scattering raises the analyzing power. It is possible that the difference in

analyzing power between these targets is due to the larger double scattering

contribution in natPb than in na tC. However, even without double scattering

the natC data shows more suppression than is predicted in the relativistic

models. The data argue for a pseudoscalar coupling with an even smaller

value of M* than the predicted .85 • Mn.
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6.4 Comparison to (p,p')

The comparison of the charge exchange data to (p,p/) data showed

striking differencies. The (p,p/) data axe dominated by the large isoscalar

response and are relatively unaffected by background contributions. In

contrast, the charge exchange cross section data are comparatively small

and has significant contributions from background processes, especially at

the larger angles.

There is a large shift between the quasielastic peak positions in

(p,n) and (p,pO scattering. The p-h interaction in the isoscalar channel is

attractive which should pull the peak to lower excitation. If the isovector

p-h interaction is repulsive and stays repulsive at large momentum transfers

this explains the difference in the two peak positions. The Coulomb shift

in (p,n) scattering in na tC is only a couple of MeV. The difference in peak

positions between charge exchange and (p,p/) scattering is strong evidence

for repulsive and attractive interactions in these two channels respectively.

This is emphasized by the fact thai the peak shifts diminish in "Li and

2H where nuclear matter effects decrease. The charge exchange data, also,

revealed a peak from quasifree delta production that was not as prominent

in the (p,p;) data. The large and interesting shift in the delta peak to lower

excitation appears also to be a nuclear matter effect and deserve attention

in future experiments.

6.5 Summary

The data presented in this thesis have shown the importance of

making charge exchange measurements in the quasielastic region. While

these measurement are not easy to perform the usefulness of extracting the

isovector part of the nucleon-nucleus interaction has been demonstrated.
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There are two points which stand out in this thesis. One is the striking

contrast between the peak position in (p,n) and (p,p') scattering, which has

not been satisfactorily described by theoretical models. The other is the

large contribution of double scattering to the relatively small (p,n) cross

section data. This means that care must be taken in future studies of

quasieiastic region to account for the effects of multiple scattering.
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Appendix 1

The Nucleon Nucleon Amplitudes

The analysis of these data has required extensive use of the free

nucleon nucleon amplitudes and cross-sections. A brief discussion will be

given concerning the amplitudes and what is required to construct observ-

ables from them. A comprehensive review of NN scattering is given in

[HOS68].

Al . l The Amplitude and Density Matrices

The scattering amplitude is related to the probability amplitude

that an incoming asymptotic (plane wave) state proceeds to some outgoing

plane wave state. When the spin of the particles is considered the scattering

amplitude must be expanded into a matrix, in which each matrix element

gives the amplitude, for each E and 6, of some particular incoming spin

state to scatter to a particular outgoing spin state. When the scattering

amplitude is extended into spin space it is by convention called the M

matrix so that:

(al.l)

where x is the spin state of the two particles.

In practice, the incoming state is not completely polarized, so

both the incoming and outgoing states must be described by density matri-

ces, which designate the proportion of each pure spin state making up the
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incoming and outgoing states. In a similar way that the M matrix trans-

forms an incoming state to an outgoing one, the initial density matrix is

transformed into a final density matrix by the M matrix.

The measured quantities (cross-sections and spin observables) are

all expressed as traces over the product of the outgoing density matrix and

an observable [HOS68].

(oP) =

with

Pout = MpiaM* (al.3)

where 0p is a spin operator.

The trace is over both the projectile and target particle operators.

In these experiments, the target is unpolarized. The trace over this particle

is 2. The density matrix and spin observables, in this case are:

Pin = 1 + P • o* (al.4)

I(0p) = TrfMl^Op] + P • Tr[MaM*Op] (al.5)

with
1 1 -

I = -TrfMMM + T P • TrfMoM*]. (al.6)
4 4

All of the spin observables in this experiment may be obtained

from these expression. More information on the density matrix may be

found in [HOS68],[COH77], [SHE86],[TAY72],(OHL72].
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A1.2 Representations of the M matrix

Since each nucleon has spin one half, for each outgoing pair of par-

ticles in a given spin state there are four incoming spin states that could lead

to a particular outgoing spin state. For every 6, <f>, E 16 independent am-

plitudes could in principle be required to completely specify the scattering

amplitude. However, when rotational,parity and time reversal symmetry

are taken into account [TAY72], the actual number of independent am-

plitudes drops to five (for identical particles). The resulting amplitude is

usually expanded in terms of combinations of the Pauli and unit matrices

that act in the space of the two particles. In turn, each of the matrices

is resolved along the three unit vectors corresponding to the momentum

transfer (q), the average of the ingoing and outgoing momenta (p),and the

vector perpendicular to the scattering plane (n). One parameterization

used in [HOS88] is:

,e) = ah + Ch(<rj • n + <r2 • n) + mh(ffi • n)(<r2 • n)

(ai • q)(<x2 • q)] + hh[(<ri • p)(<r2 • p) - (<rx • q)(<r2 • q)]

where

q = Pi - Pf P = l/2(Pi + Pf) n = q x p .

Each of the amplitudes is a function of energy and angle in the center of

mass frame. In this notation, the one and two refer to the projectile and

target particle, respectively. This is the same parameterization that is used

in the SAID [ARN83] program under the designation "Wolfenstein".

The matrix may be rewritten by forming various linear combina-

tions of the amplitudes. This is usually done to isolate different contribu-

tions to the NN interaction. In the present form the M matrix may be
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broken up into spin-flip and spin-nonflip pieces. The typical notation for

this is AS = 1,0 where the spin-flip refers to the target particle only. Only

off diagonal matrix elements operators of the <r2 operators are able to flip

the target particle's spin, so these terms are grouped together to form the

AS = 1 piece. The remainder form the AS = 0 part.

AS=0: Mi=sO = a + C(<TI • n)

AS=1: M,=i = c(<r2 • n) + m(<7i • n)(<72 • n) + g[(ai • p)(<72

q)] + h[(<7i • p)(<72 • P) - (<?i • <\){°2 • q)]

The As = 0 terms have the same form as that for spin j scattering

off a spinless target, which is described in detail in [TAY72].

The operators multiplying the c amplitude can cause spin flips

in one particle without the other particle flipping spin. This operator is

associated with the spin orbit part of the NN amplitude. Recombining the

amplitudes in eq. al.7 shows the standard central, vector, tensor parts of

the amplitude.

M = a' + c'(<7i • n + <T2 • n) + V ' ^ • <r2 + TqS(q) + TpS(p) (al.8)

where these coefficients are in terms of the Hoshizaki parameters:

a' = ah central sealer

c' = C), spin orbit

V -= l/3(mh + 2gh) central vector

Tq = l/3(gj» - hh - mh) tensor q

Tp =•• l/3(gh + hh - mh) tensor p
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and the operators are:

S(q) = 3(<T! • q<r2 • q) - <J\ ' 02

S(p) = 3(<TI • p>2 • p ) - o\ • 02

n + O\ • po"2 • p •+• O\ • q<72 • q

This is the form of the operators that is used in [LOV86] in defining

the effective nucleon-nucleon interaction.

Another decomposition of the M matrix that is often performed

involves factoring out those pieces which are longitudinal and transverse

to the q direction. As discussed in the text, in the isovector channel the

longitudinal part of the NN interaction is generated from the exchange of

a it meson, whereas the transverse part is produced through exchange of a

p meson. In this case the M matrix becomes:

M = a + c(<7i • n + ff2 • n) + m((Ti • n)(<T2 • n)

• q) + f(ffi • p)(ff2 • p)

with

a = ai»

C = Ch

m = mh (transverse)

e = gh — hi, (longitudinal)

f = gh + hh (transverse)

There are two transverse pieces corresponding to the vectors n and p. The

square of the sum of the transverse parts along with the longitudinal piece

are plotted for the isovector channel in fig. 4.7. The plots show the square of
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the coefficients, which means that this would be the observed cross-section

if these were the only non-zero amplitudes.

Often the transverse parts of the amplitudes are recombined into

"axial transverse magnetic" and "axial transverse electric" parts such that:

M = a + c(<ri • n + <72 • n) + e(<r\ • q )(<72 • q)

+ATM[(<n • n)(<r2 • n) + (<n • p)(<72 • p)J + ATE[(<7! • n)(<72 • a) - (<7i • p)(<r2 • p)]

(al.10)

with
a =

c =

e =

ATM =

ATE =

gh

m h "1"

mh -

ah

Ch

~ h h

gh +

g h -

hh

hb

The operator associated with the ATM term may be written a\ x q<r2 x q

showing it is explicitly transverse. In many calculations, it is assumed that

mh = gh + hh so that the ATE term is dropped and the ATM term is the

transverse part of the interaction [ICH89].

A1.3 Observable in Terms of Amplitudes

To form the cross-section, expression al.6 is used along with one

of the forms for the M matrix. The traces to be taken are generally easily

performed using the properties of the Pauli spin operators.

[<7j, <TJ] = 2i<T|tcijk + 6ij (al.ll)

For instance, in the case of a partially polarized beam in the n direction

the cross section is:

I = 7Tr1>2MMf + ^P
4 4
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with

Tr^MM* = aa* + 2cc* + mm* + 2gg* + 2hh*. (al.13)

This is Io, the unpolarized cross section. In the first trace, only the squares

of the coefficients will remain, since any other combination would leave a

coefficient times some Pauli matrix, the trace of which is zero. In the second

term the extra a1 • n factor will produce a unit matrix only with combi-

nations of other a1 • n matrices. Therefore, the only terms remaining will

contain the coefficients a,c,m. When the trace is carried out the following

results:

I = Io + Pn[(a* + m)c + (a* + m)*c] (al.14)

so that

I = Io(l+A(e,0)Pn) (al.15)

The term in brackets is called the analyzing power.

w m 2Re[c«(a + m)]
A(e,0) = - (al.16)

The enhancement of the cross section involves the spin orbit (c ) part of the

NN interaction. The spin transfer observables may be derived similarly.

A 1.4 Nucleon-Nucleus Interaction

All of the above discussion concerned the NN free interaction. The

connection with nucleon-nucleus scattering is realized through the impulse

approximation [MOS82],[LOV86],[SMI85]. When the spin operators, as

presented here, are inserted into this expression, each amplitude has the

form as demonstrated by the a2 • fi term:

A

Mi = Ndi,tm(E, qext)<rp • n < a\ ] T e * V • njO > (al.18)
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To find cross sections and spin observables, the same procedure

involving traces as described above is followed. However, in this case the

<T2 operators have become nuclear matrix elements, that, when squared,

are the response functions and involve a sum over all the target particles

in the nucleus. Since all the terms will have a common factor of Nd^t, this

will become an overall multiplicative distortion factor Neff- This factoring

is derived in [SMI85] and [LOV86].

In the approximations made in calculating the nuclear matrix el-

ements, the response of the nucleus is the same in several channels. For

instance, the response to each of the operators within the As = 1 channel

and within the As = 0 might be the same. Because of this, when the trace

is taken, the cross section and spin observables will factor into two pieces.

For instance the cross section and analyzing power become:

I = [|a|2 + |C|2]SA,=O + []c|2 + |m|2 + 2|g|2

and

A =

where

and
A _ R e ( m ) c * ,

A A » = I = —j . (
l A l

where S is the nuclear response. The expression for the analyzing power,

as well as the other spin observables, has the intuitive interpretation as

an average of the observable over each channel weighted by the nuclear

response and cross section in that channel.
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A 1.5 Isospin Considerations

So far no distinction has been made between protons and neutrons

in this discussion. In general the amplitudes for pp and elastic pn scattering

are different, so each coefficient of the M matrix splits into two referring

to different pieces. Since pp and pn are the amplitudes that are actually

measured experimentally, this is a frequently used method of breaking up

the amplitudes. However, to show the basic symmetries of NN scattering

other combinations of isospin operators are also used. Two isospin one half

particles may be represented as interacting in states of total isospin 1 or

0. The interactions may not depend on the total isospin projection of the

particles. So, there is a single set of amplitudes corresponding to the T=l

interaction and another set for T=0. The T=l interactions are isotriplet

symmetric while the T=0 are isosinglet and antisymmetric. Using isospin

projection operators the amplitudes are written:

M = Mt=oPt=o + Mt=iPt=i (al.23)

with

P t = 0 = 1(1 -r-f) P t = 1

With these amplitudes pp and pn and charge exchange are derived:

Mpp(pp <- pp) = Mt=i Mnn(nn «~ nn) = Mt=i

Mpn(pn «- pn) = -(M t=i + Mt=o)

Mch-ex(np <-- pn) = ;j(Mt=i ~ M»=o)

The charge exchange reaction can also be written as a combination of the

pp and pn interactions:

Mch_ex = Mpp - Mpn (al.24)
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Frequently the amplitudes axe decomposed into isovector and isoscalar

parts:

M = MA t = 0 + MAt=ir • f (al.25)

where the terms can be related to the other expression:

1 3
M +TMI=O + TMt=i (al.26)

J(M t , , - Mt«o) (al.27)

The charge exchange amplitudes are equal to twice the isovector

amplitudes, whereas pp and np scattering are a mixture of the isoscalar and

isovector amplitudes. While charge-exchange is purely isovector, isovector

does not mean charge-exchange. The "vector" refers to the fact that the

T\ - ?2 is a vector operator in the spaces of the individual particles. The r

may be written:

r = (-7z)(-T* + iry)e+i + ('If Xr* ~ i ry) e- i + r»eo (al.28)

the first two terms flip isospin projection, while the last does not.

A final method of extracting the charge exchange observables ex-

ploits the symmetries of the amplitudes under particle exchange. In the

center of mass frame, an exchange of the outgoing particles in pn scatter-

ing leads to charge exchange scattering.

By expressing the spin amplitudes in the original Wolfenstein pa-

rameterization, the symmetries of the amplitudes under particle exchange

can be extracted. The Wolfenstein parameterization factors out the spin-

singlet and spin -triplet pieces of the amplitudes.

= BS + [C^1 • n + a2 • n) + Na1 • ha2 • n
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+ - G ( < T 1 • q<r* • q + a1 • per2 • p) + - H ^ 1 • qtr2 « q - a1 • pa2 • p)]T (al.29)

where

Particle exchange requires the total amplitude to be antisymmetric. Under

exchange the spin and momenta behave as:

a1 -> -o2 pf -* -

and the three unit vectors follow:

n —• — n p —> — q q —• — p

If these substitutions are made and the isosinglet, isotriplet forms

of the amplitudes are considered, the coefficients must exhibit the following

symmetries:

with

Isotriplet

B(0) = B(TT - 0)

\s(vj — V̂ /̂T -~ O)

K(0) = H(TT - 0)

N(0) = -N(TT - 0)

G(0) = -G(TT - 0)

B = ah

p

H =

N =

Isosinglet

B(0) = -B(TT - d)

C(<?) = -C(TT - (9)

H(0) = -H(ir - 0)

N(0) = N(TT - «)

G(0) = G(ir - 0)

— mh — 2gh

Ch

-2h h

ah + mh

G = 2(a h+gh)
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Substituting into the expression for Mpn produces for the B,C,H

coefficients

Mpil(0) = -(-M t=o(T - 6) + Mt=i(jr - 8)) (al.30)

which is

MpB(0) = ^(Mt=i(ir -$)- Mt=o(* - 8)) (al.31)

indicating that

Upn(8) = Meh_ex(* - 9) (al.32)

while, alternatively, the N and G coefficients reveal

MpB(0) = -Mck-ex(T - 9) (al.33)

This shows that the charge-exchange observables at 8 may be obtained

directly from pn elastic amplitudes at T — 0, as long as the sign of the N

and G coefficients are changed.

A1.6 SAID Program

The NN amplitudes in the form given in equation al.7 may be ex-

tracted from the SAID program. The isospin is selected when the program

asks for the reaction number. In terms cf the expressions above these are:

Selection Amplitude

1(PP) =

2(NP) =

3(NP1) =

4(NP0) =

Mpp

MPB

Mt«!

Mt-o

When the program asks for the observable select: AMPL. Then the pro-

gram will ask for the form and then the normalization of the amplitudes.
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Selecting the Wolfenstein parameterization will give the form of the ampli-

tudes as described in eq. al.7.

To turn off the Coulomb parts of the scattering amplitude the

range of angles given must be negative. -10 1 0 will give amplitudes from

10 to zero degrees in one degree increments with Coulomb suppression.

Two convenient subroutines also come with the SAID program

package, which allow the amplitudes to be read from an interpolating array

from any user written program. For nucleon nucleon scattering this sub-

routine is called NNAMP.FOR , whereas for ?r nucleon scattering this is

PNAMP.FOR. Instructions on how to use these subroutines come with

the programs.
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Glauber Approximation to Double Scattering

A2.1 General

In order to estimate the contribution from double scattering to

the quasi-free peak an approach similar to that of [ESB85] was taken. In

this model the double scattering is treated as two independent scatterings,

using the same factored expression for each of the separate scatterings as

was used in the single scattering model:

d2<r
= Neff- S(q,w).

labdftdw e n d «

The procedure taken is to select a certain total energy loss for the

interaction, and then to integrate numerically choosing the 0, <f> and u of the

first scattering as the integration variables. The free cross section and spin

observables are evaluated at these values of $\, <f>\ at the incoming proton

energy.

The second scattering is completely constrained by kinematics.

The free cross section for the second scattering is then evaluated at the value

of $2 that will lead to scattering to the chosen lab angle while conserving

energy and momentum. Each of the free cross sections are multiplied by

the Fermi gas response function at values of q and w that correspond to

the two sets of scattering angles and energy loss. In addition, these are

multiplied by the grid sizes for the integration over the initial <fr\,6\ and
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To find the double differential cross section to the particular total

excitation the expression is integrated over 9\, <f>i and u>i and multiplied

by the second order term in the Glauber expansion (eqs. 4.3-4.7). This

second order term essentially provides the total cross section that any two

scatterings will occur without absorption in the given nucleus, in other

words, the effective number of pairs of nucleons for double scattering.

The resulting integration is:

2JTW,O , JT

1 da

0 0 0

where

crtoti dI2

1 d<r

d«

U>2 = Wtot ~" ^ l

q*2 = qtot — q i

In order to calculate the spin observables, the spin precession and

depolarization were evaluated following each of the scatterings. The cal-

culated polarization after the first scattering was used as the input to the

second scattering. The final polarization components after each double

scattering were "weighted" by the integrand of expression a2.1. For each

total excitation, the sum of these integrand weighted components were col-

lected, and finally divided by the full cross section for this total excitation.

In essence, a weighted average was made of the polarization components

generated by all the various double scatterings that lead to neutrons being

at a particular excitation energy

Using these final components along with the initial spin compo-

nents, the spin observables may be calculated using the relation:
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I < B > f= I0{(P + Dnn < aB

(D1S < <7p >j +DSS < <7S >j)Sf + (DU < <7p >;

+Dsl < <j% >i)pf}. (a2.2)

I is the cross section determined by:

I = Io • (1 + n- < a; > P(0)). (a2.3)

where Io is the unpolaxized cross section. A weighted average of

these values with the results from the single scattering Fermi gas or SIS

model was made.

Because the two scatterings can proceed through various iso-spin

channels, each of these must be summed over and weighted appropriately.

They correspond to:

(p,p') to (charge exchange)

(p,n) to (charge exchange)

(charge exchange) to (n,p)

(charge exchange) to (n,n')

A2.2 Details of the evaluation of spin observables

The evaluation of the spin-observables, while straightforward, is

complicated by the fact that double scatterings consist of two single scat-

terings not necessarily in the scattering plane determined by the initial and

final momenta.
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The double scattering may be described by three momenta, the

initial(beam momentum), the momentum after the first scattering (inter-

mediate momentum), and the final momentum which corresponds to a neu-

tron headed to the detector . If the intermediate momentum is not in the

plane of the beam and final momenta, then the plane of each of the single

scatterings, will, in general, be tilted with respect to the overall scattering

plane.

Since the spin observables are defined with respect to the scatter-

ing plane, each of the single scatterings must be separately evaluated using

a set of unit vectors unique to the particular combination of 0, <f>.

The procedure that was followed was first to choose an initial po-

larization, then for each 0, <f>, and w the required momenta are determined

from kinematics. The polarization resulting from the first scattering may

now be calculated. A set of unit vectors are created using the initial and

intermediate momentum vectors. The vector perpendicular to the first scat-

tering plane (hi) is simply the normalized cross product of the initial and

intermediate momenta. The unit vectors along the initial and intermediate

momenta are designated (pii,pif).

Of the two remaining unit vectors required to describe the scatter-

ing, one is perpendicular to ni and pu (called ay,) the other is perpendicular

to ni and pn (called an ). Because the hi vector may not, in general, corre-

spond to the unit vector perpendicular to the total scattering plane (ntot»i),

the initial polarization component must be resolved on the set of (1) ini-

tial unit vectors before the polarization calculation is made. For instance,

an initially n -type polarized beam will be resolved into an n and s type

polarization for the first scattering, if the <f> angle is not zero.
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Once these vectors are determined and the polarization is resolved

along the initial set, the new polarization may be determined. To do this

the expression a2.2 is used. Each of the spin observables is determined at

the given angle and energy. By definition, the new polarization is in terms

of the final unit vectors.

This new polarization is now used as the initial polarization for

the second scattering. For the same reason as in the first scattering case, a

set of initial and final unit vectors must be defined for the second scattering.

The polarization after the first scattering is resolved onto this initial set of

second scattering unit vectors and in a similar way the final polarization is

determined.

The final polarization is ultimately resolved onto the unit vectors

(ntotii>PofiSof) corresponding to the original set of lab system unit vectors,

( the overall scattering plane unit vector, the direction parallel to the final

neutron trajectory, and the normalized cross product of these vectors.)

These values of the components of the final polarization are weighted

by the integrand of expression al.2 and finally summed with all other com-

binations of two scatterings that lead to scattering to this particular value

of total energy loss (wtot)-

This weighted average of the final polarization components, along

with the initial polarization components is used to evaluate all the spin

observables.

In practice all of the unit vectors mentioned above are described

by three component arrays, where each array element corresponds to the

original basis vectors (ntot»itPoMsoi)- All of the free cross sections and all

spin observables are initially read into large two-dimensional arrays from
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data files containing this information in one degree angle steps and 10

MeV energy steps. In each scattering, the energy and angle were rounded

off, and a linear interpolation was then done on the angle at three energy

values. The three points generated were subsequently used in a quadratic

interpolation on the energy. Examples of the effects of double scattering

on the cross section and on the analyzing power are found in the plots.



Appendix 3

RPA Fermi Gas Comparison to Data

This appendix shows a comparison of the RPA Fermi Gas model

to the data for 7Li(p,n), BatC(p,ii) and o4tPb(p,n) . The thick solid curves

are the full RPA response. The light curves are the free Fermi Gas re-

sponse. The dashed curve is the longitudinal response and the dot-dashed

the transverse. The dotted curve is the central part of the response. This

is a nonrelativistic model which causes the peak position to be pushed

to higher excitation than would be the case if relativistic kinematics were

used. However, this is only a 6 MeV effect at the largest momentum transfer

shown here.
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Appendix 4

Surface Response Model Comparison to Cross Section Data

This appendix shows a comparison of the Surface Response Model

(light dashed) plus the double scattering (dotted) and delta background

(heavy short dashed) as described in Chapter 5 to all of the cross section

data. The only fitting in this case was on the position of the sum of the

surface response curve and double scattering curve. A hypergaussian curve

was used in place of the slab model to fit the *Li(p,n) and 7Li(p,n) data.

Data from WNR and from the long range TDC used during NT0F1

extended to large excitations. In many of the figures, the top plots show

the quasifree region, while the bottom plots show the full spectrum.
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850

Fig. A4.1 The slab (SIS) model plus double scattering added to
the fitted 2H delta data times Neff is compared to 6Li data at 6°. In this
case, a hypergaussian curve was fitted in place of the slab model calculation.
The light dashed curve is the hypergaussian curve representing single step
scattering while the dotted curve is the double scattering contribution. The
heavy dashed line is the 2H data times Neff and shifted by 40 MeV to lower
excitation. The heavy solid line is the sum of these curves. The only fittin-!,
was done on the position of the sum of the hypergaussian plus double
scattering contribution.
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Fig. A4.2 The slab (SIS) model plus double scattering plus the
2H delta data times Neff is compared to the 7Li(p,n) data at 6° to 9°
In this case, a hypergaussian curve was fitted in place of the slab model
calculation. The light dashed curve is the hypergaussian curve representing
single step scattering, while the small light dashed curve is the double
scattering contribution. The heavy dashed line is the 2H data times Neff
and shifted by 40 MeV to lower excitation. The heavy solid line is the sum
of these curves. The only fitting was done on the position of the sum of the
hypergaussian plus double scattering contribution.
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Fig. A4.3 The slab (SIS) model plus double scattering plus the
2H delta data times Neff is compared to the 7Li(p,n) data from 12° to
20°. The light dashed curve is the hypergaussian curve representing single
step scattering, while the small light dashed curve is the double scattering
contribution. The heavy dashed line is the 2H data times Neff and shifted by
40 MeV to lower excitation. The heavy solid line is the sum of these curves.
The only fitting was done on the position of the sum of the hypergaussian
plus double scattering contribution.
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Fig. A4.4 The slab (SIS) model plus double scattering added to
the fitted 2H data in the delta region times Neff is compared to I2C data at
4° and 6°. The light dashed curve is the slab model single step calculation
while the dotted curve is the double scattering contribution. The heavy
dashed line is the fitted 2H data times Neff and shifted by 40 MeV to lower
excitation. The heavy solid line is the sum of these curves. The only fitting
was done on the position of the sum of the slab plus double scattering
contribution. The top figures show the quasifree region, while the bottom
show the full spectrum.
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Fig. A4.5 The slab (SIS) model plus double scattering added to
the fitted 2H data in the delta region times Neff is compared to 12C data
at 7.5° and 9°. The light dashed peaked curve is the slab model single step
calculation while the dotted curve is the double scattering contribution.
The heavy dashed line is the fitted 2H data times Neff and shifted by 40
MeV to lower excitation. The heavy solid line is the sum of these curves.
The only fitting v/as done on the position of the sum of the slab plus double
scattering contribution. The top figures show the quasifree region, while
the bottom show the full spectrum.
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Fig. A4.6 The slab (SIS) model plus double scattering added to
the fitted 2H data in the delta region times Neff is compared to 12C data at
12° and 15°. The light dashed peaked curve is the slab model single step
calculation while the dotted curve is the double scattering contribution.
The heavy dashed line is the fitted 2H data times Neff and shifted by 40
MeV to lower excitation. The heavy solid line is the sum of these curves.
The only fitting was done on the position of the sum of the slab plus double
scattering contribution. The top figures show the quasifree region, while
the bottom show the full spectrum.
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Fig. A4.7 The slab (SIS) model plus double scattering added to
the fitted 2H data in the delta region times N««r is compared to 13C data at
18° and 20°. The light dashed peaked curve is the slab model single step
calculation while the dotted curve is the double scattering contribution.
The heavy dashed line is the fitted 2H data times N.ff and shifted by 40
MeV to lower excitation. The heavy solid line is the sum of these curves.
The only fitting was done on the position of the sum of the slab plus double
scattering contribution. The top figures show the quasifiree region, while
the bottom show the full spectrum.
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Fig. A4.8 The slab (SIS) model plus double scattering added to
the fitted 2H data in the delta region times Nejr is compared to 12C data
at 24° and 28°. The curves are the same as the other figures except that
the heavy dashed line is the fitted 2H data at 15° in the delta region times
N.ff. (Data for 2H(p,n) was not available at these angles.) In this case, the
fitting was done on the position of the sum of the slab plus double scattering
contribution and on the magnitude and position of the delta region curve.
The data on the left were normalized assuming a flat detector efficiency,
while those on the right used the natPb normalization described in the text.
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Fig. A4.9 The skb (SIS) model plus double scattering added to
the fitted 3H data in the delta region times N«jr is compared to 13C data
at 6° through 12°. The light dashed peaked curve is the slab model single
step calculation while the dotted curve is the double scattering contribution.
The heavy dashed line is the fitted 2H data times N€ff and shifted by 40
MeV to lower excitation. The heavy solid line is the sum of these curves.
The only fitting was done on the position of the sum of the slab plus double
scattering contribution.
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Fig. A4.10 The slab (SIS) model plus double scattering added
to the fitted 2H data in the delta region times Neir is compared to 13C
data at 15° The light dashed peaked curve is the slab model single step
calculation while the dotted curve is the double scattering contribution.
The heavy dashed line is the fitted 2H data times Neff and shifted by 40
MeV to lower excitation. The heavy solid line is the sum of these curves.
The only fitting was done on the position of the sum of the slab plus double
scattering contribution.
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Fig. A 4 . l l The slab (SIS) model plus double scattering added
to the fitted 2H data in the delta region times Neff is compared to 27A1 data
at 7.5° to 15°. The light dashed peaked curve is the slab model single step
calculation while the dotted curve is the double scattering contribution.
The heavy dashed line is the fitted 2H data times Neir and shifted by 40
MeV to lower excitation. The heavy solid line is the sum of these curves.
The only fitting was done on the position of the sum of the slab plus double
scattering contribution. The top figures show the quasifree region, while
the bottom show the full spectrum.
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Fig. A4.12 The slab (SIS) model plus double scattering added
to the fitted 2H data in the delta region times Neff is compared to 27A1
data at 18°. The light dashed peaked curve is the slab model single step
calculation while the dotted curve is the double scattering contribution.
The heavy dashed line is the fitted 2H data times Nejr and shifted by 40
MeV to lower excitation. The heavy solid line is the sum of these curves.
The only fitting was done on the position of the sum of the slab plus double
scattering contribution. The top figures show the quasifree region, while
the bottom show the full spectrum.
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Fig. A4.13 The slab (SIS) model plus double scattering added
to the fitted 2H data in the delta region times Ne<r is compared to 58Ni
data at 15°. The light dashed peaked curve is the slab model single step
calculation while the dotted curve is the double scattering contribution.
The heavy dashed line is the fitted 2H data times Neff and shifted by 40
MeV to lower excitation. The heavy solid line is the sum of these curves.
The only fitting was done on the position of the sum of the slab plus double
scattering contribution.
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Fig. A4.14 The slab (SIS) model plus double scattering added
to the fitted 2H data in the delta region times Neff is compared to 90Zr data
at 4° and 7.5°. The light dashed peaked curve is the slab model single step
calculation while the dotted curve is the double scattering contribution.
The heavy dashed line is the fitted 2H data times Neff and shifted by 40
MeV to lower excitation. The heavy solid line is the sum of these curves.
The only fitting was done on the position of the sum of the slab plus double
scattering contribution. The top figures show the quasifree region, while
the bottom show the full spectrum.
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Fig. A4.15 The slab (SIS) model plus double scattering added
to the fitted 2H data in the delta region times Neff is compared to 90Zr data
at 9° and 12°. The light dashed peaked curve is the slab model single step
calculation while the dotted curve is the double scattering contribution.
The heavy dashed line is the fitted 2H data times Neff and shifted by 40
MeV to lower excitation. The heavy solid line is the sum of these curves.
The only fitting was done on the position of the sum of the slab plus double
scattering contribution. The top figures show the quasifree region, while
the bottom show the full spectrum.
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Fig. A4.16 The slab (SIS) model plus double scattering added
to the fitted 2H data in the delta region times Neff is compared to 90Zr
data at 15°. The light dashed peaked curve is the slab model single step
calculation while the dotted curve is the double scattering contribution.
The heavy dashed line is the fitted 2H data times Neff and shifted by 40
MeV to lower excitation. The heavy solid line is the sum of these curves.
The only fitting was done on the position of the sum of the slab plus double
scattering contribution. The top figures show the quasifree region, whili-
the bottom show the full spectrum.
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Fig. A4.17 The slab (SIS) model plus double scattering added to
the fitted 2H data in the delta region times Neff is compared to n**Pb data
at 7.5° and 9°. The light dashed peaked curve is the slab model single step
calculation while the dotted curve is the double scattering contribution.
The heavy dashed line is the fitted 2H data times Neir and shifted by 40
MeV to lower excitation. The heavy solid line is the sum of these curves.
The only fitting was done on the position of the sum of the slab plus double
scattering contribution. The top figures show the quasifree region, while
the bottom show the full spectrum.
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Fig. A4.18 The slab (SIS) model plus double scattering added to
the fitted 2H data in the delta region times Ne«r is compared to a*'Pb data
at 12° and 15°. The light dashed peaked curve is the slab model single step
calculation while the dotted curve is the double scattering contribution.
The heavy dashed line is the fitted 2H data times Neff and shifted by 40
MeV to lower excitation. The heavy solid line is the sum of these curves.
The only fitting was done on the position of the sum of the slab plus double
scattering contribution. The top figures show the quasifree region, while
the bottom show the full spectrum.
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Fig. A4.19 The slab (SIS) model plus double scattering added to
the fitted 2H data in the delta region times Neff is compared to n**Pb data
at 18° and 20°. The light dashed peaked curve is the slab model single step
calculation while the dotted curve is the double scattering contribution.
The heavy dashed line is the fitted 3H data times Neir and shifted by 40
MeV to lower excitation. The heavy solid line is the sum of these curves.
The only fitting was done on the position of the sum of the slab plus double
scattering contribution. The top figures show the quasifree region, whilr
the bottom show the full spectrum.



179

238U(p,n) 7.!

(.9? fm"1)

TOO 750

(IteV)

23aU(p,n) 7.5"

(.9? fm*1)

<i

400 too 800

Fig. A4.20 The slab (SIS) model plus double scattering added
to the fitted 2H data in the delta region times Neff is compared to 238U
data at 7.5°. The light dashed peaked curve is the slab model single step
calculation while the dotted curve is the double scattering contribution.
The heavy dashed line is the fitted 2H data times Neff and shifted by 40
MeV to lower excitation. The heavy solid line is the sum of these curves.
The only fitting was done on the position of the sum of the slab plus double
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Appendix 5

RPA Fermi Gas Comparison to Data

This appendix shows a comparison of the data to the RPA Fermi

Gas model analyzing power averaged with the double scattering results.

The solid line is the full result, while the short dashed line is the RPA

Fermi Gas result alone. The dotted curve is the double scattering result.

The long dashed line in the analyzing power plots is the NN analyzing

power from the SAID program.
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Fig. A5.1 12C data at 795 MeV and 9°.
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Appendix 6

Slab Model Plus Double Scattering Comparison to Data

This appendix shows a comparison of the data to the surface re-

sponse model (with RPA correlations) summed with the double scattering

results. No shifting of the slab model curves has been done. The short

dashed curve is the slab model result. The dotted curve is the double scat-

tering contribution, and the solid curve is the full result (a sum for the cross

section and an average for the analyzing power). The long dashed curve in

the top plot is the NN analyzing power from the SAID program.
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Fig. 6.8 na<Pb data at 795 MeV and 18°.
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Appendix 7

RPWIA Comparison to Data

This appendix shows a comparison of the RPWIA Fermi Gas

model analyzing power for natC(p,n). The Fermi momentum is .94 and

M*/M is .86. The short dashed curve is with the pseudovector coupling

and the dotted is for a pseudoscalar coupling. The long dashed line is

the NN analyzing power. The solid curve shows the RPWIA result with

M'=M.
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Fig. 7.1 n UC data at 795 MeV and 9°.
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Fig. 7.2 natC data at 795 MeV and 12°.
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Appendix 8

Polarization Propagator

The polarization propagator for infinite nuclear matter that was

used in the RPA calculations was taken from [FET71] (the Lindhard func-

tion). It was multiplied by a factor of two to account for an isospin sum:

Ren°(q,u;) = X[-l + ^ ( 1 - i± | ^ ± |

and for the imaginary part:

>O)anc v /_ -/•» 2

otherwise ImII0(q,u;) = 0

with

X = 2 **

and

Y " A ~ 2

7J — — 4- —
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with u in MeV and the momenta (q, kf) in MeV/c the expression has units of

l/(MeV-fm3). The RPA propagator is found from the following expression:

n°
1-VphIP'

The particle hole interaction is from [TOK83] and has units of MeV-fm3.

The imaginary part of the RPA propagator gives the response per cubic

fermi of nuclear matter. Dividing by the baryon density in nuclear matter

gives the response per nucleon:

2k?

and

/'nuclear matter — o 2

Srp*(q,u;) = --ImII rP*(q,u;) • l//WJe»r matter-
it

This times the effective number of nucleons in a nucleus and the elementary

NN cross sections gives the double differential cross section.


