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Abstract

D.ferential cross sections and analyzing powers for the 170(p, n)7 Fyroundstate
reaction at 135 MeV have been measured from zero momentum transfer out to a
center of mass momenturr vransfer of about 2.5 fm~1. Cross sections have also been
measured for states in Y7 F at 4.84, 7.25, and 7.64 MeV for momentum transfers less
than 0.5 fm~1. The cross sections for transitions to the ground state of °B and its
state at 2.36 MeV have been measured out to 2.2 fm~!. The analyzing power of
the (p,n) reaction tu the ground state of °B has been partially measured out to 2.0
fm™L.

The 0° 7C{p,n)"F, . cross section is expected to be simply related to the
B-decay rate of 17F. The actual 0° 7O(p,n)!"Fy,. cross section is found to be
consistent with the observed 17 F half-life against f-decay. Both quantities indicate a

Gamow-Teller strength about 50% of the %+ single particle value. This corroborates
other evidence indicating a general deficiency of Gamow-Teller strength in nuclei.
In addition, the cross sections of several cther states of °B and 17F were
measured over varying ranges of momentum transfer. Cross sections were measured
at forward angles for Gamow-Teller states in 7 F at 4.8 MeV and 7.3 MeV. The
measurement of 3 Gamow-Teller state at 4.8 MeV indicates an error in the currently
accepted spin-parity assignment for this state. The cross sections of 17F states at
9.3 MeV and 14.3 MeV were also measured at momentum transfers in the range
0.5 to 1.0 fm~1. Integrating the 0° cross section for producing 7 F up to about 16
MeV of excitation yields only about 50 % of the strength expected on the basis of
the Gamow-Teller sum rule. A similar result was obtained for ®Be(p,)°B.
Various sharp states in B were seen from 11 to 18 MeV and their cross sections
measured for varying ranges of momentum transfer. Soine of these states are easily
correlated with known states of °B. In addition a state in °B at 3.0 MeV, and with
a FWHM of 3.2 MeV was seen to dominate the spectrum for momentum transfers
less than 1 fm~!. The angular distribution and transition strength for this state
suggests that it may be the p;/; state of °B whose existence has been conjectured
but not established by any other reaction. Evidently two sharper states at 2.7 MeV
and 4.3 MeV were obscured by this 3.0 MeV state. Tentative cross sections for



these two states were extracted.

Preliminary distorted wave calculations are presented which attempt to de-
scribe the cross sections for the ground state analog transitions using wave func-
tions which accurately describe magnetic elastic electron scattering from °Be and
170). These wave functions are found to be inadequate to account for the (p,n)
cross sections. Partial ad hoc success is achieved by renormalizing the separate
J-transfer cross sections and by judicious choice of radius parameters. The nor-
malizations and parameters determined from the cross sxction data also describe
the analyzing powers of the ground state analog transitions. This analysis indicates
that the (p,n) reaction may reveal aspects of the structure of these nuclei not seen
by electron scattering. A more consistent theoretical analysis of the data reported
here seems justified in view of the possible sensitivity of this reaction to details of
nuclear structure.

Thesis Supervisor: William Bertozzi

Title: Professor of Physics
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I. Introduction

Purpose of this Thesis

This thesis reports differential cross sectiorn ineasurements for the °Be(p,n)°B
and 70O(p, n)17F reactions at 135 MeV leaving the nuclei in various excited states.
This thesis also reports the analyzing power of these reactions leaving the product
nuclei in their ground states. These data are unique owing to their high resclution
and their range of mementum transfer. The cross sections and analyzing powers
for the transition to the ground state of 17 F have been measured out to about 2.5
fm~!. The cross sections and analyzing powers for the transition to the ground
state of B have been measured out to 2.0 fm~!. Several other excited states of °B
and 17 F were resolved and the angular distribution of their cross sections measured.
Altogether these data provide a wealth of infermation which should prove useful to
those interested in these nuclei and to those investigating more general questions of
nuclear degrees of freedom involved in the {p,n) process. The experimental results
are compared to available DWIA calculations.

The Theory of Nuclear Reactions

The ultimate goal of a nuclear reaction study is to to gain an understanding of
the nucleus itself. It is necessary therefore that the scattering event be well enough
understood so that the results can be scmehow interpreted. It is also desirable
that the process be simple enough in its description that the human mind is offered
a physical picture of the interpretation in addition to the techrical mathematical
aspects of the analysis. These requirements are fulfilled when the incident projec-
tile interacts by a well understood force and when this interaction can largely be
considered as perturbative in terms of the target system. Such experiments can be
said to probe in a simple and direct manner the constitution of the target.

The earliest uses of hadronic reactions were confined to providing the energies
of various nuclear stationary states. For low energy hadronic probes ( less than a
few MeV ) Bohr introduced the idea of a compound nucleus formed by the probe
and target nucleus. He did this in order to account for the various phenomera
of neutron capture such as the sharpness of the gamma radiation which typically
follows neutron capture at these energies [BOH36|. In this scheme, the probe and
target collide to form a single intermediate nucleus which then disintegrates into a
final nucleus and an outbound projectile. The intermediate compound nucleus is
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supposed to disintegrate without regard to how it was formed. This model assumes
that the incident projectile shares its energy or motion among the various target
nucleons before any final pre,.ctile is sent forth. We may represent this sort of
reaction symbolically,

A+a—> C— B+ b I—-1

The mathematical description of this model employs Fermi’s 1#¢ Golden
Rule [FERS50] which states that for a transition from an initial state A to a fi-
nal state B via intermediate state C, the transition probability per unit time is

given by
2 energy
X (density of) -2

states

27

h

HpcHca
Es - FEc

This model predicts sharp increases in cross section at those total energies
corresponding to stationary states of the compound nucleus. This can be seen
immediately in a qualitative sense from the denominator of equation IV-2. This
formula is the second term of a perturbation expansion and is accurate only if there
are no direct transitions from state A to state B. This application of dispersion
theory to the compound nucleus reaction model was first introduced by Breit and
Wigner [BRE36] and enjoyed success in describing the scattering and absorption of
protons and neutrons from nuclei for reaction energies of less than one MeV.

At higher excitation energies, cross sections for nuclear reactions change char-
acter. They no longer display the sharp dependence on projectile energy since
compound states of the target plus projectile system are broad in energy and short
lived. Because of the decreased nucleon-nucleon cross section and high projectile
speed, it becomes more difficult for the projectile to share its energy with the other
particles and form an eigenstate of the compound nucleus system. This increase
of the mean free path suggests that nuclear reactions at higher energies might be
better described as a direct transition from state A + a to state B + b without the
involvement of the intermediate state C.

The direct reaction model assumes that the transition from the initial to final
state takes place without the formation of an intermediate stationary state. In
reality, there are indeed compound nucleus resonances at these energies, but they
are so broad (short lived) as to obscure any distinction amongst them. This feature
in fact smoothes out the dependence of the cross section on energy so that observed
cross sections do not exhibit sharp resonance behavior at these higher energies. As
was first demonstrated by Feshbach, Porter, and Weisskopf [FES54], this effective
averaging over resonances makes it possible to calculate the cross section for elastic
scattering not involving the formation of a compound nucleus by describing the
motion of the projectile in a single particle potential with an imaginary part to
account for reactions. Since compound nucleus formation is negligible at these
energies, this amounts to a description of elastic scattering. The single particle
potential is called an optical potential and this simplified description is called the
optical model. This model was originally motivated by the success of the shell model
and may indeed be considered an independent particle model applied to positive
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(continuum) energy states. The direct reaction theory of nuclear scattering is an
application of the optical model.

This sort of motion is described by Fermi’s 2"* Golden Rule [FER50]. This
rule states that for a direct transition from an initial state A to a final state B, the
transition probability per unit time is given by

o energy
;]}(BAIZ X (density of) I-3
states

The cross sections given by this formula do not exhibit sharp resonances at
particular energies. If the states A and B are taken to be bound nuclear states plus
a plane wave to represent the projectile we have the plane wave approximation. If
an optical potential is used to generate the projectile wave function representing
elastic scattering we have the distorted wave theory of nuclear reactions. A more
exact scattering theory includes terms of higher order in the scattering Hamiltonian.
The approximation of keeping only the first order term is commonly called the Born
approximation [BORN26).

The Distorted Wave Born Approximation

In the distorted wave Born approximation, elastic scattering is described by an
optical potential and inelastic scattering is considered a small effect in comparison.
According the this approximation, the differential cross section for the reaction of
expression I — 1 can be obtained from

Halld ﬁ Z lle
(27'{'h2)2 ka (QJA + 1) (280 + 1)

o(f) = I—-4

po and pp are the reduced energies of the respective particles in the center of mass
frame. k, and kp refer to relative momenta in the center of mass frame. The target
nucleus has spin J4 and in our case sq = % is the projectile’s spin. The summation
is over initial and final spin projections of the projectile and target.

The distorted wave Born approximation is based upon a transition amplitude
of the form

T=7 [ dr / dry x§ 7" (kb, 10) (B, bV |4, 8)x{H) (Ka, o) I-5
J

Xe and xp are the “distorted waves”. They are elastic scattering wave functions
which describe the relative motion of thr pair a,A (asymptotically with relative
momentum k,) before the collision, anr. of the pair b,B (with k) after the colli-
sion. In the optical model approzimation, the distorted waves are generated from a
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Schrédinger equation. For example, nonrelativistically one would use
V22— (2 () + Uo()] dx(k,r) =0 -8
{v2 487 = (5 ) W) + V()] pxtie,r) = -

where U is the optical model potential and Uc the Coulomb potential. The optical
model potential is usually chosen phenomenologically in order to reproduce elastic
scattering.

The Role of {p,n) Reactions in Nuclear Physics

In the 1950’s considerable progress was made in interpreting the data from
hadron-nucleus reactions by assuming a one step, or direct reaction mechanism.
Using this assumption it proved possible to obtain spectroscopic informaticn useful
in assigning spins and parities to various nuclear states [TOB61]. The (p, n) reaction
was one of the many reactions employed.

In 1959 Bloom et al [BLO59] pointed out the unique potential of the (p,n)
reaction in mirror nuclei as a probe of charge exchange in the effective proton-
neutron force in nuclei. He argued that the common approximation in DWBA of
neglecting the Pauli exchange integral, or knock-out integral, should be particularly
valid for mirror nuclei because of the poor overlap of the bound and free wave
functions and the good overlap of the extra-core nucleons in the initial and final
target nucleus. Also, assuming the simple model of these nuclei as a closed inert core
plus an orbiting nucleon, the projectile should not be able to significantly disturb
the motion of the target nucleons prior to the interaction effecting the transition.
Finally, the (p,n) reaction involves unambiguously a nucleon-nucleon interaction,
whereas (p, p’) might proceed by some sort of collective excitation. Thus, according
to Bloom, using the (p, n) reaction eliminates many reaction unceriainties and leaves
one free to study the effective nucleon-nucleon force itself. In particular, 170, 180,
and 27 Al were used as targets in (p,n) studies at 7-14 MeV which demonstrated the
existence of a sizable spin flip term in the effective two-body force [BLO65,ANDG69|.
In addition, it was found that the inclusion of spin orbit distortions in DWBA
calculations improved consistency with the data considerably.

In more recent years more hadronic scattering data has become available at
higher energies which has proven amenable to direct reaction analysis
[TELL79,TELL82]. At 100-200 MeV the nucleus has been found to become some-
what transparent to the projectile, making direct reaction theory even more valid
than at lower energies . The investigation of [BLO65,AND69] concerning the ratio
of the spin flip to non-spin flip isovector effective nucleon-nucleon force has been
extended to these energies and generalized to several other nuclei [TADS8:].

In addition it has become possible to make a quantitative connection between
elastic nucleon-nucleus scattering and the nucleon-nucleon force. This connection
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was first explored by Bethe [BET52]. Bethe’s work was based on a phase shift de-
scription of the nucleon-nucleon force and has not been extended or elaborated in the
following years. The well known work of Kerman, MacManus, and Thaler [KERS59]
used a potential description of the two body force in the context of a plane wave
direct reaction theory. In order to make the connection to the phenomenological
optical potentials typically used to introduce distortions it is necessary to consider
the modification of the nucleon-nucleon force due to the presence of intervening
nucleons. These effects are now treated by using the local density approximation
which employs the nuclear matter effective interaction appropriate to the density in
the vicinity of the interacting nucleons [BRI78,GER79]. In this way the optical po-
tential is calculated on the basis of the nucleon-nucleon force. (p,n) reactions have
not yet been described using the local density approximation. In this work distor-
tion is computed using phenomenological optical potentials and the nucleon-nucleon
potential is given no density dependence.

Electron scattering at energies above 100 MeV has long set the standard for the
acquisition of precise knowledge of nuclear structure. The electron interacts with
the nuclear constituents exclusively via the electromagnetic force (neglecting the
weak interaction) which is not only well understood but is also very much smaller
than the forces governing the nuclear dynamics. Thus perturbation theory can be
applied to the scattering process and the reaction mechanism can be classified as
predominately one-step or direct in character. The result is that the electromagnetic
currents of the nucleons can be traced with confidence.

One important limitation of electron scaitering is its relative insensitivity to
neutrons. Generally electron scattering sees the magnetization of single particle
neutron transitions and is insensitive to the bulk . eutron distribution. Moreover,
even the single particle magnetization of neutrons is easily confused by the mag-
netism due to any existing proton currents. This is because the electrons in general
see all electromagnetic fields within the nucleus. Even for 180° scattering, where
Coulombic scattering all but vanishes, the proton charges create magnetic fields by
virtue of their motion as well as by their intrinsic magnetic dipoles. Thus, not only
are neutrons masked, but it can be impossible to determine which aspect of proton
magnetism is responsible for the observed scattering. The (p,n) reaction possibly
offers a means of distinguishing these current and spin contributions.

At about 100-200 MeV the (p,n) reaction is dominated by the spin dependent
part of the nuclear force [TAD81]. The tensor interaction and the spin-orbit in-
teraction are small near zero momentum transfer. The (p,n) reaction at forward
angles has then the property of exciting nuclear states by coupling to the spin of the
nucleons. Electron scattering on the other hand has convective and spin-flip contri-
butions even at small momentum transfer. If, with further developments of accurate
reaction theory, it proves possible to quantitatively compare electron scattering and
(p,n) reactions at small momentum transfer one may then obtain information re-
garding the orbital or current contributions to nuclear transitions [PETS80]. This is
one illustration of the possibilities in using hadronic reactions in combination with
electromagnetic reactions to learn more about nuclear states.

Another important application of the results reported in this thesis has to do
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with the isospin symmetry properties of the (p,n) reaction compared with those
of B-decay. Goodman [GOODSO0| has pointed out that the 0°(p,n) cross section
provides a fairly direct measure of the so called Gamow-Teller matrix element for
B decay [GOODSO0]. This is because the (p, n) reaction selects the isovector parts
of the effective nucleon-nucleon interaction and at small momentum transfer the
central parts of the force dominate. This leaves only the isovector central and the
isovector spin dependent forces which have the same isospin symmetry properties
2s the Fermi and Gamow-Teller matrix elements. The net result is that one expects
a quantitative connection between the 0° (p,n) cross section and the corresponding
B decay rate. In effect, nature calculates these two matrix elements in 3 decay and
when these results are appropriately substituted in the DWBA formula for (p,n)
scattering one expects agreement. In our case we expect to be able toc use the § decay
rate of 17F to the ground state of 170 to calculate the 70(p,n) 7 Fyroundstate CTOSS
section at 0°. There are other strongly excited states in the 170(p,n)!" F spectrum
at 0°. These are expected also to be related to the Fermi and Gamow-Teller matrix
clements. If one assumes the Fermi matrix element to be correctly given by some
theoretical estimate, the (p, n) reaction at small momentum transfer can be used to
measure the isovector spin-spin part of the nuclear force. In the case of mirror nuclei
the Fermi matrix element is generally taken to be equal to unity. For virtually all
nuclei tested this connection between S8 decay rates and the (p,n) reaction is found
to be accurate to within 10% [GOODg80,TEL82|. This may be regarded as a partial
test of the distorted wave direct reaction theory.

There is also in this connection a sum rule regarding the Gamow-Teller oper-
ator, the operator which describes both the isovector spin-spin part of the nuclear
force and the spin flip part of f-decay (see equation III — 4 in chapter IIT). The
(p, n) reaction in this instance may be regarded as a device to count neutron excess
in much the same way a X-ray scattering may be used to count the electrons of
an atomic element. Any neutron of 17O is a candidate for charge exchange (or a
less likely knockout) unless this transition be Pauli blocked by a core proton of like
motion. In all nuclei examined, this sum rule has been systematically violated by
30% to 50% . The experimentally observed sum is always less than that expected
experimentally. The unexpected lack of participation of the projectile in these tran-
sitions could therefore very well indicate a very general misunderstanding of the
nature of the nucleus itself. It has been suggested that the lack of Gamow-Teller
strength is owing to the lack of neutrons, i.e. that nucleon motion in the nucleus is
comprised partly of A degrees of freedom. Others feel that the missing strength is
used to excite transitions into the continuum and into regions of excitation higher
than experimentally used to determine the sum [OST82]. Whatever the solution
proves to be, it is clear that accounting for this missing Gamow-Teller strength will
reveal a very general feature of nuclear dynamics.



A Brief Description of this Thesis

In the next chapter of this thesis the accelerator facility and other experimental
apparatus will be described. Certain aspects of this particular experiment will be
detailed and important operating principles of the equipment will be outlined as
well. Important properties of the interaction of neutrons with matter are discussed
in relation to detector efficiencies and atmospheric scattering.

Chapter III discusses the procedures used in data reduction and presents a
representative sample ¢f line fits. The 0° cross section for the 12C(p,n) leading
to the ground state of 12V is related to previous measurements of this process in
this energy region. This provides an important verification of the calculations of
detector efficiencies. This chapter also presents graphs of all cross sections and
analyzing powers measured. The chapter concludes with a report and discussion of
the total Gamow-Teller strength measured for these nuclei.

In the final chapter, these experimental results are compared with available cal-
culations made in the distorted wave Born approximation using the code DWBAT70
to calculate the scattering potential in terms of simple nuclear models.

The appendix contains all measured cross sections and analyzing powers in
tabular form.



I1. Experimental Method

Synopsis of the Ezperimental Layout

These data were taken at the Indiana University Cyclotron Facility (IUCF) in
Bloomington, Indiana. The unpolarized data run was during the winter of 1980.
Polarized data were taken the summer of 1981. The machine at IUCF is a three-
accelerator, three-beam line system employing an electrostatic accelerator feeding
a tandem cyclotron arrangement. A diagram is shown in figure I7 — 1.

This arrangement produced a source of 135 MeV protons which were made
to strike a Bel70 target. By means of two dipole magnets, described later as the
beam swinger, the angle of the beam at the target could be varied as much as 26°
from the beam line direction. Neutrons leaving the target were permitted to leave
the facility through holes in the wall located at the angles 0°,24°, and 45° from the
beam line direction. The beam swinger magnets permitted us to view scattering
angles between these values. At roughly 100 meters from the target three huts
containing the neutron detectors were placed to intercept the three neutron beams
for time of flight measurements. This layout is shown schematically in figure 11 —3.

Beam Production

The beam source is a hydrogen gas. Polarized protons are produced by atomic
beam methods [HAE67]. The protons are electrostatically accelerated through sev-
eral hundred kilovolts before being handed off to the first cyclotron. It is here,
before cyclotron injection, that the beam is given its waveform characteristics. The
proton beam is initially a direct current. A beam chopper and buncher prepares
a pulsed beam of 300 ps pulses separated by 130 ns. This pulsed beam must be
injected into the first cyclotron properly phased so as to match the radio frequency
of the dees in order to accomplish acceleration. This radio frequency varies from
24 to 36 MHz depending on the desired final projectile energy. In normal opera-
tion there are four to six bunches per orbit in the cyclotrons. In this experiment
we chose to keep only one out of four bunches. This permitted sufficient temporal
spacing between successive beam bursts for the long neutron flight paths used. The
RF fiequency is not modulated to accomodate relativistic kinematics. Instead, this
is done geometrically by means of radial dependence of the static magnetic field
which confines the charged particles. The beam is likewise handed off to another
larger cyclotron for final acceleration and beam delivery. In between the cyclotrons

8



there is a Helium cell used for measuring the polarization in the case of a polarized
beam. All these procedures are accomplished by the IUCF beam masters, whose
heroic efforts produced for us polarized beam intensities from 50 nA to 200 nA.

The proton beam leaves the larger cyclotron and enters the beam swinger beam
line shown in figure IT — 2. The beam is directed more than forty meters by six
steering magnets and six quadrupoles before reaching the target area. The bunch
width and separation is not significantly affected over this distance.[GOOD79]

In the target area, before reaching the scattering chamber, the beam is sub-
jected to the actions of the beam swinger. The beam swinger consists of two dipole
magnets whose design is to change the horizontal angle 6 at which the beam enters
the scattering chamber (see figure IT—3). Any portion of the beam scattered an an-
gle 8 horizontally to the right will then proceed in direction parallel with the beam
line. Thus the direction of 0° scattering has been moved to the left by an angle
8. We may in this fashion avoid moving detectors when measuring the intensities
of particles scattered at different angles. Downstream of the scattering chamber a
third magnet focuses and steers unscattered beam into a dump. The use of this
third magnet allows the beam dump to remain in one location while § is changed.
The third magnet also facilitates the observation of neutrons produced at 0°.

The angle 8 is determined primarily by the entrance dipole magnet as is shown
in figure IT — 3. The second dipole magnet is used to effect the apex of an ap-
proximate isosceles triangle whose base is the line joining the entrance magnet and
the target. Accomplishing 0° to 26° beam deflections required currents from 150 to
580 amperes in the entrance magnet and 220 to 340 ampere currents in the second
magnet. The corresponding radii oi curvature are shown in figure I7 — 4.

The angle 8 was measured by means of a movable auxiliary scintillating target
which could be remotely erected in a position 18 inches upstream of the target. By
using this target and another scintillating target on the target ladder to locate two
points of the beam, the angle 8 could be measured to within one-tenth of a degree.

The beam swinger operation was the only aspect of beam transport handled
directly by the experimenters. All other beam handling was accomplished by the
most excellent IUCF staff.



Figure II — 1. A plan view of the Indiana University Cyclotron

Facility.
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Figure II-3. Schematic of the beam swinger.
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The Targets

The targets were housed within the beam pipe at a location just upstream of
the dump magnet. The target angle was adjusted so that the proton beam was
perpendicular to its surface whatever the beam swinger angle. The targets used are
listed in table IT — 1. For the cross section measurements only the 29.1 mg/ em?
Bel!70 target was used. During the polarized proton run both Bel7O targets were
placed in a single target frame o achieve a greater event rate. In addition to the
beryllium oxide targets, a pure beryllium target of thickness 44.8 mg/cm? was used
to measure the °Be(p,n) process and to provide background information. The
thickness and isotopic abundance was known to within 1% for the beryllium target
and to about T% for each Bel7O target. The cross section for ®Be(p,n)° B leading
to the ground state of °B determined from the pure beryllium target agreed with
the cross section for this process measured using the 29.1 mg /em? beryllium oxide
target to within 5%.

Table II — 1. The beryllium oxide oxygen abundances.

thickness(mg/em?®) %0 170 %0

28.7 10.6% 85.3% 4.2%
29.1 11.6% 84.4% 4.0%

The Detection of Neutrons

The purpose of the experiment was to measure the neutron time-of-flight spec-
trum at various scattering angles. This allows the extraction of differential cross
sections corresponding to the stationary states of the product target nucleus. Large
rectangular plastic scintillators were housed in three huts at angles of 0°,24°,and
45° relative to the beam line. The flight paths were generally 70 to 90 meters long.
The neutron detecting scintillators were in all cases 4 inches thick to the beam but
there were a variety of heights and widths. Each neutron detector was oriented with
its face perpendicular to the neutron beam exposing each neutron to 4 inches of
scintillator. Each neutron detector was a large rectangular piece of NE-102 plastic
scintillator with plastic light guides affixed on opposite ends to facilitate the collec-
tion of light into two 5 inch diameter photomultiplier tubes. The entire assembly
was wrapped first in paper and then several layers of black electrical tape to ensure
an optically isolated environment for scintillation collection. The paper maximized
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internal reflection by preventing optical contact between the black tape and the
outer surface of the scintillator and light guides. Numerous % inch thick NE-114
plastic scintillators were used to reject charged particle events due to protons from
the target and cosmic rays. These charged particle detectors were two to three feet
in length and width. The shortest edge was joined to a light pipe which guided
light into a 2 inch diameter photomultiplier tube. The assembly was mummified in
paper and tape in the same fashion as a neutron detector. During the unpolarized
experiment the front and top of each neutron detector was guarded by these charged
particle detectors. The back side was left open to allow the undetected passage of
protons originating in the neutron detector itself. These protons were the result
¢’ neutron collisions with the hydrogen in the plastic. In order that these neutron
events not be rejected, it is necessary to ensure that the associated protons not be
detected. During the polarized experiment, the neutron detectors were completely
surrounded by anticoincidence scintillators and recoil protons were stopped by 1

inch plexiglass before reaching the down stream scintillator.

Each hut housed two such neutron detecting scintillators, one stacked on top of
the other. The particular dimensions of each neutron detecting scintillator is given
in tables IT — 2 and II — 3, along with associated flight paths.

Table II — 2. The neutron detectors for the unpolarized experiment.
Dimensions are given as height xwidth x thickness.

hut flight path top detector bottom detector

angle (meters) (inches) (tnches)
0° 98.89 10x40x4 10x40x4
24° 90.80 20x40x4 20x40x4
45° 74.43 20x40x4 40x40x4

Table II — 3. The neutron detectors for t{he polarized experiment.
Dimensions are given as height xwidth xthickness.

hut flight path top detector bLottom detector

angle (meters) (tnches) (¢nches)
0° 71.04 20x40x4 20x40x4
24° 71.03 20x40x4 40x40x4
45° 37.34 30x60x4 30x60x4
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The length of the flight paths was more or less fixed by energy resolution
requirements. Time resolution was limited to 500 picoseconds. This limitation was
due to the approximately equal effects of beam pulse width, target and detector
thickness, and the multiple reflections of scintillated light in the detector before
collection by the photemultiplier tubes.

Detector Logic

The mere physical detection of neutrons was not sufficient for our purpose. It
was necessary to exclude events due to protons or cosmic rays and to measure for
each neutron event an associated time interval which could be directly related to
the time of flight of the neutron from production at the target to detection in the
hut approximately 90 meters away. It was also necessary to measure the signal
strength from the neutron detecior photomultiplier tubes. This gave a measure of
the total amount of light which resulted from the event. This is essential information
in determining detector efficiency and in eliminating timing ambiguity associated
with sucessive beam bursts.

We first describe the electronics associated directly with the neutron detectors
and charged particle anticoincidence detectors in order to understand just what sort
of information came from the huts to be processed. Figure IT — 5 is a schematic
of the electronics which gathered and disseminated information from the neutron
detectors.
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Figure II-5. Neutron detector electronics.
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The anode signal from each photomultiplier tube was sent to a linear fanout
module. A linear fanout module yields two signals, each equal in strength to the
input. One of these output signals was used for timing and the other was used
for measuring light intensity within the detector. The timing signal was directed
to a constant fraction discriminator to produce a digital signal whose timing was
independent of the signal strength. This digital signal was sent to the mean timer,
the other input of which was the signal due to the other photomultiplier tube of
the neutron detector. The mean timer produced from these two signals a digital
pulse whose timing was independent of variations of the time between the two input
signals. This property of the mean timer ensured a final timing signal which was
not dependent on the location transverse to the beam of the ionizing event in the
neutron detector. In this fashion each neutron detector was wired to produce a
timing signal which is sent to the data taking PDP-11 computer.

The other signal from the linear fanout module was directed to a linear sum
module. There was one such device in each hut. It accepted signals from both
photomultiplier tubes of both neutron detectors in that hut. These signals were
superimposed yielding a signal whose strength was very nearly proportional to the
total light collected by the photomultiplier tubes. The calibration of this proportion-
ality was accomplished using a source of natural gamma rays and will be described
later. The summed anode signals left the linear sum module and were cabled to the
data taking computer.

Also in the hut were the anticoincidence charged particle detectors. These were
used to reject proton events. A typical deployment of these detectors is shown in
figure II — 6.
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The anode signal from each anticoincidence photomultiplier tube was sent to
a constant fraction discriminatcr. The resulting logic signals were sent to an OR
device which produced a logical signal if it received one or more signals. Outputs
from this OR device left the hut for the data taking electronics located near the
computer. Thus, a total of four data cables left each hut: a logic anticoincidence
signal from the charged particle detectors, a summed analog signal from all neutron
detector phototube anodes, and two timing logical signals, one from each neutron
detector.

The Information Gathered

The objective was to get three pieces of information from each neutron event:
which detector was involved, the anode signal strength, and a time of flight. This
section describes how the information from each hut was used to achieve this. Figure
II — 7 is a schematic of the data taking electronics located near the computer.
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Figure II-7. Data aquisition electronics.
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The logical signals from the anticoincidence charged particle detectors were
used ‘o veto timing signals. Each such veto was counted on a scalar. Unvetoed
timing signals were split into three. One of these was used to start a time to analog
converter. Another was sent to a particular module of the computer, the router
driver. Depending on which input to the router driver received the signal, a par-
ticular number identifying the hut and counter was stored by the data acquisition
system to be associated with the event. This number, a power of two, thus identi-
fied which detector saw the neutron. The third signal generated from the neutron
detector timing signal was used to gate the linear gate and stretcher which inte-
grated the summed anode pulses from the neutron detectors and also to start a
time to analog converter. The TAC was stopped by the next signal from the phase
compensation module. This module was part of a circuit which provided periodic
timing signals based on the cyclotron radio frequency. The circuit essentiaily pro-
vided one timing signal per proton burst. Since there were many more bursts than
neutron events, it was good to start the TAC with the neutron events rather than
the periodic cyclotron based signal. This has no practical effect on data analysis,
merely reversing the time of flight spectrum. |

Thus it was arranged for the computer to recieve for every neutron event three
pieces of information: 1) detector identification by means of the router driver. 2)

the total anode pulse strength. 3) a particular time related linearly to the time of
flight.

Phase compensation circuit

The timing signal used to stop the TAC as discussed above was based on the
cyclotron radic frequency. In principle, a signal taken from each bunch by a loop
just upstream of the target would be more relevant, however these signals would be
weak and noisy. The problem with using the cyclotron frequency is that the transit
time through the cyclotrons and to the target can drift by a few nanoseconds. The
phase compensation circuit shown schematically in figure I7 —8 accounted for this
drift allowing for a variable phase between the RF signal and the signal sent to stop
the TAC.
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A small scintillator located near the target chamber monitored the actual ar-
rival of beam bursts. Each signal from the associated discriminator opens a diode
bridge current gate for a time about equal to one-half the RF period. All the while
RF is entering the phase shifter and being sent therefrom %o the stop pulse genera-
tor. Only when the gate is open is the diode bridge circuit effective in accumulating
charge. The amount of charge accumulated depends on the phase between the RF
and the period of the gate-open time. The operational amplifier integrates this
with a time period containing many RF and beam burst cycles. This charge in turn
effects a change of phase by means of the phase shifter. Thus gradual drifts in beam
burst transit time are measured and corrections made.

Cross Secttons

The general definition of the cross section for any outcome of a scattering
experiment is given in terms of a single target nucleus, in this case an 170 nucleus,
bombarded for a period of time such that the target has been illuminated by a
projectile beam of uniform areal intensity. Having counted the total number of
events of the particular sort of interest and having integrated the projectile flux,
the cross section for the event of interest is then given by

# of events
total # of projectiles/unit area

This definition ensures that the cross section characterizes only the reaction and is
independent of beam intensity and size. The differential cross section is defined as
the cross section for scattering into a particular solid angle divided by that solid
angle measured in steradians. The solid angle is presumed small enough so that the
cross section does not vary appreciably within that solid angle.

When using extended targets as is customary one measures the combined cross
sections of every nucleus exposed to the beam. Let E be the number cf events, p the
number density of target species in the extended target, ¢ the linear thickness of the
extended target. Let Q be the total integrated beam charge of a beam of projectiles
having an elementary charge e. Then the above definition of cross section is

E

g=€e X —|—

Using the symbol Apt to represent error in the knowledge of the target and like

symbols for other errors, the error in the measurement of the cross section can be
approximately calculated by

Apt
pt

Ao, AE., . AQ., \
() —(—E—)2+(Q) + (=)
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The charge integration error was known from the experience of previous researchers
to be less than 1%. The target thickness and abundance was known to an accuracy
of 5-7%.[DEVLIN,HYN78] The rest of this chapter will detail what corrections
to the raw data were necessary. These corrections included neutron attenuation,
detector efficiency, and computer deadtime.

Neutron Attenuation

In this experiment the neutrons radiated from the target traversed a distance
of nearly 100 meters before reaching the detectors. The distance of flights was fixed
at about 100 meters due to requirements of time resolution. In order to maximize
counting rate, the detectors were made as large as was possible to handle.

The neutrons were affected by material occupying the space between the tar-
get and the detector. These materials included a thin metal port of the scattering
chamber, the atmosphere, divers wooden materials comprising the hut housing the
detectors, and thicknesses of tape and paper covering the detectors. The scattering
lengths of these various substances is given in table IT — 4 along with the percent-
age of neutrons which would be expected to interact with the substance in this
experiment. The atmospheric effect is dominant.

Table II — 4

material estimated thickness present collision length percent interaction

aluminum 0.5 cm 22 cm 2.3%
wood 1.3 cm 97 cm 1.3%
air 90 m 447 m 20%

Unfortunately, this effect is most difficult to quantitatively understand, owing
to the diversity of flight paths open to the neutron. Elasti. scattering, for example,
both depletes and augments the neutron beam intercepting the detector. The de-
pletion is due to the scattering of neutrons whose undeflected path would intercept
the detector. In most cases this results in the neutron missing the detector. In
other cases atmospheric deflection augments the beam by causing certain neutrons,
whose undeflected paths would miss the detector, to intercept the detector. Careful
consideration shall show that both of these competing effects are significant. The
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following discussion will describe how these and other effects were treated by means
of Monte-Carlo simulation.

Atmospheric Scattering

The atmospheric disturbance of neutron flight may be considered to be entirely
due to interactions with the atmospheric nuclei, neutron-electron interactions being
relatively few in comparison with the nuclear interactions. For our purposes these
nuclear interactions fall into the classes elastic or inelastic.

Inelastic scattering generally involves discrete energy loss readily sensible in
this experiment. The smallest inelastic effect is due to nitrogen, its first excited
state being at 2.3 MeV. A neutron which is detected after having been inelastically
scattered will therefore have lost 2.3 MeV or more. Unless the neutron loses this
energy close to the detector, the resulting loss of velocity will cause the neutron
to fall outside the peak corresponding to its original energy. The energy resolution
achieved was about one-half MeV. Assuming a hundred meter flight path this implies
that unless the inelastic energy loss of 2.3 MeV occurs within 20 meters of the
detector the neutron will fall outside its peak. Thus, roughly 80% of the neutrons
exciting the 2.3 MeV state will be effectively removed from the spectrum. Only 20%
will remain to be counted in the peak. Other inelastic processes may be expected
to almost completely remove the neutron from the peak if not from the spectrum.
From the 4N (p,p') data of [MOAS80] and [COMS80] we may conclude that the 2.3
MeV state contributes less than 0.1% to the total inelastic cross section. Therefore
all inelastic processes may be assumed to remove the neutron from its peak. That
is, inelastic scattering may be treated as complete absorption. The mathematics of
absorption is relatively simple to understand. If the average cross section, o, for
inelastic scattering by a single molecule of the atmosphere and the number density
of the air, p, are known then one expects a fraction

exp(—opl) Ir-1

of the neutrons to travel a distance ! without suffering inelastic collision.

Elastic scattering at these energies is dominated by forward scattering, decreas-
ing the neutron’s energy by no more than a few tenths of an MeV. This kinematic
energy loss is not large compared to the system resolution and is of continuous
distribution. It therefore does not in general prevent the neutron from showing up
within a particular peak but rather redistributes it according to an energy loss no
greater than the system resolution. The effect of elastic scattering is therefore of
a different character than that of inelastic scattering and cannot be completely de-
scribed by equation IT — 1. One could use equation IT -1, substituting 0 = Ociqstic
to determine what fraction of the neutrons escape elastic scattering. The ultimate
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effect of an elastic scattering clearly depends on ‘he particulars of the scattering
event and the neutron’s motion.

We may classify elastically scattered neutrons into four classes:

1) Those neutrons which were originally aimed at the detector but miss due to
elastic deflection.

2) Those which were originally aimed at the detector and are elastically scat-
tered and hit the detector.

3) Those which were not originally aimed at the detector but are elastically
scattered so as to hit the detector.

4) Those which were not originally aimed at the detector and are elastically
scattered and miss the detector.

The relative importance of these effects is evidently dependent on the angular
distribution of elastic scattering, though we expect the second and third effects to
be small unless the elastic scattering is extremely forward peaked.

It is therefore clear that in order to confidently apply a correction for at-
mospheric scattering, we must know the total inelastic integrated neutron cross
sections, the total elastic integrated cross section, and the angular distribution for
elastic scattering at forward angles. The detectors subtended less than 2° so it is
certainly sufficient to accurately describe the elastic angular distribution out to 15°.

The elastic scattering was described by a single differential cross section as-
sumed to be Gaussian with respect to the laboratory scattering angle. The width
was chosen to represent the forward angle data at 136 MeV of van Zyl et al [ZYL56).
For example, the elastic differential cross section of nitrogen is well represented by

1/70\2
o(8) = 1.7 mb/sr ea:p(———(—) ) IIr-2
2 \oy

with o = 8.1°. The angular distribution for oxygen and nitrogen were not
radically different so the two widths were averaged weighting each according to
their normal atmospheric abundance in dry air. The effects of humidity are small.
It is not necessary to describe large angle scattering accurately. Neutrons scattered
into angles much greater than the angular size of the detector almost always miss the
detector, independent of the details of their subsequent motion. The data of [ZYL56)
at 136 MeV also indicates that the integrated elastic and inelastic cross sections for
these nuclei are equal to within about 40% . This result is corroborated by other
experiments [TAY53,MEA66,VOS56]. Since measurements of the total inelastic
neutron cross sections of nitrogen and oxygen were unavailable, these inelastic cross
sections were taken to be one-half of the total neutron cross sections reported for
these elements in [MEA66]. The elastic differential cross sections given by equation
II—2, which represents the nitrogen data of [ZYL56], when integrated over 4 gives
an integrated cross seciion also equal to one-half the total cross section reported by
[MEA66]. Therefore, it was assumed that elastic and inelastic cross sections were
both equal to one-half of the total reaction cross section reported by [MEAS66].

TE=t paper reports the total cross section of various nuclei for neutrons in the
energy range 80 to 150 MeV. The results relevant here are shown below.
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Table II — 5. Total neutron reaction cross sections.

Energy(MeV) Nitrogen(mb) Oxygen(mb)

140.9 407 451
1294 437 497
119.6 471 537
110.0 508 581

These data were used to calculate the attenuation correction factor at the four
neutron energies given. The air was assumed to consist of 78% nitrogen and 21%
oxygen.

All elastic scattering was assumed to have an angular distribution proportional
to the Gaussian form ezp(—1(Z)?) with op = 8.1°.

The simulation makes no allowance for kinematic energy loss since the primary
effect is to increase resolution. A neutron which is elastically scattered has sufficient
energy remaining to place it in the same peak as a neutron which enjoyed uninhib-
ited flight. Only in the event of repeated elastic scattering is a neutron’s energy
diminished sufficiently to remove it from a particular peak. In the case of 135 MeV
neutrons traveling 100 meters, only about 2% are scattered more than once.

Using the code described in the next section, a multiplicative factor to correct
for neutron attenuation due to atmospheric scattering was calculated. This was
done at four neutron energies using the data of table II-5. The resulting attenuation
correction factors were linear with respect to neutron energy. A least squares fit
was performed on the results of the simulation code at these four energies to get
the attenuation correction factor as a function of energy. The resulting attenuation
correction factors for each hut in the cross section run are given in the formulae
below.

factor for hut 1 = 1.40 — 0.00163 x T'(MeV)
factor for hut 2 = 1.43 — 0.00174 X T(MeV) I1-3
factor for hut 3 = 1.35 — 0.00138 x T (MeV')

These formulas were used to describe the energy dependence of the neutron
attenuation due to atmospheric scattering.
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Simulation of Atmospheric Scattering

The algorithm described here is designed to account for these physical and
geometrical effects by explicitly tracing the paths of numerous simulated neutrons
generated by a random number generator. The algorithm calculates a multiplicative
factor to correct for the net loss of particles due to the elastic and inelastic scattering
of such radiated particles between a point source of these particles and a detector at
some distance. The particle trajectories are collimated by a symmetrically placed
rectangular hole a certain distance from the source and of given dimensions. The
algorithm counts the number of particles whose initial trajectory would cause them
to intercept a rectangular detector at some distance from the target or source.

The algorithm assumes the target, the center of the collimator, and the cen-
ter of the detector to be collinear and that corresponding edges of the collimator
and detector are parallel. The detector face is perpendicular to the undeflected
beam. The algorithm describes the experimental geometry entirely in terms of the
rectangular dimensions of the collimator and the detector and their respective dis-
tances from the target, which is assumed to be a point source of trajectories. The
atmosphere is described as an ideal gas of identical scatterers.

The algorithm requires as input the detector and collimator dimensions and
their distances from the hut along with the molar volume of the ideal gas. Also
required are two integrated cross sections to characierize elastic and inelastic scat-
tering along with the Gaussian width of the assumed elastic scattering distribution
with respect to the laboratory scattering angle. Figure IT—9 depicts the algorithm
in schematic form.
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The code picks two random numbers from zero to one and thereby determines
an initial direction for the trajectory. The code produces in this way a cone of
trajectories uniformly distributed in direction. This cone is chosen to be large
enough to envelope the collimator completely. Most, but not all, particles generated
this way pass through the collimator. For each trajectory that is not collimated,
the code generates and details a complete history.

Assuming that a particle has been produced and has passed through the col-
limator, the code then determines whether or not its initial trajectory would cause
it to intercept the detector. If so, a particular variable called NEUTAT, is incre-
mented by one. Thus a running account is kept of those particles whose original
unscattered flight would intercept the detector. The code in any case continues to
detail a history for the particle whether or not it 1s originally aimed at the detector.

The code then calculates the distance to the detector plane and randomly
determines whether or not the particle should be elastically scattered. This is done
by using equation II — 1 substituting the integrated elastic cross section for o. The
elastic cross section is derived from equations I] — 3. The distance to the detector
plane replaces [. A random number is selected. If it happens to be greater than the
value of equation II — 1, then the neutron is to be elastically scattered. The point
of elastic scattering is chosen by chosing another random number, r, and solving
the equation

x
r=———0—pl——/ e 7Pt dx II—4
1—e-o0 J,
for z, the distance traveled before scattering. It is possible that a particle might
be inelastically scattered before reaching this point. Equation I —1 is therefore
again used substituting the integrated inelastic cross section for o and the path
length from the target to the point of intended elastic scattering for I. A new
random number is chosen and the particle’s fate is determined. If it is inelastically
scattered then the code begins all over again with a new particle.
If it is not to be inelastically scattered then the code generates a direction for
elastic scattering using the Gaussian width given as input. A random number, r, is
selected and a laboratory scattering angle, 0, is selected by solving the equation

6
r=— [ ¥ 40 II-5
0% Jo

for 6, where 04 is the Gaussian width of the forward angle elastic scattering. As
mentioned earlier, this number is about 8° for 135 MeV neutrons. The approxi-
mation sin(f) = 6 has been made. This fails only for angles larger than 30°. The
Gaussian then dominates the expression so that very little error is made in assuming
sin(f) = 0 for ail §. The azimuthal direction of scattering is determined by an angle
randomly selected between 0 and 27. The new trajectory and its point of intersec-
tion with the detector plane is easily calculated by elementary vector methods. The

procedure is then repeated for this new trajectory.
Thus the particle is repeatedly subjected to the possibility of elastic and in-
elastic scattering until finally it either passes the detector plane or is inelastically
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scattered. Those particles which pass through the detector plane within the con-
fines of the detector boundary are counted and the result stored in the variable
called HIT. The ratio of NEUTAT to HIT is the desired correction factor. It per-
mits us to simply use the solid angle subtended by the detector when calculating
an experimental differential cross section.

Detector Efficiency

By far the largest correction necessary to the data was to account for detector
efficiency. Not all neutrons passing through the four inch thick neutron detecting
scintillators will interact with the plastic. Some which do interact will not leave
sufficient light to exceed the discriminator threshold. It is also desirable to set a
threshold even higher than that necessary for simple noise rejection. T his is due to
the fact the spectrum of neutrons from a given beam burst can be contaminated by
very slow neutrons from previous beam bursts. These slower neutrons will tend to
leave less light in the detector. It is therefore possible to preferentially reject these
slower neutrons by increasing the anode pulse strength threshold for counting the
event. Higher thresholds also mean that fewer neutrons from the immediate beam
burst will be detected. Thus detector efficiency is a threshold dependent effect.

We used an efficiency code which is the result of years of experience and succes-
sive modifications. It is based on the code written by N. R. Stanton [STAN71], who
based his work on a code written by Kurtz [KUR64]. The code was modified by
M¢°Naughton et al,  MCN74,MCN75], to obtain agreement with their own efficiency
measurements. Del Guerra developed a code which included new cross sections for
inelastic reactions on carbon based on his extensive compilation of those cross sec-
tions [DEL76]. Cecil et ol added several improvements including use of relativistic
kinematics and a more accurate description of light deposition by charged particles
including the effects of charged particle escape [CECT79]. These improvements are
described more completely in [AND79] and [CECT79].

For neutron energies below 30 MeV, the detection of neutrons is dominated by
the scattering of neutrons off of atomic hydrogen in the scintillator. At higher ener-
gies the carbon (n,np) channel dominates. The energy dependence of this reaction
is not well known above 50 MeV so it is parameterized to fit available efficiency
measurements. The other neutron-carbon inelastic channels included are (n,2n),
(n,7), (n,3a), and (n,c). .

This code incorporates the light response of the scintillator to the o rays and
protons produced by the neutron interactions with the scintillator. The exact ex-
pressions used are published in [CEC79]. They are largely based on the proton
measurements done by Madey et al MAD78]. These authors used the T(d,n)c re-
action to produce a monoenergetic neutron beam. The scintillator to be examined
was placed in this beam and scattered neutrons were detected at various angles to
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determine the recoil proton energy in the primary detector.

The code also includes effects due to charged particle escape from the scintil-
lator as described in [WAT74]. All these effects are important in order to know
the detector efficiency as a function of the threshold. It is also essential to know at
what threshold the detectors are operating so that the results of the efficiency code
can be related to their performance. This requires that the detectors be calibrated.
We must know the correspondence between anode pulse strength in volts or ADC
channels to the amount of light energy released in the scintillator. It is custom-
ary to express the scintillation energy deposited by a particular heavy particle in
terms of MeVee, the MeV electron equivalent energy. This is the energy of a stop-
ping electron yielding the same amount of light as the particular heavy particle of
interest.

The 2.61 MeV ~ rays from ThC” were used to provide a known physical ref-
erence against which anode pulse strengths could be compared for calibration. At
2.61 MeV the dominant effect is that of Compton scattering. The electrons find
it difficult to absorb so much energy, and though pair production is energetically
possible, there isn’t much phase space for it either. The kinematics of Compton
scattering can be described by

m m

1—cosf=——— IT -6
w2 Wi

where @ is the scattering angle of the ~ ray in the laboratory frame, m is the mass
of the electron, and w; and w; are the initial and final energies of the 7 rays in the
laboratory frame. The cross section for compton scattering of a « ray into a solid
angle df} can be written

1 2
do = 2r2%2an[22 4+ 22 o _ Ty 4 (T ]
wy wi we w2 w1 w2 wi

The kinematical relation I — 6 can be used to convert this to the cross section
for finding a v having a final energy from w2 to wz + dws. This cross section is
da:wrz%dwz[ﬂ+‘i’l—z(ﬂ-ﬁ)+(———)2 -1
w1 wy w2 w2z W1
From energy conservation this is also evidently the cross section for finding the
electron to have a kinetic energy in the range w; — w3z to w1 —wz —dwz. Ideally this
is the energy the photomultiplier anode sees. In reality there are some inefficiencies
in the detection process. We estimated this effect at 5% following Knox et al.
[KNO72]. These people investigated the position of the Compton elastic peak with
respect to the pulse strength distribution from various  ray energies including the
2.61 MeV ~ from ThC”. They did this for two sizes of cylindrical hydrocarbon
scintillators, the largest being 3" in diameter and 3" high. The Compton electrons
travel no farther than about one-half an inch before stopping so there should be
little effect due to electron loss. Knox et al indeed obtained almost the same result
with a 2" by 2 scintillator.
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In any case equation II — 7 can be used to establish which energy of Compton
electron would be most plentiful. Figure II — 10 shows how the quantity f‘g—f—;’;
depends on the final «y energy with an initial v energy of 2.61 MeV. Clearly the ~
rays of lowest energy are favored. These correspond to the highest energy electrons.

This maximum electron kinetic energy is given by the kinematic expression

2w
2+

[

£J3

This relation can be gotten from equation I — 6 and energy conservation. In the
case of the 2.61 MeV ~ rays from ThC” the maximum possible electron kinetic
energy is 2.38 MeV. Since this is also the most plentiful of electron energies there
will be a peak in the anode pulse height spectrum corresponding to this amount of
light. Other calibration points were obtained simply amplifying the ThC" signal.
This method assumes that the detector response is linear with respect to electron
energy [HOP51]. It is unfortunate that data replays must be done with thresholds
corresponding to 40 or 50 MeVee in order to minimize overlap neutrons. Such a
high threshold is far away from naturally available calibration 4 rays and must be
viewed warily when assigning probable errors to final results [WATS83].

After such a calibration is accomplished, one has some idea how much light
must be created by charged particles in the scintillator in order to produce any
particular anode pulse strength in terms of ADC channel number. Figure I] —11
shows the calibration curve for one particular detector used in this experiment.

As mentioned earlier, the light response is measured here in terms of detector
response to electrons of particular energies. Neutrons penetrating the detectors
sometimes interacted with the hydrogen and carbon nuclei of the scintillator plastic
to produce charged particles, mainly protons and a rays. It was the light produced
by these protons and « rays which was detected. The conversion to electron equiv-
alent energy using the methods mentioned above [CEC79] is done in the code and
completes the calibration of the efficiency as a function of threshold.

Most data analysis was done using a threshold of 40 MeVee. For any threshold
the efficiency is a function of neutron energy. Figure IT—12 shows the efficiency for
a particular detector as a function of neutron energy when the threshold is set at 4C
MeVee. Cross sections quoted in this work incorporate the dependence of detector
efficiency on neutron energy.
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Computer Deadtime

Every time a neutron detector photomultiplier anode produced a signal exceed-
ing the discriminator threshold and there was no veto from the charged particle de-
tector this anode signal was sent to the data aquisition electronics located near the
computer. Each such signal was counted on a scaler and also was sent to the linear
gate and stretcher which enabled the ADCs to digitize the pulse amplitudes. If the
computer was busy with an event then the signal was lost, lost but accounted for
by the scalar. By comparing the number of events counted to the number analyzed
and stored on tape ( all of which were also counted ) we can estimate the computer
dead time.

number of anode signals counted

dead time =
number of events stored on tape

There was also the case of overlapping events from different detectors which arrived
too nearly at the same time to be distinguished by the electronics hardware. In
these cases both events produced timing signals which entered the router driver
and produced anode signals which were digitized as one pulse strength. These
were recorded on the tape as events whose detector identifier was the sum of the
two detectors involved. These identifier could not be confused with single neutron
events and so there was no data contamination. These sort of events proved to be
negligible in number.

Spectrum Analysis

The final result of an experimental run or data replay was a time of flight spec-
trum including all those events whose pulse strength met the particular threshold
requirement in use. Figure III —13 shows the time of flight spectrum at 0° scatter-
ing angle for the (p,n) reaction on the Be'”O target. In Figure II1 — 13 channels
are related to excitation energy assuming only the kinematics for A=17. As a re-
sult, the states of °B and !®F are misplaced. The line shape analysis is properly
carried out in the time of flight spectrum with the kinematics of each species that
is in the target. Figure ITT — 14 shows the neutron time of flight spectrum at 0°
for the pure Beryllium target. The abscissa has been converted from time of flight
channels to the excitation energy of Boron. The lineshapes were derived using the
code ALLFIT developed by this group. The latest version compiled by James Kelly
and Charles Hyde-Wright was used [HYD84]. This code has a plethora of lineshape
features and calculational options, most of which were not used for this analysis.

The lineshape used for the narrow states in the spectrum depicted in figures
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III —13 and IIT — 14 is of the form

( _y, . (pmz—mp

Jo-H-e AL., o ) r<p-—mp
—|{p==)

ﬁH-e """"7 p—mp<z<p
—|{z=p)

H.e |"%EF p<z<p+mpg

- .z—p—-mRM
fr-H-e Ar- (g ) p+tmr<z

Where
wr = w(l — a)

wg = w(l + a)
K = 0.5(ln2)~ /"
mg,L = kywr,r(—In fr,z)""

The external parameters used were
H,p,U), aa'y’f[n AL? fR’ AR9I"'

which have the meanings

H = peak height
p = peak position
w = peak full width at half maximum
Az = left slope
my = left match point
fr = left match fraction
Ar = right slope
mp = right match point
fr = right match fraction
a = asymmetry
~ = exponent

U = exponent

This lineshape function attempts to describe a peak as an asymmetric hyper-
gaussian with variable exponent in the central region and with exponentially decay-
ing tails in the low and high excitation (high and low neutron energy) regions. The
widths of the line shape, given by w and ¢, and the peak position p and height H
were generally varied in a fit. The tails describe the lineshape when the height of
the lineshape on the left or right side of the peak falls respectively to the fraction
fr or fr of the peak height H. The match point mg or mp denotes the distance
from the peak position at which the peak falls to a fraction fr or fr of the peak
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height H. The variable z and other kinematic scale parameters could be entered in
tesms of the Q value due to calibration schemes internal to ALLFIT.

The statistical errors in lineshape fitting are accurately handled by ALLFIT
assuming Poisson distributions. Certain details of the linefitting procedures will be
discussed in chapter I11.

The Energy Scale

In order to identify the excited states it was necessary to interpret the time
of flight spectra in terms of neutron velocity or energy. The time of flight channel
number was provided by a TAC-ADC combination which was calibrated simply by
timing signal propagation through cables of varying lengths of known impedance.
As was discussed earlier, the time delay measured in the experiment was not equal
to the actual time of flight but was linearly related. Since the inverse velocity (v™!)
of the neutron is linearly related to the actual time of flight, it follows that there
is a linear correspondence between TAC-ADC channel number and inverse velocity
of the neutron.

This correspondence was determined by two semi-independent methods. The
lineshape code is designed to calculate this correspondence using the fact that the
inverse velocity of the neutron is linearly related to the time of flight channel num-
ber. In addition to incident proton energy and neutron production angle, the fitting
code is given the channel number of two known states. The inverse velocity is pre-
cisely calculated from kinematics and the linear relationship between time of flight
channel number and inverse velocity is thereby determined. The ALLFIT results
were compared to another kinematic calculation which made use of the TAC cal-
ibration and the flight paths. This method requires as input the proton energy,
the neutron production angle, and the channel number of only one state in the
spectrum. This information essentially determines the constant time offset between
neutron detection and the TAC start. These two methods were found to agree to
better than 0.1 MeV over a range of 18 MeV of neutron energies.

Finite Detector Effects

The theoretical quantity of interest is a cross section for scattering into an
infinitesimal solid angle at various scattering angles, the so called differential cross
section. Actually finite detectors must be used to achieve finite counting rates. This
means that the quantity actually measured is an average of the differential cross
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sections over all solid angles subtended by the detector. For scattering angles away
from 0° the cross section is monotonically decreasing. The linear approximation
is very good over the angular extension of any detector used in this experiment,
so that the cross section at the center of the detector is very nearly equal to the
average cross section measured by the detector.

For 0° scattering the measured result is smaller than the differential cross
section at precisely 0°. This correction was done by using a DWBA calculation to
estimate the angular dependence of the differential cross section for (p,n) scattering
to the ground state of *70. The calculated cross sections at 0° and 3° were used to
get a linear approximation which amounted to a differential cross section decrease
of 0.22 mb/sr per degree of scattering angle away from zero degrees. This linear
approximation has the effect of slightly over estimating the needed correction. Even
so, the correction estimated in this way turns out to be an effect of less than 2%
and was neglected.

Summary of corrections and uncertainties

This chapter has discussed the various manipulations and corrections necessary
in order to convert the number of observed events as obtained from line shape
analysis to an estimate of the actual number of events which occurred. These
correction factors are summarized below along with a typical value for each. Each
of these factors multiply the raw cross section derived from the peak areas obtained
from line shape analysis.

Table II — 6. Typical correction factors and their uncertainties.

physical effect typical correction
factor
air scattering 1.15 + 0.01
detector efficiency 25. + 2.5
computer deadtime 1.1

The estimated uncertainty in the air scattering correction includes the possibil-
ity that the elastic and inelastic cross sections may differ by 40%. This possibility
contributes less than + 0.01 uncertainty. The neutron attenuation in air depends
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mainly on the total cross section which is known to about 3%. Also included is a
possible variation in atmospheric pressure of 1” Hg. Uncertainties due to relative
humidity are negligible.

The uncertainty in calculated detector efficiencies has been extensively studied
by other workers who have compared the prediction of the efficiency code with
experimentally determined neutron detector efficiencies [AND79,DEB79,CECT79].
These comparisons indicate agreement between measured and calculated efficiencies
to within about 10% [WAT83]. The uncertainty in event correction is seen to be
dominated by this uncertainty in determining the detector efficiency.

There are also other factors which go into producing a final cross section such
as total integrated charge, the solid angle intercepted, and the target thickness and
stoicheometry. The uncertainties associated with these various factors are listed
below. The entry “event correction” refers to the total correction factor explained
above and detailed in table III-1. The uncertainties represent percent uncertainties
in final cross sections.

Table I — 7. Cross section factors and their uncertainties.

multiplicative typical estimated
factor uncertainty
event correction 10%
target properties 5%
lineshape analysis 1-20%

The target uncertainty is based on the electron scattering work of Hynes
[HYN78] and refers to variations in abundance over differing locations on the target.

As mentioned in the previous chapter, lineshape uncertainies were calculated
by the fitting code and included both statistical uncertainty and uncertainty due to
ignorance of the true lineshape.

All these uncertainties conspire to introduce about 11% uncertainty in final
cross sections. In some cases the uncertainties are greater. This is due to the
limitations of the lineshape analysis in certain spectra.
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I11. Resmults

Comparison with previous results

Limited 12C(p,n) data were taken which could be compared to previous mea-
surements in this energy region in order to provide a check on the final results of
the data analysis. This comparison provides a check on the overall data analysis
including the rather sizable correction for detector efficiency.

Figure IIT — 1 shows the 12C(p,n)12N, .. spectrum and fit at 0°. The ground
state peak of 12N is afflicted by a tail whose origin is not known. Since the ground
state B also has such a tail, discussed later, it was conjectured that the tail is
general feature of kinematic origin. For example, the monotonically decreasing
angular dependence of the neutron energy convolved over the finite solid angle of
the detector might be expected to give such a tail. Quantative considerations rule
this out. The detector at 0° subtended an angle of about 0.6°. The energy difference
over this angle corresponds to less than one channel in the spectrum. It is possible
that this tail is due to the reaction 2C(p,pn). The particle threshold for proton
emission from 12N lies only 0.6 MeV above the ground state of 2 N which is just
where the tail is. This idea could not be tested. Since the origin of this tail is
not known, the area of the tail must be considered in assigning uncertainties to the
cross section for this reaction. The area of this tail was estimated by fitting the
12 )y ground state peak using a symmetric shape along with a peak to simulate the
tail as shown in figure III — 1. The area of the smaller peak shown in figure /11 —1
is 3% that of the main peak. Thus, the uncertainty in cross section is dominated
by the 10% uncertainty in detector efficiency. We measured the 12C(p,n) 2Ny .
differential cross section at 0° to be 5.41 + 0.6 mb/sr. Unlike the °B and !?F cross
section results quoted later, the uncertainty estimate here of + 0.6 mb /st includes
the uncertainty associated with the detector efficiency in quadrature with other
uncertainties.

Rapaport et al [RAP81] measured the 12¢(p,n)2 N, ,. differential cross section
at 120, 160, and-200 MeV. Their results at 0° are shown in figure I11—2 along with
the measurement réported here. The uncertainties in these results also include the
uncertainty of detector efficiency. The detector efficiency was measured using the
lithium activation method [SCH77,GOU79]. Interpolating their results, we expect
a 0° differential cross section of about 6.6 + 0.7 mb/sr, which is about 20% greater
than our result. However, the result is consistent within the quoted errors cf the
measurement. This comparison is also in fair agreement with the conclusions of
[WAT83] who find that the lithium activation method yields efficiencies for medium
energy neutrons that are consistently smaller than efficiencies calculated by means
of the efficiency code of [CEC79] employed in this thesis. Accordingly, the cross
sections reported using the lithium activation method were found to be about 30%
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greater than those measured in experiments using this efficiency code. The fact
that the authors of [WAT83] report a 30% difference whereas we obtain only a 20%
difference can be attributed to a difference in handling atmospheric effects. For
their measurement of 12C(p,n) 2Ny, at 135 MeV, the collaborators of [WAT83]
used a factor of 1.1 to correct for loss of neutrons enroute to the detectors due
to atmospheric scattering. We find, however, that for the experimental conditions
which existed at that time a factor of 1.18 describes this neutron loss more closely.

This factor of 1.18 was calculated using a Monte Carlo code described in chapter
II.
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Also given in [WATS3)] are the results of DWIA calculations for *2C(p, n)12N,.,.
including the 0° differential cross section at 135 MeV. Their calculation utilized the
effective interaction of Love and Franey [LOV81], optical potentials from Comfort
and Karp [COMS80], and wave functions from Cohen and Kurath [COH67]. The
resulting cross section was 5.2 mb/sr, 4% less than our measured value.

Rapaport et al [RAP81] also report a DWBA calculation that fits their data
and the 2C(p,p’)'2C15.1 data of Comfort et al [COME&O] out to 30°. If isospin is
conserved, the differential cross section for 12C(p, p')12C leading to the T' = 1 state
at 15.11 MeV is half of the 12C(p,n)!2N, . differential cross section. The DWBA
calculation depicted graphically in [RAP81] is about 5.2 mb/sr at 0° for 120 MeV.
Interpolating this result using figure I1] — 2 one expects about 5.8 mb/sr for the
0° differential cross section at 135 MeV. This agrees with our result to within 7% .

Tt is also of interest to relate the 0° differential cross section for 17O(p, n)'" Fy..
reported in this thesis to the work of Goodman et al concerning the use of the (p, n)
reaction in measuring Gamow-Teller strength [GOOD80]. In [GOOD80] Goodman
pointed out that the 0°(p,n) cross section provides a fairly direct measure of the
Gamow-Teller matrix element for 8 decay. This is because the (p,n) reaction se-
lects the isovector parts of the effective nucleon-nucleon interaction and at small
momentum transfer the central parts of the force dominate. This leaves only the
isovector spin independent and the isovector spin dependent forces which have the
same isospin symmetry properties as the Fermi and Gamow-Teller matrix elements
respectively.

With these simplifications the 0° differential cross section for (p,n) reactious
can be written [GOOD80,SAT64]

/ 2
o(8 = 0°) = k_”?) 5 [WP1T Ml + NE|Jor MrP] -1
wh ks

where J, and J,, are the magnitudes of the volume integrals of the ¢ = 0
components of the spin independent and effective spin dependent isovector central
parts of the effective nucleon-nucleon interaction. p is the reduced energy of the
collision in the center of mass. In the case of 17O(p, n) at 135 MeV u =994.1 MeV.
The factors NP and NP account for distortion and are generally calculated using
an optical model. Mp and Mgt are the Fermi and Gamow-Teller matrix elements
according to the convention of Bohr and Mottelson,

e = (g ) I T 1)
Mer = (7)) O 1 e o) 1199

Using this convention the transition rate for allowed 8 decay is [GOODS80]

6200/ft = M% +1.5M% 1 IIT -2

For the case of the 170(p, n) reaction leading to the ground state of 7 F these
matrix elements are simply calculated according to the single particle picture to be
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where x; and xs represent spin projections of the projectile. op and o operate
on the projectile and target nucleons respectively. The matrix elements and sum-
mations were done explicitly by constructing normalized angular momentum states,
a simple albeit tedious method.

The obs~rved half life of 17F against B decay to the ground state of 70 is
64.49 + 0.16 seconds [AJZ82] which corresponds to log ft = 3.488 - 0.001 . Using
this information in equation ITI — 2 indicates that both single particle matrix
elements cannot correspond to the facts. If we adopt the assumption that the
single particle Fermi matrix element is reliable then equation II] — 2 indicates that
|MG'."|2 = 0.677. This is about 50% smaller than the single particle prediction of
equation II1I — 3.

According to [GOOD80], the 0°(p,n) cross sections at 120 MeV and B decay
rates for several nuclei in the mass range 7 < A < 27 can be best correlated by
using the nuclear force volume integrals J, = 89MeV fm? and J,r = 168MeV f m3.
In order to extrapolate this result to 135 MeV we may use the results of [TADS1]
concerning the energy dependence of the ratic Jyr/Jr. According to this work this
ratio at 135 MeV has the value given by

Jor /Ng
7 X N,.D ~2.5

Since J, is almost constant at these energies, we use Goodman’s value of J,
to find J,,. The distortion factors NP and ND were calculated by comparing the
results of a DWA and BA calculation of the cross section [PET85]. The distortion
factors obtained agree with the eikonal motivated parameterization of [GOODS0]
to within 10%. The result is Jyr = 194Mevfm3.

Substituting J, = 89MeV fm® and Jor = 194Mevfm? into equation ITJ —1,
we obtain
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—oy = (£ ) ki np 2, ND 2
o(f =0°) = (ﬂ_hz) k; [Nr |- M| + Noz|Jor Mar| ]

2
_ 994MeV
m(197TMeV fm)?

x [0.353 x (80MeV fm®)® +0.463 x (194MeV fm®)” x 0.677]
= 9.9mb/sr

This represents the predicted 17O(p, n)”Fg,,,, differential cross section at 0°
based on the parameterization of [GOODS80]. The fact that this result is 12%
higher than the value measured in this experiment can be at least partially under-
stood by considering that Goodman’s measured cross sections were obtained using
the lithium activation method and therefore are about 20% greater than those
that would be measured using the detector efficiency code used in this experiment
[WATS83]. Thus the nuclear volume integral J, would be correspondingly larger. We
may correct for this by multiplying the above prediction by 0.8. The result is 7.9
mb/sr. The measured value is 8.4 mb/sr, which agrees within the 10% uncertainty
in detector efficiency.

We may conclude that the measured 0° 17O(p, n) 17F9,,_ cross section is con-
sistent with the 8 decay rate of 17 F and provides a measure of the Gamow-Teller
matrix element of a transition to within the experimental uncertainty.

The Observed °F States

The states seen in this measurement of the °Be(p,n)° B reaction are listed in
table IIT — 1. A blank space in the width column means that the width of the
state was too small to be discernible with our experimental resolution. System
resolution was typically 300 to 400 keV. For comparision table III — 2 lists the
states of °B according to recent compilations [AJZ79,LED78]. Also included is a
state at 4.1 MeV reported by [SAJE0,BAI64,SLO67] using the (p,n) reaction at
energies of 20 MeV and less. The 9Be(p,n)°B cross section and analyzing power
measurements reported here are shown graphically in figures 1II — 17 to 111 — 33.
These results are tabulated numerically in the appendix. The appendix also details
the correspondence between the scattering angle in the center of mass frame and
momentum transfer.

The next few sections explain the manner in which peak areas were derived
from the spectra by line shape analysis using the code ALLFIT described in chapter
II. In most cases the uncertainties quoted for cross sections are those determined
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by ALLFIT using the error matrix method described in [BEV69]. In a few cases
special considerations were necessary in estimating uncertainties. These cases will
be described below as they arise.

It should be emphasized that the cross section uncertainties quotied do not in-
clude the uncertainty in the detector efficiencies. As discussed in chapter II, this
uncertainty is estimated to be 10% and applies systematically to all cross section
data.

The ground state of °B

The cross section for the °Be(p,n) reaction leading to the ground state of °B
is displayed in figure JIT — 17. The spectrum and line fit at 0° is shown in figure
IIT-3. .

The ground state of °B seems to change its shape with angle. The high ex-
citation energy side has a tail at forward angles which makes it asymmetric. This
effect varies with angle. The most extreme case is at 9°, which corresponds to a
momentum transfer ¢ = 0.413 fm~1. This case is shown in figure I1] — 4. While it
is conceivable that this effect is due to a nearly degenerate state, this could not be
determined from the data. A degenerate state is not expected from the structure
of °Be, the analog nucleus. In all cases it was possible to fit the data with only
one peak which had an exponential tail on the high excitation energy side. Another
possibility is that this shape is due to influence of different reactions. The reaction
p+° Be — n +° B has Q = —1.851 MeV. The reaction p +° Be — n + p +° Be
has Q = —1.665 MeV. The reaction p+° Be — n + p + 2 has Q = —1.573 MeV.
Perhaps these other reactions contribute to the shape of the °B ground state.

In any case, the asymmetric tail of this peak remains a mystery and this must
be considered in assigning uncertainties to the cross sections measured for this state.
The area of this tail was estimated by fitting the ° B ground state using a symmetric
shape along with one or two peaks as necessary to simulate the asymmetry (figure
III —5). The area of these additional peaks were taken to contribute to the un-
certainty of the cross section of this state. The area of the tail determined in this
way was generally less than 5% of the total peak area. However, at 9° it was about
20%.
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The °B state at 2.36 MeV

There is the possibility that this state shares the same shape as the ground
state but this could not be determined owing to the obscuration of this peak’s tails
by the broad bump discussed below. This peak was assumed to be symmetric for
the purposes of lineshape analysis. The uncertainties in cross section quoted for this
state allow for the possibility that the peak may have the same shape as the ground
state. The natural widths of both the ground state and the state at 2.36 MeV
are small compared to system resolution and therefore their peak widths should be
dominated by system resolution and hence have the same value. Fits were done
forcing these two peak widths to be equal.

The °B bump at about 3 Mev

The °B spectra at forward angles are dominated by a broad bump at about
3 MeV and having a width of about 3 MeV. This bump has been seen previously
by Goodman and others [TELL80]. It appears to be comprised of three states,
though this cannot be unambiguously determined at forward angles. It appeared
that this bump was dominated by a single broad peak. This was parameterized by
a Lorentzian whose position and width were allowed to vary for the 0° fit. This
fitting procedure characterized the broad Lorentzian by an excitation energy of
2.75 MeV and a width of 3.13 MeV. This parameterization of the 0° spectrum
necessitated the presence of another peak at about 4.3 MeV. This peak was also
given a Lorentzian shape. Its position and width were also allowed to vary for the
0° fit. This Lorentzian was characterized by an excitation energy of 4.3 MeV and a
width of 1.7 MeV. At all other angles the position and width of these two peaks were
fixed to the values determined by the 0° fit. After these peaks’ positions and widths
had been established, this author found references in the literature to a state with
an excitation energy of about 4.1 MeV seen in °Be(p,n)°B experiments at lower
energies [SAJ60,BAI64,SLO67]. This may perhaps be viewed as a confirmation of
the parameterization of the data chosen here.

The data also seem to indicate a more narrow peak at about 2.71 MeV. This
state is clearly present at 12° and at several greater angles. This state also seems
to be present at forward angles though the evidence is less conclusive. Figure
III — 6 shows the sort of fit obtainable at 0° omitting this state at 2.71 MeV. The
fit includes the Lorentzian peaks at 2.75 and 4.3 MeV discussed above. Though
the fit is clearly deficient just above the 2.36 MeV state, it seems possible that a
different peak shape for the broad Lorentzian at 2.75 might provide a satisfactory
fit. However, we were not able to determine such a shape.

For this measurement, the 2.71 MeV state was included at all angles. Figure
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IIT — 3 shows the same 0° spectrum fit including the peak at 2.7 MeV. The best
fits were obtained with about a 7C0 keV width for this state. This agrees with the
work of [WIL66] who determined an excitation energy of 2.71 + 0.03 MeV and a
width of 710 + 60 keV. The position and width of this state were therefore fixed at
2.71 MeV and 710 keV. Figure III — 2 shows the fit at 12° using these values for
the excitation energy and width.

According to the compilation of [AJZ79], however, the position and width
should be 2.788 & 0.03 MeV and 550 % 40 keV. The uncertainties ascribed therefore
include the effects of changing the width, the minimum value being 590 keV. This
is the maximum value allowed according to [AJZT79].

The cross section results for the states reported at 2.71, 2.75, and 4.3 MeV for
momentum transfers of 0.5 fm—! and less should be viewed with the difficulties in
parameterizing the broad bump in mind. It is possible that a different parameter-
ization of this broad state could eliminate the 2.71 MeV state at forward angles.
Indeed, according to the positive parity assignment listed in [AJZ79], this state
should not be seen at forward angles since a parity change implies a transfer of
angular momentum. This transfer is unlikely at the small momentum transfer of
forward angles. At 0° the momentum transfer for this state is 0.05fm~". The
current parity assignment is tentative, however, and the data reported here seemed
to prefer the presence of this state.

There is in any case an undeniable broad collection of strength at 0°. At
all other angles it was necessary to supplement the above discussed three peak
parameterization with a broad background. This background was characterized
as a Lorentzian with a threshold corresponding to an excitation energy of about
4 MeV. It was possible to use various thresholds in the Lorentzian background
ranging from 0 MeV to 4 MeV in excitation. Cross section uncertainties assigned to
the states at 2.71, 2.75, and 4.3 MeV allow for these variations in the background
threshold. This Lorentzian background is illustrated in figures 1] —4 and III—1.
This background became stronger for increasing angles until about 18°. At angles
greater than 18° this background diminished.

The presence of this background makes cross sections quoted for the broad
2.75 MeV Lorentzian especially ambiguous. Nevertheless, in order to provide some
quantitative portrayal of the momentum transfer dependence of this state, the cross
section of the 2.75 MeV Lorentzian was extracted at 0°, 3°, and 6°. Any cross
sections in this work attributed to the 2.75 MeV state refer to these numbers. The
uncertainty assigned is simply the ratio of the 2.71 MeV cross section to the 2.75
MeV cross section. This allows for the possibility of the nonexistence of the 2.71
MeV state at these angles. The resulting cross sections are consistent with zero
angular momentum transfer for this excitation. Also, the cross section at 0° is 9.73
mb/sr, which is close to the value 9.52 mb/sr for the ground state analog transition
to the ground state of °B. This broad 2.75 MeV state may weli be identified with
the transition to the py state since it is expected to have a log ft value close to
that of the ground state analog transition [COH®65]. It is also expected to have an

excitation energy close to that of the g-— at 2.36 MeV.
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The states of °B at 7 MeV and above

It proved possible to determine the cross sections of several other states in °B
up to 17.5 MeV. The widths observed did not always agree well with the values
compiled in [AJZ79]. The excitation energies generally agreed within the limits of
experimental uncertainty. The quoted uncertainties in the cross sections include
allowance for background uncertainty. In those cases where peak widths and posi-
tions were not well determined by the data, the quoted uncertainties reflect possible
variations in these parameters.

Figure I1I — 8 shows a fit at 27° fixing the excitation energy of a peak at 6.97
MeV and the width at 2.0 MeV. This state is almost certainly the %~ state listed
in [AJZ79]. The excitation energy and width were fixed at the reported values
to determine cross sections for this state. The cross section uncertainties quoted
include the variations in position and width allowed by the data and [AJZ79].

Figure II] — 9 shows a fit encompassing the 11.63 MeV and 12.23 MeV states
at 18°. The primary uncertainty in this measurement is in the width and position of
the 11.63 MeV state since the width of the state at 12.23 MeV was well determined
at 0° as is shown in figure II] — 6. The 11.63 MeV state is not seen at 0° and
therefore corresponds to a nonzero angular momentum transfer. Figure III — 10
shows states at 12.23, 13.96, and 14.6 MeV. This fit at 0° determined the widths of
these states for use at other angles. The widths for the 12.23 MeV and 14.6 MeV
state determined in this way do not agree well with the values compiled for any
nearby states as compiled by [AJZ79).

At certain angles there appeared another state at 14.6 MeV more narrow than
the one discussed in the previous paragraph. Figure III — 11 shows both of these
states at 6° along with the states at 12.23 MeV and 13.96 MeV. At larger angles the
broader 14.6 MeV state disappeared leaving the narrow state in an easily measurable
situation. Two other states are shown which could not be identified at any angle
other than 6°. They appeared at excitation energies of 15.15 and 15.44 MeV. Their
cross sections are depicted in figures II] — 28 and II1 — 29.

Finally, figure III — 12 shows a spectrum at 6 ® which includes states at 15.86,
16.71, and 17.54 MeV. The state at 15.86 MeV could only be seen at one other
angle. The other two were quite strong at several angles. The cross sections of
these states appear in figures II1I — 30 through I11 — 32.
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Table III — 1. The states of °B seen in this measurement.

9B states

E; (MeV)

FWHM (MeV)

0.00

2.36

2.71+0.1

0.71+0.1

2.75+0.3

3.13::0.2

4.3+0.2

1.6+0.2

7.0+0.1

2.0

11.63+0.2

12.2340.1

0.5+0.1

13.96+0.1

14.60+0.1

14.601+0.1

0.6+0.1

15.15+0.1

15.441+0.1

15.861+0.1

16.7110.1

17.54+0.1
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Table IIT — 2. The °B states in [AJZ79,LED78,SAJ60,BA164,SL067].

°PB states
E, (MeV+keV) FWHM (KeV) JT
g.s 0.5410.21 3
2.361+5 81+5 2~
2.788+30 55040 (2,57
(4.1£10C)
(4.84100) 10004200
6.97+60 2000-200 1
11.70+70 800450 ()
12.06-£60 800-£200
14.01+70 390+110
14.6550+2.5 0.275+0.093 3
14.70+180 1350200 (2)”
15.29+40
15.58+40
16.024+25 180+ 16
17.0763+4 2245
17.19+25 120+40
17.637+10 71+8
(18.6)£10 1000
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The Observed 17 F States

The states seen in this measurement of the 17O(p,n) " F reaction are listed in
table ITI — 3. As in table IIT — 1, blank space in the width column means that
the width of the state was not discernible with our experimental resolution. For
comparision, table III — 4 lists the states of 17 I within 8 MeV according to recent
compilations [AJZ82,LED78]. The 7O(p, n)17F cross seciion and analyzing power
measurements reported here are shown graphically in figures I I—34 to III —43.
These results are tabulated numerically in the appendix. The appendix also details
the correspondence between the scattering angle in the center of mass frame and
momentum transfer.

The next few sections explain the manner in which peak areas were derived
from the spectra by line shape analysis using the code ALLFIT described in chapter
Ii. In most cases the uncertainties quoted for cross sections are those determined
by ALLFIT using the error matrix method described in [BEV69]. In a few cases
special considerations were necessary in estimating uncertainties. These cases will
be described below as they arise.

It should be emphasized that cross section uncertainties quoted do not include
the uncertainty in the detector <fficiencies. As discussed in chapter II, this uncer-
tainty is estimated to be 10% and applies systematically to all cross section data.

The ground state of 17 F

The cross secticn for the 7O(p, n) reaction leading to the ground state of 17F
is displayed in figure I1I — 34. The spectrum and line fit at 0° is shown in figure
III—13. The ground state of !7F was somewhat obscured by the broad strength of
Boron. Subtraction of °B spectra from 17 F spectra to eliminate this contamination
revealed the !7F ground state peak to be quite symmetric at all angles. Therefore,
for the purpose of cross section measurement, all narrow 17 F peaks were constrained
to be symmetric. This was done by constraining the parameters which control the
exponential tails instead of allowing them freedom as was done in the case of the
ground state of °B.
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Other narrow states of 17F

At certain angles greater than 0° the %+ state at 0.5 MeV was visible. For
fitting, the excitation energy was fixed at 0.495 MeV and the lineshape width was
constrained to equal that of the ground state. The cross section for exciting this
state is shown in figure 111 — 35.

At forward angles two weak states were seen at 5.89 MeV and 6.34 MeV. These
positions were fixed and the widths constrained to equal that of the ground state. It
is not possible to identify these states unambiguously with any previouly reported
states given in [AJZ82] and listed in table II7—4. These cross sections are portrayed
in figures II] — 37 and 111 — 38.

At 3° to 18° a narrow state was seen at about 9.3 MeV which can perhaps be
identified with a previously reported 3~ state at 9.17 £ 0.060 MeV [AJZ82]. The

cross section peaks at about 0.5 fm~!, which is consistent with a 3™ state. The
cross section is given in figure I1I — 41.

At 3° to 15° a narrow state was seen at about 14.3 MeV. This is too close to

other 17F states to attempt an identification. Its cross section is shown in figure
IIT — 42.

The broad state at 4.84 MeV

There appeared one strong isolated state in 17F at 4.84 MeV which is strongest
at forward angles. It is labeled in the 0° spectrum and fit shown in figure 111 —
13. A Lorentzian shape was at first assumed for this peak but this resulted in an
_verestimate of the measured cross section in the high excitation portion of the
tail region of the Lorentzian. Subtraction of the Beryllium background from the
Bel70 spectrum revealed that indeed this state had no extended tail. It was not
Lorentzian in shape. Nor could it be represented as a Breit-Wigner shape. A broad
gaussian shape proved to represent this peak in a manner most consistent with the
data. The cross section for exciting this state is given in figure IIT — 36.

Two states at 7.26 and 7.64 MeV

Two states appeared at 7.26 and 7.64 MeV which could not be resolved un-
ambiguously. These peaks are labeled in the 0° spectrum and the fit is shown in
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figure IIT — 13. It proved possible to represent the state at 7.26 MeV adequately
by either a Gaussian or a Breit-Wigner shape. Figure IIT — 14 shows a fit at 0°
using a Breit-Wigner shape for this state. Cross sections reported for this state use
results of the Gaussian representation. The Breit-Wigner represcntation is used to
estimate the uncertainty in the cross section reported.

The state at 7.64 MeV suffers greatly as a result of this ambiguity. This is
reflected in the uncertainties indicated for this state as well.

Numeroﬁs states above 8 MeV.

In figure IIT — 13 there appears reaction strength above 8 MeV which may in
fact correspond to unresolved quasi-stationary states. It was not possible to resolve
this strength unambiguously into separate states. The integrated cross section up
to 14 MeV including this strength is given and discussed in a later section.
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The parity of the state at 4.84 MeV

At zero degrees it is expected that the stronger excited states are Gamow-Teller
states, which is to say their excitation is accomplished almost entirely as a result
of spin interactions. This is because of the relative dominance of the spin flip part
of the isovector part of the strong force at this energy and the supression of orbital
motion transfer at sm.all momentum transfer.

In the case of 17F there are -g—+ states in the first few MeV which should be
strongly excited by the spin interactions of the nuclear force. In particular, [AJZT79]

lists a %+ state at 5.1 MeV. We do not see any state at 5.1 MeV but a strong
state is seen at 4.84 MeV. These results seem to indicate that the state at 5.1 MeV

is probably not %+ and that the state reported at 4.7 MeV in [AJZ79] should be

regarded as a %+ state.

Indeed at one time the spin-parity of the 4.7 MeV state was believed to be %+

and that of the 5.1 MeV state was believed to be %+ [AJZ59]. In 1954 a Ziirich group
scattered 5-7 MeV protons on 120 and studied the cross section for elastic scattering
as a function of energy. At such low energies the scattering process proceeds via
a 17F intermediate state. Interpreting their data using nuclear dispersion theory,
they concluded that the 17F system had a 3™ excited state at 4.5 MeV, a %+ state

at 4.6 MeV, a %'i— state at 5.15 MeV, and a %+ excited state at 6.65 MeV. [SEM54].

These results were contradicted in 1962 by a study at the University of Wis-
consin using the same experimental technique but with a slightly more extensive
energy range ( 4.2-8.6 MeV protons ) [SAL62a,SAL62b]. Another difference was
that they also made use of a computer program to do a phase shift analysis whereas
the Ziirich group used a graphical method. The Wisconsin group made 15 spin-

parity assignments in !7F. Among these they concluded that there was a 27 state

2
at 4.7 MeV and a %+ state at 5.1 MeV.

The present results are in agreement with the older Ziirich results and the
earlier compilation [AJZ59].
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Table III — 3. The states of 17 F seen in this measurement.

17 F states

E, (MeV) FWHM (MeV)

0.00

0.5+0.05

4.84+0.1 1.81+0.05

5.890+0.2

6.3410.2

7.26+0.2

7.64+0.2

9.3+0.1

14.3+0.1
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Table III — 4. The 7 F states in [AJZ82] with E, < 8MeV.

17F states
E, (MeVtkeV) FWHM (KeV) J*
gs. | 71 =64.4940.16sec s
0.49533-0.10 Tm = 412 & 9psec 1+
3.104+3 19+1 1~
3.857+4 1.5+0.2 8-
4.696110 225 2
5.103:£10) 1530 3+
5817410 | 180 3+
6.036+10 30 1
6.556:10 200 1+
7.356+10 10+2 3+
7.448%7 <5
74547 T2
7AT1ET 512
7.479+10 795 a¥
7.546%10 30 1
7.75+20 179+3 1+
7.95£15 10£3
8.01%£20 50+20
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Summary of states seen in this experiment

Table I7]—5 shows the probable identity of the °B states reported above. The
assignments are based on a comparison of excitation energies with those compiled
in [AJZ79] except in the case of the 4.3 MeV state. This state is identified with a
state reported by several researchers to be at about 4.1 MeV [SAJ60,BA164,SLO67).
This criterion afforded a fairly unambiguous identification for the 9B states. Note
that the three °B states between 15.0 and 15.9 MeV have excitation energies which
deviate from accepted values systematically. The absolute values of the excita-
tion energies are consistent with the estimated uncertainty of the excitation energy
measured in this experiment. This corroborates the identification suggested here.

Table 111 — 6 shows the probable identity of the 17 F states reported above. In
some cases an unambiguous identification is impossible. The assignments are based
on excitation energies and currently accepted spin-parity assignments in [AJZ82].
As discussed earlier, the strength of the 4.84 MeV state indicates and error in the
currently accepted spin-parity of this state. ’
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Table III — 5. Comparison of the states of 9B seen in this measurement with
states seen by previous studies of this nucleus. The first column gives results of
this experiment. The second column gives the closest excitation energy found in
the literature. The third column gives the difference in excitation energy.

E. (MeV) | E; (MeV) | A (MeV) remarks
(p,n) book
0.0 0.0 0. peaks at 0 fm~!
2.36 2.361 0. peaks at 0 fm~?!
2.71 2.788 —0.08
2.75
4.3 4.1 +0.02
7.0 6.97 +0.03 peaks at 1.5 fm~!
11.63 11.70 —0.07
12.23 12.06 +0.17
T 13.96 14.01 —0.04
14.6 14.655 —0.06 peaks at 1. fm™?
14.6 14.70 —0.10
15.15 15.29 —0.14
15.44 15.58 —0.14
15.86 15.58 —0.14
16.71 17.08 ~0.37 peaks at 0.5 fm™!
17.54 17.6 --0.06 peaks at 0.5 fm™!
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Table ITI —6. Comparison of the states of 17 F seen in this measurement with
states seen by previous studies of this nucleus. The first column gives results of this
experiment. The second column gives the excitation energy of this state found in
the literature. The third column gives the difference in excitation energy.

E, MeV) | E; (MeV) | A (MeV) remarks
(p, n) book
0.0 0.0 0. peaks at 0 fm~1
0.5 0.5 0. peaks at 0.6 fm~1!
4.84 4.696 ¥0.14 peaks at 0 fm—!
5.89 5.817 +0.07
6.34 6.556 —0.22
7.26 7.356 —0.10 peaks at 0 fm™!
7.64
9.3 peaks at 0.5 fm™~!
14.3 peaks at 0.5 fm~1!
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Gamow-Teller Strengths at 0°

As mentioned in the first section of this chapter, the (p,n) reaction at these
energies provides a way to measure the Gamow-Teller matrix element of a given
transition. In the case of 7O(p,n)'7F leading to the ground state of '7F, the

ground states of both nuciei have angular momentum %+ so that both spin-flip and
nonspin-flip nuclear forces can effect this transition. This means that both Fermi
and Gamow-Teller matrix elements contribute to the cross section, as was detailed
in the first section.

According to the single particle picture of these nuclei, the nuclear spin-flip
force can also excite one other single particle state, namely the d% state. This
transition would not involve the Fermi, or nonspin-flip, part of the nuclear force at
all. We may calculate this Gamow-Teller matrix element as in the analog ground
state transition,

|Me|” = (1" =0

1 s 2
1
[ Morl* = : S Y Y Kxsdgmylop - orlxidgma)|®
2(2!].‘ + 1) 5 2 2
Xt'le=l mi=—3 m!=_%
1, 9%_38
125 5

where x; and X s represent spin projections of the projectile. o, and o; operate
on the projectile and target nucleons respectively. The matrix elements and sum-
mations were done explicitly by constructing normalized angular momentum states,
a simple albeit tedious method.

It is interesting to note that summing IMGT|2 over both possible Gamow-Teller
transitions we obtain

2_T.8_
Z‘MGTI =g+g=3

which is also |MGT!2 for the beta decay of a free neutron. This result turns out
to be independent of the single particle model employed here, as will be discussed
in the next section.

The model independence of this result makes it of interest to determine how
much of this Gamow-Teller matrix element is actually seen for the limited set of
J = % and J = % states observed in this experiment. For this purpose we shall use
the method of [GOODSO0] described in the first section of this chapter. We shall use
the value of |Mgr|® determined from the B-decay of 7 F ( assuming |M FI>=1to
determine the nuclear volume integrals J; and J,,. Keeping the distortion factors
constant, we maintain the ratio lf— to the ratio given by [TAD81] and adjust these
nuclear force volume integrals to get the experimentally determined differential
cross section for 17O(p,n)7F,,. at 0°, 8.4 mb/sr. The values J, = 83MeV fm?
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and Jyr = 180MeV fm® maintain the ratio of [TAD81] and when employed in
equation I1I — 1 that equation becomes

k
o(8 = 0°) = ( n2) kf [NPIJ,Mplz-l-Nf,’,.IJHMGle]

2
_ 994 MeV
w(197MeV fm)*

x [0.353 x (83MeV fm®)” +0.463 x (180MeV fm®)” x 0.671]
= 8.4mb/sr

It is seen that comparatively little change in the nuclear force integrals is re-
quired to reproduce the (p,n) results. We may now use the (p,n) measurement at
0° to estimate the Gamow-Teller strength evidenced at 0°.

The excitation function of 7O(p,n)!"F at 0° is shown in figure 111 — 15.
This was obtained by spectrum subtraction. A narrow peak is wider for the pure
Beryllium target than for the same peak seen using the Beryllium Oxide target
due to the difference in the target thicknesses. This caused anomalous peaks in
subtracted spectrum which have been removed in figure III — 15. Also, a peak
around E, = 14 MeV corresponding to the ground state of 12N has been removed.
The ground state is known to be mixed Fermi and Gamow-Teller. We may obtain
an upper limit to the possible Gamow-Teller strength within the first 14 MeV of
excitation by assuming all strength other than the ground state to be fragmented
ds strength, that is, pure Gamow-Teller strength. Neglecting the ground state, the
total strength within the first 14 MeV is found to be 8.4 mb/sr. We then use the
above nuclear force integrals and equation II] — 1 to write

k
0'(0 =0°) = ( hz) 4 [ND|J1-MF| + aD-rIJaTMGTIZ]

2
3 994 MeV
m(197TMeV fm)?

x [0.353 x (83MeV fm®)® x 0+ 0.463 x (180MeV fm®)” x |Mar|2]
= 8.4mb/sr

Solving this equation for |[Mgr|* we get

|.Mc;T|2 =0.8

We add this to the Gamow-Teller strength for the ground state analog transi-
tion determined by nuclear # decay, namely 0.677, to get the total Gamow-Teller
strength seen within the first 14 MeV of excitation,
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Y IMer|® =0.677+08=1.5

Thus only one half of the expected value of 3 is seen within the first 14 MeV
of excitation.

We may also use this method to obtain the total Gamow-Teller strength seen in
the reaction °Be(p,n)° B at 0°. In this case there is no §-decay information so that
we must rely entirely on the (p,n) reaction. The excitation function of °Be(p,n)°B
at 0° is shown in figure III — 16. The ground stcie is mixed Fermi and Gamow-
Teller as in the case of 17F. The narrow state at 2.36 MeV is believed to have
an angular momentum of %_ making it a pure Gamow-Teller state. Assuming the
dominant broad state to be p 1 makes it also pure Gamow-Teller. We therefore sum
all strength from 0.8 Mev to 18.3 MeV and obtain 16.9 mb/sr as an upper limit to
the pure Gamow-Teller strength seen below about 18 MeV. For this reaction the
reduced energy is u = 930.5 MeV. The distortion factors were calculated as in the
case of 7F. Using the nuclear volume integrals above we obtain for the ground
state analog transition to °B,

wh?

_ 931MeV ’
7(197MeV fm)?

X [0.426 x (83MeV fm?)? x |Mr|? + 0.567 x (180MeV fm?)* x IMGTP]
= 9.52mb/sr

2
k
(6 = 0°) =( “ ) 2 [NP\7 Mp[? + NEor Morl’]
T

where the value 9.52 mb/sr is from this measurement. If we assume |M Fl> =
1, then the above equation may be solved for |.M(;T|2 to obtain
lMGle = 0.7

Assuming the rest of the 0° spectrum to represent pure Gamow-Teller strength,
we use equation II1—1 to calculate the Gamow-Teller matrix element corresponding
to 16.9 mb/sr,

2
. k
o(8 =0°) = (#) 75 [NPlJ,Mplz + N,D,IJWMcrlz]

B o31Mev
r(197MeV fm)?

x [0.426 x (83MeV fm?)® x 0 + 0.567 x (180MeV fm3)® » |MGT|2]
= 16.9mb/sr
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where the value 16.9 mb/sr is the integrated cross section from 0.8 MeV to 18.3

MeV taken from figure IIT — 16. The above equation may be solved for |MGT| to
get

|MGT|2 =1.6

We add this to the Gamow-Teller strength determined for the ground state
analog transition to get the total Gamow-Teller strength seen within the first 18.3
MeV of excitation,

3 IMer* =0.7+1.6=123

Thus we see possibly as much as 70% of the Gamow-Teller strength expected
for the mass 9 system within the first 18.3 MeV.

It should be noted that the above results ignore the dependence of the cross
section on momentum transfer. The error incurred can be roughly estimated by
assuming a simple 0t* order spherical Bessel function dependence for the | = 0 part
of the interaction. The greatest effect is for ®B at the highest excitation energy. At
18 MeV of excitation the center of mass momentum transfer is about 0. 21 fm~
Estimating the radius of °B to be 2.5 fm we obtain ljo(qR)|? = 170(0.53)|*> = 0.91.
The correction for the whole spectrum is less than this extreme case.
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The Gamow-Teller Sum Rule

The above considerations provide an example of the application of a general
sum rule of the Gamow-Teller force which may be expressed as

Sg- — Spe = Zumﬂ Ii)| Elmﬁ+ i)|?

= Z (71 Z > ou(k)t-(K)}5)|*

k=1 p IIT—4

—ZKﬂZZoﬂ(km(k )|5)?

k=1 p
=3(N—Z)

This equation expresses the condition that Gamow-Teller 5 decay, and any
force which likewise induces isospin and spin transitions, shall act upon individual
nucleons as in free space with due allowance for the consequences of energetics and
the Pauli exclusion principle. This equation is otherwise model independent since
its basis is simply the commutation relations for the spin and isospin degrees of
freedom. If the nucleus is made of individual nucleons then this relation should
obtain. To the extent that the Gamow-Teller matrix elements in equation IIT] -- 4
can be measured, it is possible to use this relation as a test of the theory of the
nucleus as a many-nucleon system.

It has been known for some time that most # decays in uature do not exhaust
this sum rule. For example, the case of !7F —!7 O requires a Gamow-Teller matrix
element whose square is only about half the value expected on the basis of assuning
ad 5 — ds transition. It is possible ¢hat the ground states of these two nuclei are
not well described by this simple medel. In this case the § decay sirength may
represent only one of inany terms of equation III — 4, the others being perhaps
energetically not allowed for B transitioas. It is here that Goodman’s observation
regarding the (p,n) reaction at 0° is useful. The 0° {p,n) reaction at 100 to 200
MeV provides a way to measure the Gamow-Teller matrix element whose energetic
limitations are far less severe than those of 3 decay.

Nonetheless, we have seen that the results reported here for the 17O(p, n)!"F
reaction do not reveal any obvious neglected Gamow-Teller strength for this case.
The ground state analog transition only reconfirms the § decay results. Further-
morz, the 0° spectrum does not contain enough strength within the first 14 MeV
of excitation to account for the total strength expected from the sum rule. The
9 Be(p,n)° B reaction shows a similar absence of Gamow-Teller strength in the first
18 MeV of excitation. Should core excitations allow 8+ decay, we would expect
to measure more Gamow-Teller strength with the (p,n) reaction. We would not in
any case expect less.
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The Interpretation of this Sum Rule

Sum rules such as equation III — 4 are always of very general dynamical sig-
nificance. Such an expression represents the strength of a force in terms which are
independent of the particular motions of the system involved.

The Gamow-Teller sum rule may be compared to the Thomas-Kuhn sum rule
for the oscillator strengths of optical dispersion,

S5 - ) fi = 2

absorption emission

This equation expresses the condition that at high frequencies the dispersion should
reproduce the classical result of W. Thomas for X-ray scattering. This sum ruleis a
statement of the total electromagnetic force producing the dispersion and its simple
form is the result of dynamic simplifications at X-ray frequencies. Similarly, for the
(p,n) reaction at 135 MeV, the description of the 0° cross section has provided a
fairly simpie and direct measure of the isovector spin-spin part of the nuclear force.
The deficiency of Gamow-Teller strength in spin-flip transitions could therefore very
well indicate a general misunderstanding of the nature cf the nucleus itself. This
suspicion is corroborated by the fact that this violation of the (o7) sum rule has
been seen in a number of other nuclei.

The (p,n) reaction in this instance may be regarded as a device to count neutron
excess in much the same way that X-ray scattering may be used to count the
electrons of an atomic element. Any neutron of 7O is a candidate for charge
exchange (or a less likely knock-out) unless this transition be Pauli blocked by
a core proton of like motion. It has been suggested that the lack of so called
Gamow-Teller strength is owing to the lack of neutrons, s.e. that nucleon motion
in the nucleus is comprised partly of A degrees of freedom{BOHS81]. Others feel
that the missing strength can be at least partially accounted for by considering
transitions into the continuum. For example, Osterfeld [OST82| calculated the
continuous parts of the *Ca(p,n) and *8Ca(p, n) spectra at 160 MeV on the basis of
a simple microscopic independent particle model for these nuclei. He concludes that
most of the background subtracted in the experimental analysis of the “*Ca(p,n)
Gamow-Teller resonance is actually Gamow-Teller strength. Including this strength,
however, still accounts for only about one half of the predicted strength. In the
case of 0 Zr(p,n) at 200 MeV Bertsch and Hamamoto conclude, on the basis of
a perturbative independent particle calculation, that roughly half of the Gamow-
Teller strength is shifted to the region of 10 to 45 MeV of excitation in the product
nucleus Niobium [BER82]. The Gamow-Teller peak is at 5.1 MeV. Thus it seems
that a substantial amount of Gamow-Teller strength may lie at higher excitation
energies. If we looked at even higher excitation energies we might find all the sum
rule strength. Looking at higher excitation energies is complicated by the presence
of higher angular momentum transfer contributions to the cross section.

Whatever the solution proves to be, the ubiquity of this phenomenon indicates
that finding this missing Gamow-Teller strength will reveal a very general feature
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of nuclear dynamics.
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IV. Discussion

9Be(p,n) to the ground state of °B

Petrovich et al [PET85] calculated the differential cross sections for °Be(p, n)
transitions to the ground state and the 2.36 MeV state of °B at E, = 135 MeV
using the distorted wave impulse approximation (DWIA). The free nucleon-nucleon
interaction of [LOV78] was used to calculate transition matrix elements. The mass
9 nuclei were described by the simple harmonic oscillator radial wave function pa-
rameterization of Cohen-Kurath [COH65]. These wave functions were derived from
matrix elements of the two body interaction determined from fitting measured exci-
tation energies and binding energies of various p shell nuclei. The resulting matrix
elements were used to extract the wave functions of all excited states possible in
this limited basis set. These wave functions were tested by calculating M1 transi-
tions and log ft values of Gamow-Teller B-decay transitions and were found to give
reasonable results. Figure IV — 1 shows the fit using these wave functions to the
square of the magnetic form factor of the °Be ground state. This form factor was
measured by [RAN66)] using elastic electron scattering from °Be. It should be noted
that these resulis were noi reported in terms of effective momentum transfer. That
is, the effect of Coulomb acceleration of the electron is not accounted for. Including
this effect would shift the low momentum tranfer data by about 4% to higher mo-
menture transfer. The ground state of °Be has J = % and the transverse form factor
has contributions with J-transfer equal to 1 and 3, corresponding to M1 and M3
magnetic multipole scattering respectively. To achieve the fit shown, an oscillator
constant o = 0.585 fm~! (b = 1.71 fm) was needed and the J=1 and J=3 ampli-
tudes were normalized by N; = 0.933 and N3 = 0.656 corresponding to magnetic
dipole and octupole moments of 4 = —1.18 nm and 1 = 4.08 nm | m?2, respectively.
The experimentally determined magnetic dipole moment listed in [AJZ79] was used
as a data point in the fitting procedure. The usual oscillator center of mass correc-

2

tion e:z:p[—};(gz-é) ] has been applied to the single particle model form factor in the
electron scattering calculations [DEF66]. The finite size of the nucleon was taken
into consideration. The electron scattering formalism is described in [PET84].
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The (p,n) calculations were made with the code DWBA70 [SCH70]. FElastic
scattering was described by an optical model of the form

U(r) =Ve(r) +VF(r) + W f'(r)
+ % [Vso%fso(r) + iVVSO'g;fSO(T)] I

The Coulomb Jorce is parameterized in terms of a uniformly charged sphere of
radius R¢ = rc A% and the corresponding potential is then

Ve — %2—(3 —r2/Rc?) for r < Rc
2nk for r > R¢

r

where 5 is the usual Coulomb parameter

_ zZe*u
=Tk

Here z and Z are the charges of the colliding particles, g is the reduced energy of
the collision in the center of mass, and k is the relative motion wave number in the
center of mass.

The nuclear distortion is parameterized by complex Wood-Saxon potentials of
strengths V and W and with radial shapes

f(r) =1/(1+ €%),z = (r — R)/a,R = ro A%,
f,(r) =1/(1+ ez')’x' =(r— R’)/a”R, = r(l)A%’

The optical parameters used in these calculations were

V =16.2 MeV

ro =120 fm Vso = 4.45MeV
a=0.66 fm rso =0.90 fm

W =11.1 MeV aso = 0.50 fm
ry = 1.28 fm rc =120 fm
a' =063 fm

which come from the 12C work of Comfort and Karp [COMS80B], who obtained these
numbers by fitting 2C (p, p) elastic scattering cross sections and analyzing powers.
To include the center of mass correction, which is not in the code DWBAT0, the
approximate codrdinate space center of mass prescription

7 A-1 d 7 -1
b—b = — b=1.61 fm(a' =0.621 fm™")

A \E
oL — o = (Z—:_—i—) or =1.00 0 (J =0,1)
=1.27 ¢ (J =2,3)

115



was used in carrying out the calculations. J represents the total momentum transfer
to the nucleus and the oy are cross sections for the different angular momentum
transfers denoted by L.

The central and spin-orbit nature of the nucleon-nucleon interaction has been
described by the t-matrix parameters of [LOV78] for E, = 135 MeV. These pa-
rameters were derived from the nucleon-nucleon phase shifts of [KER59]. Distorted
Wave Impulse approximation calculations using these parameters were found in
[LOVT78] to provide a reasonable description of both the strength and shape ol a
strongly collective octupole excitation of 207ph (E, = 2.64 MeV) by proton scat-
tering at 135 MeV. These parameters were also used by [LOVT9] in distorted wave
impulse approximation calculations of 12C(5,p') at E, = 122 MeV. Cohen-Kurath
wave functions were used to describe the nucleus of *2C. Cross sections for exci-
tation to both T = 0 and T = 1 excited states were calculated and compared to
experiment. The calculation did very well for angles up to about 9cnm = 30 — 40°
but decreased too rapidly thereafter.

The nucleon-nucleon interaction was given tensor properties using the poten-
tials of [BER77]. These potentials were chosen to reproduce the simple harmonic
oscillator matrix elements of [ELL68] which were derived from phase shift analyses
of nucleon-nucleon scattering data.

The DWA results for the J-transfer 0, 1, 2, and 3 contributions to ¢he cross
section for the ground state transition in °Be(p,n) at E, = 135MeV are shown in
figures IV — 2 through IV — 5. The J=2 and J=3 results include the 1.27 center
of mass scale factor. For J=0 and J=1 the plane wave (PW) Born approximation
results (V =W =Vso =Wso = e? = 0) are also shown. By comparing the DWBA
and PWBA results one obtains

p opw (J=0) 1.62 mb
=W e e = ———— =0.426

opw (J =0) lo=0> = 330 mb

J=0 8.56 mb
yo—oew (J=0), = 856mb_ ., e

°T T opw (J =0) " 15.1 mb

As explained in chapter III, these factors represent the effects of distortion in the
absence of interference effects. (See equation IIT — 1 and discussion). In addition,
using

2
opw(J = 0)|g=0° = (—M—z) |- 12| MF)?
wh

2
orw(d = Dlomor = (45) 17or Ml
wh
one finds |J;| = 81.0 MeV fm® and |J,-| = 153.3 MeV fm?®. These force volume
integrals are smaller than those found in chapter III on the basis of the 8 decay of
17F. The reduced energy used here is u = 930.5MeV which is the reduced energy
for a 135 MeV proton on °Be. The Fermi and Gamow-Teller matrix elements shall
be taken to be |Mp|*> =1, and |Mer|? = 1.11 corresponding to the Cohes.-Kurath
wave functions. Note that in computing NP and NZ. here the kinematic ky/k;
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factor has not been separated out as in the work of Goodman et al [GOOD80; and
in the representation found used in chapter III.
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To compare with the experimental data, the J=1 and J=3 contributions to the
(p,n) cross section have been respectively normalized by No1 = N ? = 0.870 and
Ny3 = N2? = 0.430 as required by the electron scattering data. The correction to
the J=1 contribution corresponds to using |.MGT|2 = 0.966. There is no 3 decay
information on this matrix element. Force renormalization factors N, and N, are
introduced which are fixed according to

2
Genp(f = 0°) = (#) N,NP|J,|? (|MF|2 + R2|MGT|2)

2 _ NorNBJor|* _ NI\
N.NP|J|*  NP|J

The 0° differential cross section was measured in this work to be gezp(d = 0°) =
9.5 mb. The ratio R is taken from the work of Taddeucci et al [TAD81] which finds
this ratio to be mass independent and linear as a function of bombarding energy
for target nuclei with A = 7 — 42 and bombarding energies in the range 50 — 200
MeV. For 135 MeV they find R? = 6.05.

These constraints lead to N, = 0.840 and N,, = 1.07 corresponding to the use
of forces with |J!| = 68.0 MeV fm?® and |J/,| = 158.6 MeV fm®. The latter is
in rough agreement with the results of the work of Goodman et al and the more
recent effort of Rapaport et al [RAP81] which quote |Jor| = 168 MeV fm?2 for
E, =120 MeV and |Jor| = 174 MeV fm? for E, = 120 — 200 MeV. The nuclear
force volume integrals |J| refer to the nucleon-nucieon force. In this approximation
all mass dependence is contained in the distortion factors NP and N, D Finally the
J=2 contribution to the cross section has been reduced by an additional factor of 2
to account for quadrupole enhancement effects which correlate protons and neutrons
in the nucleus hence reducing isovector J=2 transition densities. The factor of 2 was
found appropriate for mass seven systems as discussed by Petrovich et a! [PET82].
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The complete structure of the calculated differential cross section for the ground
state transition in °Be(p,n) at E, = 135 MeV is shown in figure IV —6. The total
calculated differential cross section is compared with the experimental data in figure
IV — 7. There is rough qualitative agreement between theory and experiment,
but one should remember here that the agreement at 0° has been forced by the
force renormalizations. The theoretical curve is clearly too high in the middle
angle region. This deficiency can be remedied to some extent by reducing the J=3
contribution to the cross section by N,3 = 0.417 as indicated by the dashed curve
in the figure. It should be emphasized that this multiplicative factor is over and
above the factor No3 = N32 = 0.430 required by the electron scattering data so that
the total multiplicative suppresion of the J=3 cross section is 0.430 X 0.417 = 0.179.
Even with this reduction the theoretical result is too high in the region fcop =
10 — 25°. This problem can only be remedied by using a larger oscillator constant
b ( that is a smaller &) corresponding to a larger nucleus. There are a number of
arguments that can be advanced to explain the apparent inconsistency between the
(e, €') results in figure IV —1 and the (p, n) results in figure IV —7. For example, the
basis of Cohen-Kurath does not include the effects of core polarization. Also, the
electron scattering force contains convective terms not present in the (p,n) reaction.

Rather than consider these without the benefit of a detailed nuclear model, it
is instructive to examine the empirical modifications required to fit the (p,n) cross
section.

To this end the (p,n) calculation was repeated with b = 2.06 fm (¢ =
0.486 fm™!). Again the forces were normalized to obtain the experimentally deter-
mined differential cross section at 0° while maintaining the force ratio of [TADS81].
Some differences in parameters were obtained, i.e. opw(J = 0) = 1.90 mb and
opw(J = 1) = 9.0 mb corresponding to N2 = 0.500 and NP = 0.597 which
leads to N, = 0.716 and N,, = 1.01 corresponding to |J!| = 62.8 MeV fm?® and
|J!,| = 154.1 MeV fm®. The results for the (p,n) cross section are displayed in
figures IV — 8 through IV — 12 with the total theoretical differential cross section
compared with experiment in figure IV — 13. Now by reducing the J=3 contribu-
tion to the cross section by an additional factor Ny3 = 0.571 one obtains a good fit
to the data for car ~ O — 35°, but the fit deteriorates for 8cas > 35°. In figure
IV — 14 is shown a result obtained by combining the J=0 and J=1 cross sections
calculated with b = 2.06 fm and the J=2 and J=3 cross sections calculated with
b = 1.71 fm and applying N,3 = 0.546. This is quite good for 8car out to about
45°. There is no reason to believe that the p-shell wave functions with a single
oscillator constant give the correct relative shapes of the J=0,1,2,and 3 transition
densities. Therefore a variation of the shapes of the J=2 and J=3 parts relative
to the J=0 and J=1 parts is not entirely unreasonable from a physical point of
view. On the other hand, these efforts do not emerge from a consistent nuclear
model. In addition, the number of free parameters is perhaps too great to lead to
any fundamental understanding.
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°Be(p,n) to the excited state at 2.36 MeV

The cross section for the transition to the (J™,T) = (37, 3) (Ez = 2.361MeV)
level in °Be(p,n)°B at E, = 135MeV has been calculated from the Cohen-Kurath
wave functions using b = 2.06 fm for J=1 and b = 1.71 fm for J=2 and 3 as for
the ground state calculation shown in figure IV — 14. The J=1-3 contributions are
shown separately in figures IV — 15 through IV —17 and the complete cross section
is shown with the data in figure IV — 18. For the latter the factors N, = 0.716,
N,, = 1.01, N;?> = N,; = 0.871, N,z = 0.119, and N3 = 0.143 have been
used. The first two values come from the ground state result while the last three
values were selected to fit the data. N, is poorly determined. The Cohen-Kurath
wave functions give |MGTI2 = 0.25 and the use of N,; = 0.871 corresponds to

assuming I.MGTI2 = 0.22. The J=3 contribution to the cross section for the %_

level is somewhat smaller (relative to J=1) than in the case of the 27 ground state
transition.

®Be(p,n) using a different force normalization.

In the next section, the Gamow-Teller matrix elements experimentally deter-
mined from the B-decay of 17F to the ground state of 17O will be used to normalize
the nucleon-nucleon forces using the results of [TAD81] and the (p,n) differential
cross section at 0° determined by this experiment. The force normalization which
results (N; = 1.31 and N,, = 1.43) differs from the one obtained above using the
Gamow-Teller matrix element calculated from the Cohen-Kurath wave functions of
the mass 9 system. If the calculations had been done assuming the 170(p, n) force
normalization, then for the ground state transition opw (J = 0)|g=0c = 2.49 mb/sr
and opw (J = 1)|¢=0° = 6.81 mb/sr corresponding to IMGT|2 = 0.587. N,3 would
have to be taken to be 0.386. The resulting fit to the ground state cross section
is shown in figure IV — 19. For the transition to the %— level the curves in figure
IV — 18 wouléd be unchanged but Nyy,Ny2, and Ny3 would be 0.615, 0.065, and
0.101 corresponding to I.M»c::rl2 = 0.15. The J=1, J=2, and J=3 contributions using
this force normalization are shown separately in figures IV —20 through IV —22 and
the complete cross section is shown with the data in figure IV — 23. In using these
numbers for °Be, one implicitly assumes that a good choice of optical parameters
to characterize the relative differences between the mass 9 and mass 17 systems has
been made. This is as yet untested in these calculations.
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170(p,n) to the ground state of ' F

For our data at Ep, = 135 MeV, Petrovich et al [PET85] calculated the dif-
ferential cross sections for the (J™,T) = (5+ 1) (E; = 0.0MeV), (J™,T) =

(1*,1) (B, = 0.5MeV), and the (J™,T) = (2 ,1) (BEs = 4.8MeV) levels in
1‘7’0(p n)17F. They used the DWIA and single particle wave functions from the
simple harmonic oscillator model. The calculation assumes the ground state to be
pure ds and neglects the effects of core polarization. Figure IV — 24 shows a com-

panson to the transverse electron scattering form factor for the ground state of 170
obtained using simple harmonic oscillator wave functions with a slightly different
oscillator parameter. The figure is from the thesis of Hynes [HYN78] and and is
also reported in [HYN79]. Curve 1 indicates the individual multipole contributions
for b = 1.8 fm. The theoretical curve 2 assumes b = 1.8 fm (o = 0.556 fm™!)
with the usual finite nucleon size and center of mass corrections included. Curve
1 indicates the individual multipole contributions for this case. Curve 3 indicates
the fit obtained assuming b = 1.7 fm (@ = 0.588 fm~! ). The ground state has
a spin of 5 and the transverse form factor has J=1, 3, and 5 contributions, corre-
sponding to M1, M3, and M5 multipoles. No renormahzatxon of the single particle
results has been made although it is clear that a reduction of the J=3 contribution
is needed to produce a good fit to the data. The single particle wave functions
give u = —1.91 nuclear magnetons for 17O which agrees well with the experimental
value of 4 = —1.894 nuclear magnetons.

[HIC82] was able to fit the magnetic scattering form factor in an ad hoc fashion
by multiplying the single particle M3 amplitude by 0.5910.06 corresponding to a
cross section reduction of 0.592 = 0.35 and using wave functions for a Wood-Saxon
potential 53 MeV deep, a spin-orbit strength of 6 MeV, and a diffuseness of 0.55
fm. The radius was a free parameter and was determined to be 1.241+0.06. The M5
moment was also free to be quenched but this was not required, the best fit giving
1.0340.11. The fit obtained by [HIC82] is reproduced in figure IV — 25.
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Figure IV-24. The magnetic form factor of 170,
Reproduced from [HYN7&]. See text for curves.
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Figure IV-25. A Wood-Saxon fit of the magnetic
form factor of !70. Taken from [HIC82|.
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The (p, n) calculations were again made with the code DWBAT0 using o =
1.75 fm (o/ = 0.573 fm~! ) to describe the ds neutron. The center of mass
correction con51sted of the cross section renormalization factors of 1. 00, 1.13, and
1.27 for J=0,1, J=2,3, and J=4,5, respectively. The (p,n) interaction is the same
as used in the °Be calculations. The optical parameters are

V =15.3 MeV
_ Vso = 3.90MeV
ro = 1.35 fm
Wso = —0.25MeV
a=0.63 fm
rso =G.96 fm
W = 11.26 MeV
=049 fm
TO = 1.33 fm
=1.28 fm
a =0.59 fm

which were taken from the thesis of Kelly [KEL81]. The DWA results for the
J=0,1,2,3,4, and 5 contributions to the cross section for the ground state transition
in 170(p, n)1"F at E, = 135MeV are shown in figures IV — 26 through IV — 31.
For J=0 and 1 the Born approximation results are also shown. By comparing
the DWBA and PWBA results, one obtains NP = 0.353 and NZ, = 0.463. The
PWBA results also yield |J,| = 73.5 MeV fm?® and |Jor| = 151.3 MeV fm? using
u=994.1 MeV, |.M}:-|2 =1, and I.MGT|2 = 1.4. The force constants J, and J,, are
slightly lower than the values obtained for ®Be(p,n) which is expected because of
the slightly higher center of mass energy for 170(p,n). To normalize the J=0 and
J=1 contributions to the experimental data, the force normalization factors N, and
N,, are again introduced and, as in the case of °Be, are fixed according to

2
Uezp(a = Oo) = (;%E) N‘rlvc:r'rl-]'-rl2 (IMF|2 + RZIMGle)

2 _ NorNBJJor® _ NBIIL, 2
N,NPILP T NP

The differential cross section measured in this experiment is 0.zp (¢ = 0°) = 8.0 mb.
As for °Be, R? = 6.05 may be used since this ratio was determined by [TAD82] to
be mass independent. The Gamow-Teller matrix element is taken to be IMer|? =
0.643. This number follows from the experimental log ft = 3.488 for the B-decay of
17F [AJZ82] and using

IMF|2 + 1.57|.Mc;:r|2 = 6180/ fi

Using these numbers, it follows from the above two equations involving R and
Oezp(0 = 0°) that N, = 1.31 and N,, = 1.43 corresponding to |J;| = 84.1 MeV fm?
and |J!, | = 180.9 MeV fm?® which are somewhat higher than the values assumed
for °Be. As noted in the previous section, this inconsistency can be removed by
reinterpreting the ®Be results in terms of smaller |MGT|2. Note that the exper-
imental |[Mgr|? for 17F implies the use of a renormalization factor No; = 0.459

146



for the 17O(p, n) results. Figure IV — 32 shows the complete structure of the cal-
culated differential cross section for the ground state transition in 7O(p,n)'"F at
E, = 135 MeV compared with the experimental data. The J=3 and J=5 contri-
butions have been normalized by Ngz = 0.107 and Ny5 = 0.346 to fit the data.
Note that Ny3/Ns1 = 0.232 while No5/No1 = 0.754 indicating that the data prefer

less J=5 quenching than J=3 as is true of the electron scattering data in figures
IV —25. and IV — 26.
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170(p, n) to the excited state at 4.8 MeV

The theoretical results for the J=1-4 contributions to the %+ — %+ (Ez =
4.8MeV) transition in 17O(p,n)'"F at Ep, = 135 MeV are shown in figures JV —33
through IV —36. Again pure single particle wave functions have been assuried. The
J=1 contribution is shown normalized to the data in figure IV —37 using Ny, = 1.43
from the ground state transition and Ny1 = 0.223 which corresponds to a reduction
in the model |[Mgr|® from the single particle value of 1.6 t0 0.357. The data does not
extend to far enough angles to allow any statement about the J=2-4 contributions

to the cross section. Possible %+ strength is also observed experimentally in discrete
states up to about E, = 14.5 MeV with a total cross section equal to 1.6 mb/sr
as compared to 3.5 mb/sr at 0° for the 4.8 MeV excitation. Scaling suggests that

these additional -3-'*' levels contain ¥ |[Mer|? = 0.160.

170(p,n) to the excited state at 0.5 MeV

The cross section was also calculated for the %+ — %+(Ez = 0.5Mev) tran-
sition in 17O (p,n)1"F at E, = 135 MeV assuming single particle wave functions.
This transitions has J=2 and J=3 and thus contains no Gamow-Teller strength. The
J=2 and J=3 contributions are shown separately in figures IV — 38 and IV — 39.
These two curves are shown normalized to the data in figure IV — 40. The normal-
ization factors are N, = 0.932 and N,3 = 0.328. The data would appear to favor
the J=2 shape although the cross section for this transition is quite likely sensitive
to other features of the calculations such as the bound state radial functions since

the final orbit has a node.

Analyzing powers

The analyzing powers for the analog ground state transitions were calculated
using the same calculation parameters which produced the cross sections in figures
IV — 14 and IV — 23. The calculated analyzing powers were found to be very
sensitive to the normalization factors which multiplied the incoherent J-transfer
cross sections. It is likely that the analyzing powers are sensitive to the optical
potential as has been found for the case of 2C(p,p’) at 155 MeV [SHE70]. The
calculation is seen to agree with experiment out to about 55° (2.3 fm™!). This
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is consistent with the cross section results and indicates that the distortion effects
have been handled with some accuracy.
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Summary and conclusions

We have seen single particle wave functions, which adequately describe elec-
tron scattering, fail to reproduce the momentum transfer dependence of the (p,n)
results reported herein. The Cohen-Kurath description of the mass 9 system with
its M1 and M3 components independently normalized proved adequate to describe
elastic magnetic electron scattering out to 2 fm~1, but these normalized wave
functions were not capable of accounting for the analog ground state transition in
the (p,n) reaction in a consistent fashion. Only by adopting two different oscil-
lator parameters and three normalization coefficients does it prove possible to fit
the ®Be(p,n)° By, cross section out to 2 fm™! in the context of simple harmonic
oscillator wave functions. That the Cohen-Kurath wave functions require indepen-
dent M1 and M3 renormalization means that there are contributions to the nucleon
currents not included in he model. Thus the wave functions, although providing
appropriate magnetic dipole moments, energy levels, and M1 transitions at zero
momentum transfer, are not complete enough to describe the nonzero momentum
components in the 9Be nucleus. On this basis one might view the (p,n) results as
providing a wealth of new information concerning 9Be. The magnetization that
can be described by simply renormalizing the J=1 and J=3 multipoles cannot be
used to parameterize the (p,n) process within the Cohen-Kurath scheme. This
means that there may be other important spin-flip components in the wavefunc-
tions for these transitions. To extract this new information, we need confidence in
the reaction theory and a systematic test in this regard is important, including the
recently discovered importance of density dependence in the nucleon-nucleon inter-
action [KEL81,TELL82]. These results indicate a deficiency in the Cohen-Kurath
description of ®Be. This is apparent in both the (e,¢’) and (p,n) data. Both data
sets require normalization of the Cohen-Kurath results though different normaliza-
tions are required in the two cases. The Cohen-Kurath description includes only
p states so that one is perhaps led to consider further calculations within a more
complete basis.

The analysis of the 17O(p, n)'7 F, ,. cross sections revealed a similar sensitivity.
In this case the magnetization of 17O is also not understood but an ad hoc renor-
malization of the M3 form factor has been shown [HIC82] to fit the magnetic form
factor out to 2.7 fm~1. Even with additional renormalization, over and above the
normalization required by (e, e’) data, the (p,n) data cannot be described beyond 2
fm~! in the context of a simple harmonic oscillator basis. It is impossible without
further analysis to know whether the difficulties in fitting these data are due to
nuclear structure effects or an inaccurate description of the reaction process. There
are many reasons to suspect the accuracy of the DWIA. One of these is the knowl-
edge that density dependent interactions are of importance to elastic distortions.
One other is that the shape of the calculated J=0 DWBA cross section is quite
different from the PWBA cross section as is shown in figure IV — 3. The distortion
evidently causes the cross section to decrease less rapidly with increasing momen-
tum transfer in comparison to the PWBA. If this effect is incorrectly caculated, it
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could necessitate the adoption of different values of the oscillator parameter b, much
as was necessary in the Be calculation above. On the other hand, core polariza-
tion has been ignored in these calculations. The inclusion of core excitations may
be expected to influence results of both (e, €’) and (p,n)calculations but not in the
same manner because of the importance of currents in (e,e’) which are not present
in the (p,n) reaction.

A more detailed theoretical analysis of these data is warranted in view of the
possible sensitivity of this reaction to the structure of the mass 17 system. Such an
analysis might provide evidence of core excitations influencing the structure of the
mass 17 system and help distinguish between the convective and spin-flip terms in
electron scattering [PET80].

The 70O(p,n) measurements reported here have also provided additional in-
formation regarding the suppression of Gamow-Teller strength. The ground state
analog transition was already known to be suppressed from the measured half life
for the B-decay of 17F to the ground state of 7O. This is confirmed by the (p,n)
results reported here. In addition, we have seen that the Gamow-Teller transition
%"’ — %+ in 170(p,n) 7 F is weaker than expected, even after allowing for the
ground state suppression. The single particle value of I.MGT|2 for the %+ — %+
transition is 1.6. The total strength observed in this experiment summing over
the discrete low lying excited states was |.MGT|2 = 0.517. The suppresion of the
Gamow-Teller strength of the ground state analog transition ( 0.677 as compared

to the single particle value of 1.4 ) would suggest that for the %-:' — %+ transitions

we should see [Mgr|*> = %8ZF x 1.6 = 0.774. This is about 50% greater than ac-
tually seen in this experiment, implying perhaps that more strength is located at
higher excitations. Finally we may recall that for both °Be(p,n) and 170(p, n) the
integrated Gamow Teller strengths reported in chapter III are about half the sum
rule strength. In the case of °Be(p,n) the integration was up to 18 MeV and for
170(p,n) the integration was up to 16 MeV. Thus a deficiency of Garrow Teller
strength has been seen in both specific transitions and in the integrated strength.
It is possible that the rest of the strength lies at higher excitations. The Gamow
Teller strength was in the case of 17O(p, n) integrated out to an excitation energy of
16 MeV. At these energies the excitation strength was about 0.2—0.3 mb/sr/MeV.
If this strength continued unabated beyond 15 MeV the sum rule would be satisfied
at about 40 MeV of excitation. Also, with increasing excitation energies, the mo-
mentum transfer increases and this decreases the cross sections corresponding to a
given strength at zero momentum transfer. A correction for this effect implies that
the Gamow-Teller sum rule would be satisfied by an integration to less than 40 MeV
of excitation. We may estimate this effect by assuming the L=0 strength to behave
as a zero order Bessel function. At 40 MeV the momentum transfer for either of
these nuclei is about 0.5 fm~—1. In the case of 7 F we might suppose B = 2.8 fm™!.
This gives |jo(qR)|® = |jo(1.3)]> = 0.6. It is unfortunately not possible to carry
out such a sum experimentally according to the method of [GOODS8O0] since their
method requires a small momentum transfer in order to ensure a simple interpreta-
tion of the (p,n) cross section in terms of Gamow-Teller strength. Nevertheless, one
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may say that these deficiencies in Gamow-Teiler strength are in agreement with re-
sults reported by others [TELL79,TELL82| regarding several other nuclei and may
indicate a very general inadequacy of current descriptions of nuclei.

In chapter III we have presented cross section measurements for many states
of °B and several states of 17F. Tables III-5 and III-6 summarize the states seen
in this measurement and attempt to identify these states with states seen in other
works. In many cases it is difficult to make definite identifications with states
seen in previous works due to the £0.1 MeV uncertainty in the energy scale. Two
statements may be made unequivocally.

We have seen in °B a broad collection of strength centered at about 2.8 MeV.
The strength of this state and its excitation energy suggest that it may be the py
state which has for many years been expected to exist but has not been seen wit
any other reaction.

There is a strong spin-flip excitation of 7 F at 4.8 MeV. The currently assigned
spin-parity assignment of %_ for this state is in error. The spin-parity of this state

is almost certainly %+

There is also strong evidence for a state in °B at 2.71 MeV whose (p, n) cross
section is greatest at zero momentum transfer and decreases monotonically with
increasing momentum transfer. This is difficult to understand if we identify this
state with the %+ state which has been previously seen in this nucleus at about this

excitation energy. A %+ state is alsc expected by comparison with ° Be, the analog
nucleus. Perhaps the unbound nature of the ° B system could produce an angular
distribution suggestive of zero momentum transfer.

Altogether these data provide a rich source of information for those interested
in the spectroscopy and structure of °B and 7F. Should a consistent theoretical
description of these data be achieved it may be expected to greatly enhance our
understanding of these nuclei.
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Appendix

This appendix is a tabulation of all cross sections and analyzing powers mea-
sured in this experiment. The numbers in parentheses indicate the uncertainties
in the measurements. For cross sections these uncertainties are expressed as per-
centages. For analyzing powers the number in parenthesis refers to uncertainty
in the last few digits of the measurement. For example, A, = +0.173(60) means
Ay = +0.173 4 0.060.

The uncertainties tabulated do not include the uncertainty due to detector
efficiency. This is estimated to be about 10 % and applies systematically to all
cross section data.
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Table A — 1. °Be(p,n)°B E, = 135.18MeV.

9Be(p,n)°B E, =0.0 MeV

Oc.m. q(fm~1) do/dw (mb/sr)

0.00 0.018 9.52(4)

3.38 0.139 7.56(6)

6.76 0.276 5.12(3)
10.14 0.414 2.78(20)
13.29 0.541 1.54(9)
16.89 0.687 0.809(19)
20.14 0.818 0.493(7)
26.96 1.090 0.307(9)
30.31 1.222 0.234(7)
33.64 1.353 0.182(8)
36.96 1.482 0.120(14)
40.28 1.610 0.0941(13)
43.58 1.735 0.0521(14)
46.76 1.855 0.0299(14)
50.14 1.081 0.0270(34)
53.40 2.101 0.0119(33)
56.64 2.218 0.00716(40)
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Table A — 2. °Be(p,n)°B E, = 135.18MeV.

°Be(p,n)°B E, =2.36 MeV

fc.m. q(fm~?) do/dw (mb/sr)
0.00 0.042 2.09(4)
3.39 0.144 1.68(6)
6.77 0.278 1.10(8)
10.15 0.414 0.477(20)
13.30 0.540 0.362(9)
16.90 0.685 0.175(19)
20.16 0.815 0.136(7)
26.99 1.086 0.0813(16)
30.33 1.217 0.0598(19)
33.67 1.347 0.0447(21)
37.00 1.476 0.0262(31)
40.31 1.603 0.0199(35)
43.62 1.728 0.0102(56)
46.80 1.847 0.0118(90)

Table A — 3. °Be(p,n)°B E, = 135.18MeV.

°Be(p,n)°B E, =271 MeV

Oc . q(fm=1) do/dw (mb/sr)
0.00 0.045 2.83(26)
3.36 0.145 2.10(34)
6.77 0.278 1.34(34)

10.15 0.414 1.066(34)

13.31 0.540 0.492(29)

16.90 0.684 0.439(14)

20.16 0.815 0.292(18)

26.99 1.086 0.181(20)

30.34 1.217 0.0959(29)

33.67 1.347 0.0916(29)

37.00 1.475 0.0651(50)

40.32 1.602 0.0311(80)
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Table A — 4. °Be(p,n)°B E, = 135.18MeV.

°Be(p,n)°B E, =2.75 MeV
fc.Mm. q(fm~1) do/dw (mb/sr)
0.00 0.048 9.73(29)
3.39 0.145 8.24(26)
6.77 0.278 5.84(23)

Table A — 5. °Be(p,n)°B E, = 135.18Me€V.

%Be(p,n)°B  E;=4.3 MeV
Oc M. q(fm™1) do/dw (mb/sr)
0.00 0.061 2.41(6)
3.39 0.150 2.15(6)
6.77 0.280 1.87(25)
10.16 0.415 0.939(49)

Table A — 6. °Be(p,n)°B Ep, = 135.18MeV.

®Be(p,n)°B E;=17.0MeV
bc.m. a(fm~") do/dw (mb/sr)
20.24 0.812 0.0441(47)
27.09 1.075 0.0406(50)
30.45 1.203 0.0382(28)
33.80 1.330 0.0269(31)
37.14 1.456 0.0198(36)
40.39 1.591 0.0704(35)
43.70 1.714 0.0422(45)
46.88 1.832 0.0319(50)
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Table A — 7. °Be(p,n)°B Ep, = 135.18MeV.

9Be(p,n)°B E, =11.6 MeV

Oc.m. q(fm=1) do/dw (mb /sr)
20.24 0.812 0.0450(47)
37.00 1.075 0.0417(50)
30.45 1.203 0.0390(28)
33.80 1.330 0.0275(31)
37.14 1.456 0.0203(3
40.47 1.580 0.0146(52)

Table A — 8. °Be(p,n)°B E, = 135.18MeV.

%Be(p,n)°B E, =122 MeV

Oc.m. q(fm=1) do/dw (mb/sr)

0.00 0.146 0.230(14)

3.38 0.199 0.188(17)

6.80 0.306 0.149(22)
10.19 0.429 0.0950(50)
13.36 0.548 0.0552(62)
20.24 0.812 0.0566(48)
27.10 1.075 0.0350(59)
30.46 1.203 0.0342(41)
33.81 1.329 0.0128(82)
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Table A — 6. °Be(p,n)°B E, =135.18MeV.

°Be(p,n)°B E. =14.0 MeV

Oc.m. q(fm=1) do/dw (mb/sr)
0.00 0.165 0.0657(22)
3.40 0.212 0.0490(50)
6.80 0.315 0.0353(40)

10.20 0.435 0.040(80)

Table A — 10. °Be(p,n)°B E, = 135.18MeV.

°Be(p,n)°B  E; =14.6 MeV

Oc.m. q(fm=1) do/dw (mb/sr)
6.81 0.318 0.0173(50)
20.27 0.813 0.0734(29)
27.13 1.073 0.0728(29)
30.49 1.200 0.0385(29)
33.85 1.326 0.0251(29)
37.19 1.451 0.0168(40)
40.52 1574 0.0126(40)
43.84 1.695 0.0116(59)
47.03 1.811 0.00116(80)

Table A — 11. °Be(p,n)°B E, = 135.18MeV.

9Be(p,n)°B E, =146 MeV T =0.6 MeV

Ocm. q(fm=1) do/dw (mb/sr)
0.00 0.171 0.213(25)
3.40 0.218 0.173(40)
6.81 0.318 0.144(20)

10.21 0.437 0.122 (50)
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Table A — 12. °Be(p,n)°B E, = 135.18MeV.

9Be(p,n)°B  E; =152 MeV

fc.m. q(fm~1) do /dw (mb/sr)

6.81 0.321 0.0146(40)

Table A —13. °Be(p,n)°B E, = 135.18MeV.

°Be(p,n)°B E, =154 MeV

fc.m. q(fm~1) do/dw (mb/sr)

6.81 0.323 0.00882(80)

Table A — 14. °Be(p,n)°B E, = 135.13M¢€V.

°Be(p,n)°B  E, =15.9 MeV

Oc.m. a(fm~1) do/dw (mb/sr)
0.00 0.185 0.0578(59)
6.81 0.325 0.0485(70)
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Table A — 15. °Be(p,n)°B E, = 135.18MeV.

9Be(p,n)°B  E;=16.T MeV
bc.m. q(fm™1) do/dw (mb/sr)
0.00 0.194 0.0441(50)
341 0.236 0.0688(50)
6.81 0.330 0.113(20)
10.22 0.445 0.136(20)
13.39 0.559 0.119(20)
17.01 0.602 0.0740(295)
20.29 0.815 0.0651(70)

Table A — 16. °Be(p,n)°B Ep = 135.18MeV.

®Be(p,n)°B  E. =175 MeV

fcm. q(fm1) do/dw (mb/sr)

0.00 0.203 0.160(45)

3.41 0.244 0.166(20)

6.82 0.335 0.256(29)
10.22 0.448 0.225(10)
13.39 0.561 0.235(15)
17.02 0.604 0.155(20)
20.30 0.816 0.183(29)
27.17 1.073 0.0617(29)
30.54 1.198 0.0423(35)
33.80 1.323 0.0168(50)
37.24 1.446 0.00738(80)
40.58 1.568 0.0113(59)
43.90 1.688 0.0130(59)
47.10 1.803 0.00903(80)
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Table A — 17. °Be(p,n)°B E, = 133.56 MeV.

®Be(p,n)°B E;.=0.0 MeV

Ocom. a(fm=1) analyzing power
0.0C 0.018 —0.028(36)
6.76 0.274 —0.124(6)

13.29 0.545 —0.184(8)

20.14 0.828 —-0.112(18)

27.07 1.087 0.081(26)

40.28 1.597 +0.193 (42)

46.76 1.857 10.487(31)

50.14 1.972 +0.241(81)
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Table A —18. Y7O(p,n)'"F

E, =135.18 MeV

70(p,n)''F  E, =0.0 MeV

Oc.Mm. q(fm™1) do/dw (mb/sr)
0.00 0.035 8.39(2)
3.20 0.142 7.37(4)
6.41 0.277 4.67(2)
9.61 0.413 2.04(2)

12.60 0.541 1.16(2)

16.01 0.686 0.582(3)

19.10 0.816 0.496(4)

25.59 1.089 0.431(4)

28.77 1.222 0.352(4)

31.95 1.354 0.298(3)

35.12 1.484 0.207(4)

38.08 1.604 0.161(3)

41.45 1.740 0.139(5)

44.50 1.862 0.0862(9)

50.80 2.113 0.0516(6)

54.03 2.233 0.0249(10)

57.15 2.351 0.0180(20)

60.06 2.461 0.0109(50)

Table A —19. 170(p,n)1"F

E, = 135.18 MeV

70(p,n)'F E, =05 MeV

0. q(fm™1) do/Gw (mb/sr)
6.41 0.277 0.112(35)
9.61 0.413 0.237(7)
12.60 0.540 0.212(11)
16.01 0.685 0.246(13)
19.10 0.816 0.203(7)
25.59 1.088 0.0578(13)
41.46 1.740 0.0296(50)
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Table A — 20. 170(p,n)'"F

E, = 135.18 MeV

170(p,n)!"'F E, =48 MeV T =18 MeV
fc.m. a(fm=1) do /dw (mb/sr)
0.00 0.089 3.54(5)
3.21 0.161 3.45(4)
6.42 . 0.285 1.59(9)
9.62 0.417 0.811(17)
12.60 0.542 0.231(55)
Table A —21. "0(p,n)'"F  Ep, =135.18 MeV
2
170(p,n)'"F  E. =59 MeV
Ocm. a(fm=1) do/dw (mb/sr)
0.00 0.100 0.139(45)
3.21 0.168 0.181(44)
6.42 0.288 0.161(45)
9.62 0.419 0.123(53)
T ble A—22. Y"0O(p,n)'"F  E, =135.18 MeV
170(p,n)''F  E,=6.3 MeV
Ocm. q(fm™1) do/dw (mb/sr)
3.21 0.170 0.0893(58)
6.42 0.290 0.0968(40)
9.62 0.419 0.0064(47)
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Table A — 23. Y7O0(p,n)"F E, = 135.18 MeV

170(p,n)!'"F  E;=17.3 MeV

Oc.m. q(fm=1) do/dw (mb/sr)
0.00 0.111 0.986(17)
3.21 0.176 0.887(19)
6.42 0.293 0.668(44)
9.63 0.421 0.304(22)

12.62 0.543 0.0993(41)

Table A —24. 7O(p,n)'"F  E, =135.18 MeV

70(p,n)!'"F E,=17.6 MeV

fc.m. a(fm™1) do/dw (mb/sr)
0.00 0.114 0.173(43)
3.21 0.178 0.160(45)
6.42 0.294 0.130(53)
9.63 0.422 0.114(66)

Table A — 25. 7O(p,n)'"F  E, =135.18 MeV

70(p,n)'"F E.=93 MeV T =18 MeV

Oc.m. q(fm~?) do/dw (mb /sr)
0.00 0.134 0.0631(51)
3.21 0.190 0.129(38)
6.42 0.301 0.180(50)
9.63 0.426 0.164(35)

12.63 0.546 0.169(28)

16.04 0.685 0.146(36)

19.04 0.812 0.171(45)

25.64 1.077 0.0352(97)
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Table A —26. 170(p,n)!"F  E, =135.18 MeV

170(p,n)'"F  E;=14.3 MeV T =18 MeV

0c.M. q(fm™1) do/dw (mb/sr)
3.22 0.230 0.115(39)
6.43 0.327 0.148(33)
9.64 0.442 0.186(29)

12.64 0.556 0.180(22)

16.06 0.601 0.143(41)

Table A — 27. 70(p,n)''F E, = 133.56 MeV

170(p,n)!"' F E, =0.0 MeV

Oc.Mm. a(fm=1) analyzing power
0.00 0.036 —0.029(21)
641 0.275 0.156(10)

12.60 0.544 —0.400(32)

19.10 0.827 10.048(23)

35.59 1.087 10.276(103)

31.95 1.345 10.130(90)

38.08 1.600 0.285(70)

44.50 1.865 10.326(58)

47.75 1.982 +0.451(60)

54.03 2.219 +0.406(69)

60.06 2.451 +0.108(111)

66.72 2.687 —0.014(70)
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