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ABSTRACT

The lowest T = 2 states have been identified and studied in
the nuclei 120, laB, 2OF and 28Al. The first two of these were

sHe)laB, at 50.5 and

produced in the reactions 14C(p,t)l2c and léc(p;
63.4 MeV incident proton energy respectively, at the Oak Ridge

National Laboratory. The T = 2 states in 20F and 28A1 were observed

in (3He,p) reﬁctions at 12-MeV incident energy, wiﬁh the Caltech

Tandem accelerator.

The feSults for the four nuclei studied are summarized below:

£L) 120: the lowest T = 2 state was located at an excitation
energy of 27595 + 20 keV, and has a width less than 35 keV.

(2) lEB: the lowest T = 2 state was found at an excitation
energy of 12710 + 20 keV. The width was determined to be less than
54 keV and the spin and parity were confirmed to be 0+. A second
12B state (or doublet) was observed at an excitation energy of
14860 + 30 keV with a width (if the group corresponds to a single
state) of 226 + 30 keV.

(3) ‘EOF: the lowest T = 2 state was observed at an excitation
of 6513 = 5 keV; the spin and parity were confirmed to be O+. A second
state, tentatively identified as T = 2 from the level spacing, was
located at 8210 = 6 keV.

(4) 2%84 the lowest T = 2 state was identified at an excitation

of 5997 + 6 keV; the spin and parity were confirmed to be O+. A second

state at an excitation energy of 7491 + 11 keV is tentatively identified
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as T = 2, with a corresponding (tentative) spin and parity sssigmment

The results of the present work and the other known masses of
T = 2 states and nuclei for 8 < A < 28 are summarized, and mass-
equation coefficients have been extracted for these multiplets.
These coefficients were compared with those from T = 1 multiplets,
and then used to predict the mass and stability of each of the un-

observed members of the T = 2 multiplets.
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I. GENERAL INTRODUCTION

From a variety of phenomena observed in various facets of
nuclear physics and particle physics, it has been found that the
strong (nuclear) forces are charge-independent to within about 2%
(Henley 1969). This fact is manifested, among other ways, in the
existence of isobaric analogue states, i.e., states which have the
same structure in each iscbar of a particular mass-number, except
that the total nuclgar charge is different from one member to
anothef. The principal charge-dependent forces =--"the Coulonb and‘
spin-orbit interactions -- give rise to a mass splitting for these
states, which is easily predicted from perturbation theory, at least
in principle;

The studies to be described in the present. work are part of
a continuing program at Caltech, and a considerable effort at many
other laboratories, to measure the mass splitting for these multi-
plets. The experimental techniques involved in this particular
work are outlined in the following chapter. In Chapter ITII the
previous work from the Caltech program is summarized and the goals
of the program are discussed in more detail. Also; some elementary
éoncepts used in this work are introduced. Chapter IV discusses
two experiments performed at Oak Ridge, using protons from the
Isochronous Cyclotron to excite two members of the lowest isospin
quintet in mass 12. Chapters V and VI deal with 3He-induced
reactions studied at Caltech, which excited one member of each of

the lowest quintet in A = 20 and 28, respectively. In Chapter VII



a survey of the available measurements for isospin quintets in light
nuclel with A = 4n is compared with the mass formula predicted from
first-order perturbation theory, and the masses and decay modes of

the unobserved members of these multiplets are discussed.
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IT. IXPERIMENTAT, METHOD

A. Introduction

The experiments discussed in the following chapters have a
number of experimental technigues in common. In all of these
experiments, charged-particle reaction products were identified
by combining energy, momentum/charge, and energy-loss measurements.
These were cbtained by first momentum-gnalyzing the reaction pro-
duéts at a knoﬁn laboratory angle in a magnetic spectrometer, then
allowing these particles to penetrate a foil of known thickness, and
finally measuring the resulting particle energy spectrum in a solid-
state detector (Figure 1). Generally, the reaction was cbserved in
transmission geometry, where the incident beam enters one side of
the target and the reacfion product to be observed exits through
the opposite side, which required that the targets be reasonably
thin (i.e., the fractional energy loss for both beam and reaction
products should be small). Then from a knowledge of the target
thickness obtained from energy loss or resolution meagsurements and
a measurement of the magnetic field and focal—piane position, the
exiting parﬁicle'energy before leaving the target could be deter-
mined precisely. By comparing the energy of a particle group of
interesf to that of one or more groups from the same target and
beam with precisely known Q-value(s), the Q-value for the reaction
of interest was determined. Most of the details of this procedure

and the analysis of the probable errors incurred have been discussed



previously by Hensley (1969).
B. Target Preparation

To meet the requirements outlined above, the targets used in
these experiments were prepared either as thin self-supporting foils
of more or less uniform composition or as multilayer foils with one
layer of target material and the remaining layer(s) for support.

The supporting foils for most of the work were ~100 to 300 ug/cm2
gold, evaporated by the standard techniques in vacuum. For most of
the experiments, the target materials were (relatively expensive)
isotopically-enriched substances, so the preparation procedures were
required to be reasonably efficient, to avoid unnecessary waste.

For the experiments done at Caltech, foils were mounted on
the customary 10-mil tantalum frames over a S/lG—inch-éiameter hole.
The targets used at Ozk Ridge were mounted on a 15-mil tantalum
frame adapted to fit the standard target holders in use there.

These targets were mounted over a l/2-inch diameter hole to allow
for the larger beam area from the cyclotron.

(1) 26Mg Targets. The EGMg targets were prepared by reducing
Mg0O, enriched to 99% in 2sMg, under vacuum, by heating a mixture of
MgO and Ta powders in a carbon boat. To improve the efficiency of
the evaporétion, the boat was made in the form of a vertical cannon,
after a design by Goosman (1970). Magnesium freed by the reduction
process at the bottom of the cannon was then confined to a relatively
small cone sbove the source. This 26Mg vapor was condensed on a

thin gold foil mounted on a target frame and suspended about 2 inches



above thelcannon.

Carbon-backed Mg targets used in early experiments were
prepared in a slightly different manner. In the procedure outlined
gbove, it was found that the Mg vapor would not condense sgtisfac-
torily on a thin (20 - 100 pg/cme) mounted carbon foil. However,
the vapor was easily collected on a carbon foil before it was
removed from.the glass slide. The foil was then cut into suitable
squares, floated from the slide and successfully mounted. This
process allowed the collection of a larger fraction of the released
vapor; however, it was still a rather unsatisfactory technique since
thin Mg layers deteriorate quickly by chemical reaction with water
(including water vapor). The appearance of the targets was notice-
ably different near the edges after a few minutes in the floating
dish. No detailed investigation of the quality of the targets was
made, so the results are uncertain. The same technique was attempted
with gold foils; in that case, pinholes in the gold foil allowed
direct contact between the water and the Mg, with disastrous results.

In the evaporation process, it was found that the MgO appar-
ently released a considerable amount of absorbed gases when initially
heated, until the boat was bright red. Unless the temperature was
increased very slowly, the powder in the cannon had a strong tendency
to jump out. To avoid this annoyance, the design of the cannon was
modified slightly. The top of the boat was extended gbove the
electrode gbout 0.3 inch so that a horizontal copper cover-plate,
which could be moved from outside the vacuum system, would cover and

nearly touch the top of the boat. With this cover in place, the



powder could be heated rapidly without any apprecilable loss ol MgO.

(2) s Targets. Solid oxygen targets were prepared by
oxidizing thin nickel foils, by heating them in an oxygen atmosphere
with a projection lamp. Since the commercial nickel foils were
prepared with a thick copper backing for easier handling, the foils
were‘generally first mounted on the frames with silver print or
epoxy, after which the copper backing was etched away chemically with
a mixture of ammonium hydroxide and trichloroacetic acid (Richards
1960). In this procedure, the thinner nickel foils became very
tightly stretched on the frame, and they consequently showed a
strong tendency to break or split as they were heated. To improve
the yield of useable targets, a special foil holder was devised which
shielded the target frames from the direct heat of the lamp, allowing
only the central 1/4-inch diémeter of the foil to be heated. With
this simple device a considerable reduction was achieved in the
number of foils lost during the oxidation proceéé.

For the thinnest (500 E) nickel foils, a further improvement
in yield was desirable. Before mounting the foils, the copper back-
ings were removed by‘fléaiing the foil on the surface of a pool of
the etching solution. The bare nickel foll was then lifted out of
the etch on a glass slide and placed in a pool of distilled water.
This wash step was repeated several times, after ﬁhich the foil was
lifted from the surface on a target frame. Foils prepared in this
way were considerably looser on the frame, and were much easier to

oxidize without breakage.



(3) g Targets. The process for preparing lécrtargets was
developed jointly with Hensley (1969), from an ides of Douglas (1956).
An A.C. discharge was established in 14C—enriched acetylene between
two electrodes separated by ~0.5 cm. The acetylene deposited as a
polymer on foils mounted on the electrode surfaces. The foils con-
sisted of 500-ug/cm2 Au with a backing of O.l-mil commercial rolled-
copper foil. After the polymerized-acetylene layer was deposited,
the foils were mounted on Ta frames and the copper was etched away
chemicglly. For the thicker targets used in the experiments
described in this thesis, an additional thin.layer of gold was
evaporated over the carbon layer to provide better electrical con-
ductivity.

In the deposition of thick layers (of the order 0.5 mg/cme)
it was found that the discharge often produced sparks or hot spots
on the target surface. Subsequent examination of the surface in-
dicated that these sparks were associated'with flaws such as pin-
holes in the deposited layer, which offered a path of lower
resistance for the discharge. To retard the aggravation of flaws
by this hot-spot phencmenon, a current-limiting resistor was
introduced between the tesla coil and electrode, of the order of
100 KQ. With this modification, there was a noticeable reduction
in hot spots, and it was possible to prepare reasonably uniform

targets of the required thickness.

C. Determination of Target Thickness

For solid targets, the thickness can be determined from yield



comparisons, energy-loss measurements, or rescolutilon measurcmentn

as 1llustrated below.

(1) Magnesium targets. The thicknesses of the magnesium
targets used for this work were measured by observing elastically
scattered S4e from the gold (or carbon) backing, both directly and
through the Mg layer, in the spectrometer at 90° in the lab (Figure 2).
The inverse process (scattering from the Mg) was used to measure the
thickness of the backing (Figure 3). An additional measurement of
the thickness was obtained from the energy-width of the elastically
scattered particle group when the target thickness was greater than

the instrumental resolution.

(2) NiO Targets. The thickness of the nit8o targets was
determined from the nominal Ni-foill thickness and g comparison of
the yields from the (SHe,a) reaction on the NitSo target and on
pure 180, in a gas cell. Additional thickness information was
extracted from the width of elastic scattering groups from 58Ni and

180.

(3) e targets. The Aty target material was enclosed
between two layers of gold, one of which was considerably thicker
than the other. The thickness of the polymer layer (assumed to be
entirely carbon, for energy-loss calculations) was measured by
observing the elastic scattering of 12-MeV 3He from the gold layers,
in the magnetic spectrometer at 90° in the lab (Figure 4). The
target thickness was extracted from the energy difference of the

two peaks corresponding to the two geld layers. The thickness of



the thicker gold layer was determined from the width of the directly-
observed elastic scattering peak. This thickness was scaled by the

ratio of yields to give the thickness of the thinner gold layecr.
D. Magnetic Analysis

The separation of charged particles by magnetic analysis is
an established technique for nuclear spectroscopy, in use in many
ldboratories.. It offers the advantages of excellent particle
identification (especially when combined with an energy measurement
at the focal plane), and lower count rates (by selecting'for obser-
vation oniy_the small portion of the particle spectrum of interest).
These are gained at the expense of solid angle and field of view in
the particle momentum spectrum; the technique is best applied to
precise measurement of a particle spectrum over a reasonably narrow
and well-défined range of energy.

In all the experiments under consideratilion in this work,
charged-particle reaction products were observed in either the
61-cm-radius, double-focusing magnetic spectromgtér étrcaltech, or
the broad-range magnetic spectrograph at the Oak Ridge cyclotron
laboratory.

The Caltech spectrometer has been discussed in detail by
Groce (1963), McNally (1966), and Moss (1968), aﬁd some details of
importance for the present work were considered by Hensley (1969).
The expression used to determine particle energy from the measured
NMR frequency is presented in Appendix A for this'instrumeﬁt.

The broad-range spectrograph at Osk Ridge is pattemed in
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principle‘after a design by Borggreen et al (lSGS),_which differs
from that of the Caltech double-focusing spectrometer in several
ways. The usable focal plane is 2 meters long, spanning a large
range in moméntum (for the experiments discussed here, this design
feature was not utilized). Since it is a uniform-field magnet, the
spectrograph has focusing properties in only one dimension, aside
from the small effect of the fringing field at the edge of the
magnet. The instrument is oriented horizontally so that the
focusing occurs along the direction of the kinematic angle for a
reaction. By selecting the position of the moveable fdcal plane
correctly for a particular reaction, the focusing can be made to
cancel (approximately) the peak broadening associated with the
kinematic energy shift across the aperture, %%-AQ allowing
measurements to be made with experimental resolution considerably
better than the kinematic shift over the aperture. The orientation
of the foecal plane for this instrument is thus a critical parameter,
since improper positioning introduces excessive broadening for the
dbsefved particle groups. ©Since the reactions studied with this
instrument involved light nuclei which give large angle-dependent
kinematic broadening, the focal-plane position was reset after each
change in‘angle. With the focal plane a&justed in this way, the
resolution (calculated by a computer code at Oak Ridge) was domi-
nated by the effect of the last quadrupole focusing magnet before
the scattering chamber, for the (p,t) reaction, and by the target
thicknesé, for the (p,SHe) study.

The orientation of the focal plane enters the calculation of
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particle energy from the measured position along the focal plane.
This calculation is discussed in detall in Appendix A.

Since there 1s essentially no focusing in the other angular
dimension for this instrument, the effective solid angle for an
observation depends on the position along the focal plane and on

the height of the detector. This relationship is given by (Ball 1968)

5 "
m:{z cﬁ}hm
. n
n=0

where N0 is the solid angle in msr, R the average orbit radius in
inches (Appendix A), h the detector height in inches, and A6 the
total angular opening of the spectrometer entrance slits along the

kinematic angle, in degrees. The coefficients C, are:

n C
n
0 0.88611
wdt
1 -3.6023 x 10
-4
2 5.653 x 10
3 wEILE & 1Y

E.. Particle Detection and Position Measurements

To determine the energy of a particle group observed in a
magnetic analyzer precisely, 1t 1s necessary to measure the location
of fhe group on the focal plane precisely. For.the experiments with
the Caltech spectrometer, this was achieved through the use of a

l8-counter array spanning the focal plane or a position-sensitive
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sulid-stuﬁe detector (~5 cm long). The measurements at Ouk Rl dge
were made with two position-sensitive detectors on the focal plane.

The design and operation of the l6-counter array has been
discussed by McNally (1966) and Moss (1968). Hensley (1969) has
discussed the details of peak profiles and yield measurements with
this system, ﬁhich apply to the present work.

The operation and calibration of position-sensitive particle
detectors is discussed_in some detail in Appendix B. The associated
electronic circuits used for thesé detectors are shown schematically
in Figure 6 (Caltech) and Figure 7 (Oak Ridge). Thsse systems are

also discussed in Appendix B.
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ITI. INTRODUCTION TO T = 2 STATES

The study of T = 2 states in TZ = 0 or TZ = 1 light nuclei is
a natural extension of the earlier studies of T = 3/2 states in TZ=::1/2
nuclei in this laboratory (Lynch 1965, Dietrich 1965, Adelberger 1967,
Hensley 1969 and McDonald 1969). In most cases the T = 3/2 or T = 2
states were populated as final states in an isospin-allowed reaction,
(SHe,n) (Adelberger 1969a, 1970) or (SHe,p) (Hensley 1968 and the
present work), on T = %—or T = 1 targets. Because of the general
interest in the T = 2 states in mass 12 and the difficulty in obtain-
ing a highly enriched e target for (SHe,p) and (SHe,n) studies,
the (p,t) and (p,SHe) reactions on 140 described in this thesis were
included in the program.

The principal goals of the program have been (1) identifi-
cation of the T = 2 levels and (2) precise measurement of the re-
action Q-values to extract accurate excitation energies for these
levels. The strong interest in measuring the excitations accurately
is motivated by the continuing need for a more reliable mass formula,
to predict masses of nuclei far from the line of stability for astro-
physical as well as nuclear purposes. The masses of such nuclei are
closely related to those of the analogue excited states and the
latter are frequently more easily produced in the laboratory. Thus
the program was esteblished to produce precision measurements by
which any proposed mass formula or relationship could be tested in
detail.

The identification of an energy level as an analogue state 1s

necegsarily an indirect process. The features which have booen usetul
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in identifying these states are their predicted splins and parities,
excitation energies, widths and their transition strengths in
vwﬂmmxﬂmmﬂmm

The reactions (3He,p), (p,t), and (p,SHe) are assumed to
proceed by the direct ﬁransfer of a T=1, J* = of di-nucleon, to
populate the levels of interest. The selection rules for these
reactions are discussed in Appendix C. The T = 2.states studied in
this work were all members of multiplets with even-even parent nuclei;
the spin and parity are theréfore expected to be O+, from nuclear
systematics. To populate such a level in one of the above reactions
on a (T = 1) 07 target, the L-value for the transferred particles
must be zero, uniquely. This generally gives the characteristic
forward-anglé peaking for the differential cross section, if the
state is populated by a direct reaction.

Since the reactions in which the T = 2 states were excited
are allowedrby isospin selection rules, it is expected that the
measured cross sections should be larger than for similar processes
that are forbidden by these rules. Thus a T = 2 state should be
gbsent or only very weakly excited by an (a,d) reaction on a T = 1
target, while it should be strongly excited by a (SHe,p) reaction
on the same target. Such comparisons are one-way devices however,
since the effects of structure and reaction mechanism are still to
be accounted for. Thus the strong excitgtion of a suspected T = 2
level as the final state of an isospin-forbidden reaction is good
evidence that it is not T = 2, while the absence of the level in

an isospin-allowed reaction is of little significance (without



gdditional information or assumptions about the structure). Speciflic
examples of the effects of structure on transition strength have been
discussed by Adelberger (1967) in the case of (SHe,n) versus (p,n)
reactions, and Hensley (1969) in the case of (SHe,a) versus (SHe,p)
regctions. In the A = 4n nuclei, the T = 2 states afe described as
two-particle, two-hole states. These should be excited easily by
the isospin-allowed two-nucleon transfer reactions under consideration.
| The excitation energy for a T = 2 state can be predicted
approximately, if the mass of the parent nucleus is known, by assuming
the mass éplitting of a multiplet to be-mainly the result of the
neutron-proton mass difference and the repulsive Coulomb interaction
between the protons. It is assumed in addition that the repulsive
interaction gives rise to a mass splitting of the form KZ(Z - 1) where
K is constant across a multiplet. The constant K can be evaluated
approximately from the ground-state mass difference for the TZ = +1
and TZ = -1 members of the multiplet. 'This giyes the following

results for the excitation energies EX(T,TZ) in nuclei of mass

number A:
E_(2,1) = [u(2,2) - n(1,1)] + 5%&%17 [m(3,1) - m(1,1)]- K%E'Amnp
(I1I-1)
and
E (2,0) = [m(2,2) - m(0,0)] + %5% [m(l,il) - m(1,1)] - K%E-Amnp

(I11-2)
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where m(T,TZ) is the mass excess of the mass-A nuclide with isospin
= 3 i = — == -2 i -

T and z-projection TZ(TZ 5 5 ), and Amnp is the neutron

hydrogen mass difference. From the difference of these two equations,

we can write a useful relationship:

Am
E(2,1) = E,(2,0) - [m(1,1)-m(0,0))- zpiory[m(L, -1)-m(1,1)]+ 22
(TT1-3)

Although they are naive in concept, these formulas have
been quite‘useful in selecting the region of excitation energy to
be examined ih.é search for T = 2 states in nuclides for which the
parent (TZ = 42) mass has been measured. In most cases studied in
this laboratory, these predictibns have been accurate within (roughly)
100 keV.

A more general prediction is contained in the familiar
quadratic mass law for isdbaric multiplets (Wigner 1957, Weinberg

and Treiman 1958, Wilkinson 1964a, b, c):

m(T,T_) = a(A,T) + b(A,T)T_ + c(A,T)T° (T11-4)

This formula can be derived under the assumptions (1) that the
T-nonconserving interactions are sufficiently weak that first-order
perturbation theory is adequate for calculating the energy shifts
and (2) that these interactions are (at most) quadratic in isospin-
space (i.e., of tensorial rank 2 or less). The principal T-non-
conserving interaction is, of course, the Coulomb. force, for which

these assumptions are justified. Some additional discussion of this
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is included in Appendix D. The formulas presented gbove were derived
from a special case of this formulae. TFrom the assumptions outlined
(that the Coulomb corrections can be expressed ons Z(Z - 1)K - 2 Am“p
the coefficients b and ¢ were evaluated approximately in terms of

mass differences

c'
]

% [m(1,-1) - m(1,1)]

and (IIT-5)
1. Amn
c = m)[m(l,-l) C m(l,l) + —K:% .
By combining a Coulomb energy sum rule with the nuclidic mass
relationship of Garvey and Kelson (Garvey 1966, Kelson 1966, Garvey
1969), and considering the special case of T = 2 states in T = O

nuclei, J¥necke (1967,1969) has predicted a relationship between

excitation energies Ex(A’T’Tz)
EX(A,2,O) =E(A - 1, 3/2, +1/2) +E(A + 1, 3/2, +1/2) (III-6)

This rule is expected to be less accurate than the mass
relationship since excitation energies should be more sensitive to
details of nuclear structure than Coulomb-energy differences.
Adelberger (1970) has tested this prediction for A = 4n nuclei from
A= 12 6 32, and found discrepancies ranging from 30 keV to 339 keV.

From the excitation energies predicted by the schemes out-
lined sbove, for A = 4n(n > 1), T = O or 1 nuclei, it is expected
that the T = 2 levels are bound (or only slightly unbound, as in

the case of 120 and 12B) with respect to ilsospin-conserving heavy-
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2801 are exceptions)

particle decay. In many of these nuclei (20F and
there are energetically allowed isospin-nonconserving particle decays.
In these cases, the small width of the T = 2 levels, reflecting the
igsospin inhibition in the energetically allowed decay channels, is

as additional characteristic to be used for identification. In the
case of 1°C (and 16O) Adelberger (1970) has noted that the energeti-
cally allowed and isospin—allowed decay by diproton emission is
severly inhibited by a small penetration factor, so that the width
should remain small compared with the widths of neighboring (T < 2)

states.
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19 Yy
TV. THE IOWEST T = 2 STATE IN “°C AND B

A, Introduction

In a review article, Cerny (1968) presented excitation energies
for the lowest T = 2 states in 120, observed in the léC(p,t) reaction,

3He) reaction. The uncertainties

and 123, observed in the léc(p,
quoted for these excitation energies (100 keV and 70 keV, respec-
tively) were considersbly larger than the limits desired for the
present program. In addition, the data from these experiments have
not been published, although the measurements were made several years
ago. For fhese regsons, a decision was made in this laborstory to
repeat these measurements (with lQC targets prepared previously for
other experiments) using a magnetic spectrograph to aid in particle
identification and to improve the energy resolution.

The excitation energy of the lowest T = 2 state in 120 can
be predicted from relstion III-6, prpposed by Jinecke, or from
relation IIT-2 using either the upper limit for the l2Be mass (from
B-decay endpoint energy estimates) (Poskanzer 1965) or the 1%8e mass
predicted by the Garvey-Kelson mass formuls (Garvéy 1966). The
results of these predictions are summarized in Table 2, along with
the corresponding prediction for the T = 2 level in 12B, from IIT-3,
and the pertinent references. For convenience, the experimental
results reported by Cerny are also included in this table.

The Q-values for the reactions in question are probably the

most negative of any reaction yet studied in nuclear physics
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(Q ~ =31 MeV); Thus the bombarding energy required to Iuitlate Lhe
reactions is for beyond the maximum available from the Caltech
tandem accelerator, and the measurements had to be made at another
laboratory which offered a higher-energy proton beam and a spectro-
graph. In aqdition, photographic plates could not aiStinguish the
particles of interest well enough from other particles that were
expected to be present, so the spectrograph should be equipped with
adequate detectors, at the focal plane.

A first attempt at these measurements was made by Barnes in
collaboration with workers at the University of Minnesota (Olsen 1968),
using the proton linear asccelerator. TFor this work the bombarding
energy was 40 MeV, and an array of 32, 1000-u, surface-barrier
detectoré was employed for particle detection at the focal plane of
the spectrograph. No groups were seen in the regions of interest in
either thé triton or 3He spectrum at 30° in the lab, but the results
were inconclusive because of serious problems in particle identifi-
catiomn.

In return for assistance from the Caltech group in the pro-
duction of a set of l4C targets for snother experiment of interest
to physicists at Oak Ridge, machine time on the Oak Ridge Isochronous
cyclotron was made available for a second attempt to find the T = 2
states of interest, with the new and thicker targets. These measure-
ments Wefe also made at 40-MeV incident proton enefgy. Particles
from the reaction were observed at the focal plane of the broad-range
spectrograph by two solid-state position-sensitive detectors, 5 cm

in length. This run was plagued by o mumber of problems, some
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associated with the experimenters' unfamiliarity with the laboratory,
and some attributed to instrumentation difficulties.  Though a
considersble amount of time was lost, the (p,t) reaction was studied
at 30°, over a wide range of excitation energies cenfered at the
value predicted for the T = 2 state in 120. Again, no groups were
seen above the continuum yield and background. However, some particle-
identification problems persisted, so that the conclusions still re-
mained uncertain. From observations of lower excited states during
this run, it was obvious that particle identification was considerably
improved at.higher triton energy. Thus ancther run was scheduled at
Oak Ridge, to be made at 50 MeV bombarding energy. Again, the (p,t)
reaction was studied in detail, and finally a narrow (T < 50 keV)
group was located. Again a survey was made over several MeV in
excitation energy. The data from this run will be discussed in detail
in Section B of this chapter.

A third run was scheduled at Oak Ridge to examine the (p,3He)
reaction; In sharp contrast with the two previous oécasions, this
run was quite straightforward, partly as a result of the experience
gained from the previous work, and also because the particle identi-
fication was considerably improved for 3He particles. The bombarding
energy was chosen to be 63 MeV, to improve the yield of the reaction,
and the particles were again observed by position-sensitive detectors
at the speétrograph focal plane. Two reasonably narrow groups
corresponding to states in l?B were observed in the region of exci-
tation from 10 to 15 MeV. These measurements are discussed in Section

C of this chapter.
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The.final section of this chapter is concerned with the

prediction of the mass of 12Be from the results of these experiments.
B. The Reaction 14C(p,t)120
1l. Experiment

Fof the final measurements of the reaction l%c(p,t)lgc, the
beam energy determined from the 153° analyzing magnet was 50.535 MeV.
The two position-sensitive detectors were placed approximately midway
along the focal plane of the Oak Ridge broad-range spectrograph.

Both detectors were covered with foils consisting of 3-mil aluminum
plus 1l-mil mylar.

7 The first observations were made to establish the identi-
fication of the tritons in the energy spectra from the detectors.

To this end, particles produced by bombarding sn aluminum foil were
observed at a magnetic field set for ~17 MeV tritons (near the energy
calculated for tritons from the léc(p,t)lzc reaction corresponding to
the predicted excitation of the T = 2 state). At this field setting,
nuclear reactions on aluminum produce deuterons, tfitons and alphas
at the detectors, but no gt (from Q-value considerations). The
tritons and alphas were stopped in the detector while the deuterons
penetrated through the active region. Thus the highest-energy events
forming a narrow line in the energy spectrum were identified as alpha
particles. The tritons were then located as a shafp line at an energy
Eﬂll . To confirm this identification, the 1407target was inserted,

3
and alpha-particle groups were cbserved from the 14C(p,a)llB reaction
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corresponding to the ground and low-excited state of llB.

A typical energy spectrum from the detectors is shown in
Figure 8, The gains were adjusted so that the alpha line was off-
scale, for the triton measurements. The triton group falls at ~channel
30. The broader group at ~ channel 14 is identified as deuterons. The
smooth background is produced by a high-energy taii associated with the
elastic protbn groups (which have nearly the same rigidity as the tri-
tbns of interest), and, in part, by neutrons. (The latter contribution
was confirmed by a short run with the spectrograph field turned off).
The elastic protons apparently produce the high—energy background by
scattering from nuclei within the detector along the active region;
the protons thus deposit a considerably greater energy in the detector
than the mean energy-loss for the protons passing through the detector.

The two-dimensional data array corresponding to this energy
spectrum is shown in Figure 9. The diagonal cutoff on the right side
is associated with the edge of the detector (see Appendix B). The
triton line is again evident at (energy) channel 30. The high-energy
tail from the elastic protons is seen as a broad smear on the left
side of the array. Because of the logarithmic display scheme used,
the deutefon group is lost in the background in this figure.

The triton spectrum was surveyed at 30° in the lab, over a
range of energy corresponding to exciltations in 120 from 24.3 MeV
to 29.4 MeV. The results of this survey are shown in a composite
spectrum (Figure 10). Only one narrow group identified as tritons
was observed above the continuum yield. The second group in the

composite spectrum, to the left of the triton group, is associated
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with the elastic protons discussed gbove. To confirm the identi-

120, the 140 target

fication of the one triton group with a level in
was replaced by a natural carbon target of similar thickness and
construction, and the tritons produced by bombarding this target
were observed in the region where the group had been seen (insert
in Figure 10). The 140 target was then reinserted and the group of
interest was observed at 25° and 20° in the lab. A typical triton
spectrum is shown in Figure 11, for a run at 25° spanning the
observed triton group. It was not seen in runs at 15° and 10°.

In changing from one anglé to anéther, the focal plane was
not adjusted for changes in the kinematic broadening of the group.
: A calculation of this effect showed that the group should be gquite
broad at 10°, with the focal plane adjusted as it was for 30°. The
focal plane was reset for the 10° kinematics, and a survey of the
triton spectrum was again made (Figure 12). No narrow groups
(other than that associated with the elastic protons) could be
clearly discerned above the continuum at this angle.

Because of the limited accelerator time remaining, no
further investigation of the angular distribution was possible.
The magnet was moved to 20° and the focal plane was suitably ad-
justed. The narrow group was quickly located. A careful position
and field measurement was then made, with the kinematic-angle
defining slits at the spectrograph entrance reduced to improve the
resolution. Several alpha-particle groups from the 14C(p,a)llB
reaction, corresponding to the ground and first-three-excited

states of 1lB, were observed for position and Q-value calibrations.
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An slpha-particle spectrum produced by bombarding the aluminum
target was alsordbserved at approximetely the same fields, to
establish clearly the edges of the detector. Some typical alpha
spectra are shown in Figure 13.

The 140 target used for these measurements was brought back
to Caltech where the thickness and composition were measured (see

Section IT-C, and Figures 5 and 6). The thickness data are sum-

marized in Table 3.

2. Excitation Energy

. For an accurate determination of thé excitation energy of
the observed 120 state, the position of the group (and hence its
energy) must be precisely extracted from the data. The relation-
ship between pulse height, in the recorded position spectra, and
position along the focal plane was constructed froﬁ a comparison
of the calculated positions and observed spectra forlthe alpha-
particle groups corresponding to states of 11B. In particular, the
ground-state alpha group was carefully observed at three points
albng the detector spanning the region where the triton group of
interest had been observed. The positions of the alpha groups were
calculated from the beam energy measured by the field at the 153"
analyzing magnet, the measured target thickness, the spectrograph
field, and the known masses and excitations (Mﬁttaﬁch 1965, Ajzenberg-
Selove 1968). A best-fit polynomial (in the least;squares sense) was
constructed for calculaeting positions (Figure 14). The excitation

energy for the level in 12C was then calculated from the position
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determined from this calibration, the spectrograph field, thce bheam
.energy, target thickness and nuclear masses.

The results of this calculation are summarized in Table 4,
for the 120 level and the observed alpha particle groups. The data
in this table include all the observations of the triton group in
the number-2 detector, chosen for the Q-value measurement. (The
number-1 detector was not calibrated carefully, so no final results
have been taken from the data observed by this detector.) During
the 30° scan, the deuteron group from the l4c(p,d)130 reaction
corresponding to the lowest T = 3/2 state in 13C(Ex = 15.112 MeV)
was observed. The calculated excitation for this level is included
in Table 4 for completeness. However, this observation was not used
as an additional calibration because:

(1) a small change was made in the electronic circuitry
after the 30° scan, but before all the observations listed in Table 4,
which could have affected the position ealibration, and

(2) +the deuterons observed fell at ~ channel 15 in the
energy spectrum, while the alphas and tritons were generally ob-
served near channel 40. Thus the zero point correction for the
position spectrum is very important in comparing these spectra, and
- the measurement of position zero was somewhat in doubt.

Energy loss in the target was calculated from the stopping
power formula given by Barkas (1964), with shell corrections. The
reaction angle was not adjusted to an effective wvalue depending on
the kinematic-angle aperture (see Hensley 1969), since the focusing

properties of the Oak Ridge spectrograph should compensate for this
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effect in first order, and the effect is small in any case.

The final value for the excitation energy was determined
by averaging the results in Table 4, with the observation made at
20° with reduced kinematic-angle aperture having twice the weight
of the remaining observations.

Because of the procedure used for calibration which located
the triton peak in relation (principally) to the ground-state alpha
group, the uncertainty in the excitation energy is rather sensitive
to (and dominated by) the uncertainty in the beam energy. Since
the alpha-particle and triton groups were observed at the same
position and the uncertainty in the position of the tritons is equal
to that in the position of the alphas, the dependence of the exci-

tation on the beam energy can be written
= - (=, (=, () B, )
) \SEp ]y \3Eg)y \OR [ \3E4[y \SEy g

For a uniform-field spectrograph,

so the above relation becoTes

dE_ =(6Ex) +(8EX) (E3)_b
5

dEl Sﬁz BES t (ES)G

Inserting the numerical values for the kinematic factors

at 20° gives the result



28

From a comparison of calculated and obgcrved locenl-plonc
positions of states wlth preciscly know Q-values In numerous nuclel,
observed in elastic scattering or reactions such as (p,d) by photo-
graphic emulsions at the focal-plane, the precision of the beam energy
has been found to be approximately 30 keV or less. Then the resulting

excitation energy and uncertainty for this level is

Ex = 27.595 + 0.020 MeV.

3. Angular Distribution

The partial angular distribution measured for the 27.59-MeV
state is shown in Figure 15. The horizontal bars indicate the spectro-
graph aperture (in the center-of-mass system), while the vertical bars
indicate the uncertainty resulting from counting statistics and back-
ground subtraction. An additional uncertainty of 20% is assigned to
the absolute normalization. The points indicated at 14° and 19° are
uppef limits estimated from the data in the region where the level
was expected, although no group could be discerned above background
at either of these angles. The target thickness used in extracting
the cross section was obtained from the measurements in Table 3,
corrected for hydrogen content in the target, assuming the polymer
to be (CH)n.

Though the observed distribution is far from complete, it
dces not appear to be consistent with the usual L = O pattern
expected for the lowest T = 2 state, since the forward-angle peaking

was not observed. However, & DWBA calculation of the I, = O distri-
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bution, using the potentials suggested by Cosper (1967) for
lEC(p,t)lOC (Appendix C), predicts an angular distribution which is
qualitatively similar to the observed distribution (Figure 15);
while the detailed shape of the predicted distribution i1s sensitive
to the radial dependence of the gbsorptive potential, no strong
forward-angle pesking is predicted at this bombarding energy.

Since the distribution measurements are incomplete and the
experimentai uncertainties were rather large, nolfirm L-value assign-
ment can be made from these data. Because of the inconclusive nature
of these measurements and the unorthodox shape predicted for the
angular distribution at this bombarding energy, further study of
this reaction is of considerable interest, both to extend the measure-
ments at this energy and to measure fhe distribution at higher energy,

where the L = O shape is predicted to be peaked at forward angles.

4, Width

From the abservgd width of the triton group and the calculated
resolution at the focal plane of the spectrograph, an uﬁper limit can
be placed on the width of the 27.59 MeV state. The resolution was
calculated by adding quadratically the contributions from energy
losses in the target, residual kinematic broadening, and broadening
produced by the last beam-focusing guadrupole lens before the target
chamber. The last two contributions were calculated by a computer
code (availsble at Oak Ridge) from the reaction kinematics, spectro-
graph aperture, focal plane orientation and quadrupocle current. For

observations of the ground-state galpha-particle group and the 27.59-
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MeV state of 12C at. 20°, the various contributions to the resolution

and the observed widths (in particle energy) are summarized in Table 5.
The calculated resclution 1s dominated by the contribution
associated with the beam focusing (quadrupole). From a comparison
of the calculated resolutions and observed widths, it is apparent
that this term was overestimated in the initial calculation. The
quadrupole term was re-estimated by fitting the observed width of
the llB(g.s.) alpha group, using the target and focal plane terms
listed. The new value extracted for the guadrupole term was scaled
by the ratio of the previous values for this term for the two groupé,
and this value was used to compute the revised total resolution
listed in the table. This entry is consistent (at least) with the
observed widths, though not reliable enough to extract a meaningful
value for the width of the 12C level of interest. An upper limit
for the width can be established by dropping the guadrupole term
from the resolution and calculating a minimum resolution from the
target and focal-plane terms. The results for the two observations

listed are
' < 35 keV

It is likely that this is a conservative estimate and that

the actual width is considerably less than this limit.

5. Conclusions

In this study of the reaction 14C(p,t)lEC at 50.55 MeV

bormbarding energy, only one narrow triton group corresponding to a
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state in 120 was observed in the region of excitation energy near
that predicted for the lowest T = 2 state. Because of its narrow
width (for such high excitation enefgy), and the excellent agreement
between the predicted and measured excitation energies, this level
is identified as the lowest T = 2 state. Because of the ambiguity
resulting from the incomplete measurement of the aﬁgular distribution,
further study of this state by the same reaction is of considerable
interest, to verify the spin and parity of the state.

An intensive effort has beenﬁmadevby Black and collaborators
at the Australian National University to locate this level as a
rescnance in an isospin-forbidden compound-nuclear reaction. Results
for studies‘of lOB + d and 11B + p have indicated no resonances in
the region of interest (Black 1970). With the aid of the results of
the present l4C(p,t)lEC measurement, a study was undertaken by the
Australian group of the capture reaction 9Be(5He;77)lEC, over a
narrow range of excitation. The y-decay is assumed to cascade through
the lowest T = 1 state at 15.1 MeV. Preliminary results of this search
indicate é-weak, narrow resonance corresponding to a 12C excitation of
27.585 + 005 MeV, in good agreement with the present experiment. The

width of the resonance cbserved is of the order of 5 keV or less.

C. The Reaction l4c(p, SHe)laB

1. Experiment

3

For the léc(p, He)l2B study, a 144 target similar to the one

used in the 14C(p,t)120 measurements was employed. These two targets



were prepared simultaneously; the polymer layers dre_expected to have
equal thickness, ﬁithin ~30%, and the gold layers were expected to be
of the same thickness within ~10%. For this run, the beam energy
was 63.4 MeV. The detectors were again placed midway along the

focal plane; For the initiai work, a 1l-mil mylar foil was placed in
front of the detectors.

To establish the particle identification, the energy scale
in each deteqtor was calibrated by observing the two alpha-particle
groups from a ThC' source positioned directly in front of the detec-
tors. The SHe++ ions were then identified from combined energy and
rigidity measurements. A particle group identified as alphas were
evident at -ZE(SHe) confirming the particle identification. A
typical spectrum of energy deposited in the detector is shown in
Figure 16.

The 3He spectrum was surveyed over a coﬁtinuous region corre-
sponding to laB excitations from 5 to 17 MeV, at 20° in the lab. A
prominent, narrow group was observed near the predicted excitation
for the Top (T = 2) state, as shown in the composite 20° spectrum
(Figure 17). Another group observed at somewhat higher excitation
was not as strongly populated, and in subsequent runs there was in-
conclusive evidence of a closely spaced doublet of levels. To confirm
the correspondence of the cbserved groups with levels in 12B, the 140
was replaced by a-l20 target prepared in the same way, and the 5He
spectrum produced by bombarding this target was observed at the
appropriate field settings (insert in Figure 17).

The léc target was then reinserted and a study of the angular



33

distributions was begun. A typical 5He spectrum showing the lén

state at 12.7 MeV excitation from a single run at 8° is shown in
Figure 18. At first an attempt was made to study the anpular din-
tributions for both of the observed groups simultaneously by obscrving
one group in each detector. This was not feasible, however, since the
. detectors could not be placed sufficiently close together to ﬁrovide
‘unaMbiguous results for both groups, because of the mounting hardware
used. The two groups were then observed in separate runs at 6%, 10"
and 15°, but the measurements on the weaker group (or doublet) at
higher excitation had to be discontinued to save time. The lower
level was then observed at 8°, 12.5°, 17.5°, 25°, 30°, 35°, and 41°
to provide a more complete angular distribution. For these measure-
ments, the focal plane was readjusted to the proper position for each
angle.

With the spectrograph positioned at 8° in the lab and a S5-mil
Al foil added in front of each detector (to provide better particle
idéntification at higher particle energies), careful position and
field measurements were made for the 12.7-MeV state, for a Q-value
determination. Then the 3He group corresponding to the ground state
of lEB was observed for a Q-value calibration.

Finally, the 5-mil Al foils were replaced by ladder masks of
10-mil Al. Alpha particles from a ThC' alpha source were observed
through these masks, to provide zero determinations (see Appendix B)
and position-dispersion measurements. The dimensions of the masks

were measured later by a travelling microscope.



e lixedtollon Fnergy

The uxcitutjun cnergles for the Ltwo levela obgerved In Lhe
region of interest were calculated from the exiting particle energy
measured by the spectrograph, the beam energy determined by the
beam-analyzing magnet, the target thickness measured for the match-
ing 144 target (Table 3), and nuclear mass tables (Mattauch 1965).
For the spectfograph energy measurements, a position calibration
curve was constructed, for one of the detectors, from the ThC'
alpha-particlé spectra observed through the ladder mask (Figure 19).
The effective center of the detector was adjusted to give zero ex-
citation energy for the lgB-ground—state group observed at 8°. The
center determined in this way agreed within 0.5 mm with the nominal
center of the detector. The second detector was not calibrated
precisely for Q-value calculations, since most of the measurements
were made with the first detector, including all the observations
of the calibration groups (principally the 12B ground-state group).

The results of these calculations are presented in Table 6
for cbservations of the 12.7-MeV state at seven angles, and for
one observation of the 14.9-MeV state. In addition, excitations
calculated for the lEB ground and first-excited states and for the
first excited state of Ty (observed at 8°) are included.

For the determination of the final value for the excitation
energies, the values in Table 6 were averaged, with the results for
6° and 8° having twice the weight of those from the other angles

because of the higher resclution used for these megsurements, and
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the higher yield. The uncertainty in the result was calculated by
adding quadratically the contributions from the uncertalinty in

beam energy (see Section IV-B-2)

AR = 0.284 AE
a L

and that from the uncertainty in exiting particle energy resulting
from uncertainty in position, estimated from the gscatter in Table 6.

The. final result for the excitation energy for the 12.7-MeV level is

E =12.710 +* 0,020 MeV

and for the i4.9—MeV level is

E = 14,860 + 0,030 MeV.

3. Angular Distribution

The angular distribution measured for the‘l2;7-MeV state
and the partial distribution measured for the 14.9-MeV state are
shown in Figure 20. The horizontal bars indicate the spectrograph
aperture (in the center-of-mass) and the vertical bars indicate the
uncertainty resulting from counting statistics and Background sub -
traction. An additional uncertainty of 20% is assigned to the
absolute normalization. The target thickness used to extract these
cross sections was taken from the results in Table 3, corrected for
hydrogen content, assuming the polymer to be (CH)n.

The smooth curve shown for the angular distribution of the

12, 7-MeV state is the calculated L = O distribution from the code
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JULIE. The defails of the potentials used and the method of cal-

culation are summarized in Appendix C. The experimental distri-

bution is clearly in good agreement with the predictions for L = O.
The partial distribution for the 14.9-MeV group is insuffi-

cent to make an unambiguous assignment of L-value.

4. Width

Trom the widths of the cbserved 3He groups and the calculated
resolution at the focal plane of the spectrograph, estimates for
the widths of the two observed levels have beén made. For several
observations at 8° with a kinematic aperture of EQ.and at 10° with
a 4° aperﬁure, the contributions to the resoclution for the ground
state and two excited states of interest, and the observed widths,
are summarized in Table 7.

For ‘these measurements, the calculated resolution is dominated
by the energy loss in the target. The estimated energy-loss strag-
gling in the target is small compared with the remaining terms, and
has been négleéted. The observed width of the ground-state group
is somewhat larger than the calculated resolution. This may result
in part from the position resolution of