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, » ABSTRACT _

The'masé 13, 21, and 37 isospin T = 3/2 quartets have been
completed through a series of nuclear reaction investigations. A
standard particle identifier was used to measure the mass of the T
-3/2 nuclide 130 via the. 16 ( He ,6He)l30 reaction at 65 MeV. An im-
proved partlcle-identification system, which employed two transmission
(4E/dax) and one stopping (E) detector, was used to determine the masses
of the T = -3/2 muclei “'Mg and 3'Ca via the 2o (e, Oe )2 g and
lLOCa(3He,6He)37Ca. reactions at 56 MeV. The first three T = 3/2 levels

Ne were established by a simultaneous study of the 2Ne(d,t)ZlNe
. ) Ne(d,SHe) 2lp reactions at 39.6 MeV, while the 23Na(p,t)ZlNa
reaction at 42 MeV was utilized to observe the lowest T = 3/2 level
in 2lNa. Excitation energles of the lowest T = 3/2 levels in 37K and
3Tar were determined via the 39K(p,t)37K and 39K(p,3He)37Ar reactions
f‘induced by 45-MeV protons. Data from the complete isospin quartets
-were used to. test the isobaric multiplet mass equation and the various
predictions of masses of neutron-deficient nuclei. Preliminary studies
of the angular distributions of the “20(3me,%me) 30, Po(3me,fr1) 3y,

He, He
16O(3He,7Li)lzN, and l60(3He,7}3e)120 reactions at 70 MeV are also
. presented.
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e I. INTRODUCTION

v Of particular interest in the general study of nuclear spec-
troscopy is the delineation throughout the nuclear chart of the iine
of particle stability—-that is, the determination of the lightest and
heéviest‘isotopes of each element which are stable with respect to
nucleon emission. In general, theoretical approaches to this problem
(see Refs. 1-3) have concerned themselves with the lighter nuclei and
" have beén'éither somewhat qualltative in thelr predilictions or were un-
able to predict nuclear masses unless the mass of the conjugate nucleus
| was known. The recent theory of Kelson and Garvey overcomes'these
6bjections and makes éxplicit mass predictions for all particle-stable
nuclei with a high degree of accuracy, as far as 1t can be tested.
it 1s one of the purposes of this thesls to develop an experimental
téchniqpe capable of measuring the masses of nuclel that are three
'neutrons.removed'from B—sf&bility (Tz = -3/2 nuclel such as 13o) by
the three-neutron transfer reaction (3He,6He) as a'method of evaluating
“the varilous theoretical approaches toward the prediction of the line '
of particle stability. ‘ '

Of additional interest is the fact that nuclei three neutrons
from B-stability in the light elements (e.g., 90, 37Ca) complete iso-
s?in quartets, thereby permitting one to test the isobaric multiplet
mass eqpation5’6 (IMVE):

M(A,T,T,) = a(a,T) + B(A,T)T, + c(A,T)T.

Since this eqpation relating.the masses of members of an isospin mul-
- tiplet possesses three coefficients, its validity can be independently
. tested only if four or more members of an isospin multiplet with T > N
3/2 are known. Although this equation was originally proposed by
4 Wigner and Feenberg5 in 1941, its experimental study has only very

. recently become possible and results have been reported only for
the mass 9 isospin quartet.7 We wish to contlnue this study and
investigate the IMME over a reasonable change in the Coulomb energy

through the completion of the mass 13, 21, and 37 isospln quartets.
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in order to‘ébﬁﬁlete-theée qpartets_it wésﬁnecessafy'to employ various
one- and two;nﬁ¢leon'fransfer reactions, such as the (d,t) and (p,t)

reactions, on'appropriate.targets to locate the T ;'3/2 states in the
T, = +1/2 and -l/ZVmembers'of the quartets. These data, in conjunction

with the data from the (3He,6He) experiments, completed the isospin

quartéts.sincé the masses of the Tz = +3/2 nuclei were already known.
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' II. THE ISOBARIC MULTIPLET MASS EQUATION
Evidénce 1s cOntinually‘being fouhd in low-energy nuclear pro-
cesses for the preseﬁce of a further constant of the motion that is
similar to the well-known anguiar momentum and parity coﬁstants of the
motion. These observations may be simply interpreted if the charge
independence of nuclear forces 1s assumed, and the isobaric spin for-
malism provides a useful expression of this hypoﬁhesis-—it states in
- effect fhat total ilsobarilc spiln is conserﬁed ih‘fuﬁdamental nuclear
processes. To be more specific, thé charge-independence hypothesis
states that the specifically nuclear forces between pairs of nucleons
in corresponding states of relative motlon are independent of charge.
'For‘éxémple, the nuclear forces in the proton~-proton, neutron-neutron,
and proton-neutron systems in the lS state of relative mbtion are all
assumed equal. The first direct evlidence for the credibility of the
‘charge-independende hypothesis came from low-energy proton-proton scat-
‘tering experiments.8 When compared with existing information on the
neutron-proton interaction, which was derived from the scattéring cross«I
seétion for slow neutfons by protonsAand from the binding energy of the
deuteron, these results suggested a very similar central potential for
the proton-proton and neutron*proton systems 1In the lS state of‘rela-
-tive motion. . . »
' In the isoba?ic-spin formallsm 1t 1s possible to treat low Z
“nuclei as assemblies of identlcal particles by introducing a general.
particle (the nucleon) with two isobaric spin projections: +1/2 for
a neutron and ~1/2 for a proton. These are then defined to be eigen-
values of TZ, the z=component of the isobaric spin quantum number T.
T is a constant of the motion for the charge~lndependent nuclear Ham-
iltonian (which omits Coubomb forces), and the constancy of TZ expresses
~ the conservation of charge. The z-component of the isobaric spin of a
B complex nucleus consilsting of Z protons and N neutrons is clearly
| ”"Tz = (1/2)(N-Z2). Since the charge—independenqe hypothesils implies
that T is a good gquantum number, there must exist isobaric spin mul-"
- tiplets consisting of 2T + 1 isobaric nuclei with-Tz values ranging

- from =T to +T. Each nucleus of this multiplet possesses an energy
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blevel (not necessarily the ground state) of" the same binding energy
(after taking into account Coulomb forces and the neutron~hydrogen

- atom mass difference) and the same parity and total ‘angular momentum

'aAs may be seen from the expression for T 2 the isobaric spin T 1s in-
tegral for even A and half-integral for odd A.

, : The ZT + 1 members of an isobaric miltiplet have eigenstates
‘_ITTZ) that-are then_ldentical except for Tz’ If the total charge-
.dependent perturbation (nuclear plus Coulomb) to the nuclear forces
“is v, then, under the assumption that the nuclear wave functions are
- unaffected by the perﬁurbation to first order;»the masses of the mem-

bers of an isobaric miltiplet are glven by the formula:5’6’9
M(4,T,T,) = constant + {TT,|V[TT,).

If V 1s the sum of two-body interactions”only, then 1ts expansion into

'ISAa set of irreducible tensors in isobaric: spin space does not g0 beyond

q‘”fthe second rank'

‘M(A,T,T,) ='constant +Zak(TTZIT(gk)ITTZ) k < 2.
'By the Wigner-Eckart theorem this becomes (using a 3-j symbol):

constent ‘_*Zak(-l)T'T._z FEz )(T”T(k)“T) x <z

. M(A,T,T )
Z T,0 T,

constant, + constant,XT, + constant3X[T§ - (1/3)T(T+i)]‘.
= a(A,T) + b(A,T)T, + c(a,T)T° ,

which is the usual form of the isobaric multiplet mess'equation (IMVE).
‘Second~ or higher-order perturbations in V or three-body forces would
. cause a breakdown of the parsbolic character of the IMME.

Slnce this eqpation relating the masses of members of an iso-

: baric spin (isospin) multlplet possesses three coefficlents, 1ts. valld-

f|‘,ity can be independently checked only if four or more members of a
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multiplet with T 2j3/2 are known. In this case the masses of three
members'of'the multiplet determine the coefficlents and hence the posi-
tion of the fourth (or higher) member of the multiplet without further
| assumptlions. In the past a lack of experimental data on complete 1g50-
spin multiplets with T > 3/2 prevented any testing of the IMME. It
should be poinﬁed out that agreement with the IMME'does not necessarily
imply that nuclear forces are completely charge independent, though the
magnitude of ahy observable disagreement‘would certainly be of theoret-
ical importance. If agreement with the IMME is found within the‘exper-
imenfal errors, then one cen test the charge-Independence hypothesis
only by calculating the b(A,T) and c(A,T) coefficients of the IMME
using realistilc Coulonb interactions.

The mass. 9 isospin quartet was the first guartet in which all
~ four menbers were experimentaliy determined and good. agreement with
the IMME was ‘found-T Prior to this work, some calculations involving
the TMME in the light nuclei had been made,lo but due to insufficient
data had to rely on various assumptions, such as the assumption that
the b(A,T) and c(A,T) coefficients of the IMME do not change with iso-
spin. Wilkinsonl™ has parameterized the b(A,T) and c(A,T) coefficients
for nuclei in the lp shell into various expected charge~independent and
cherge-dependent terms and obtalned falrly good agreement with the data
from isobaric doublets and triplets. Such an approach will presumably
be necessary to test more precisely the charge independenee of nuclear

forces as more data on isobaric quartets and quintets become available.
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) ITY. EXPERIMENTAL PROCEDURES
A. Cyclotron, Beam Optics, and Scattering Chamber

Conventional cyclotrons were usually limited to accelerating
ions of a fixed charge-to-mass ratio q/m to a fixed energy, whereas the
sector-focused (SF) cyclotron (e.g., the Berkeley 88-inch cyclotron)
can accelerate ions having a variety of g/m values to a wide range of
final energies. With the more elaborate magnetic field configuration
of the SF cyclotron, the requirements of phase stability and axial
focusing can each be precisely satisfied. Therefore acceleration is
more eff&cient and the quality of the beam from the SF cyclotron rela-
tive to the earlier cyclotrons is greatly improved in terms of energy,
-éeometric dispersion, and intensity. The decoupling of the problems
of phase stability and axial focusing means that accelerating ions to
moderately relativistic velocities is possible. In our case, the 88-
inch cyclotron can accelerate protons to a maximum energy of 55 MeV,
deuterons to 60 MeV, 3He-particles to 150 MeV, and 4He-particles to
130 MeV. o
The layout of the 88-inch cyclotron and experimental area is
shown in Fig. 1. The beam was extracted from the ecyclotron at a radius
of 39.3 inches by means of a tungsten septum and an electrostatic de-
flector. After the beam passed through a radial collimator, a quadru-
pole doublet and a vertical collimator, it entered a beam analysié
magnet where it was deflected toward the experimental cave. Another
quadrupble lens was required to produce a radial focus at the analyzing
slit, which was .an adjustable slit that permitted a momentum analysis
of the beam. The expected enérgy resolution of the beam after analysis
wes ~0.14%. The beam was then focused to a spot typically 0.06 inch
wide by 0.10 inch high in the center of a 20-inch scattering chamber
by means of two additional magnetic quadrupole doublets. Four adjust-
able tantalum collimator blades were located 28 inches in front of fhe
scattering chamber but these collimators were usually set at O.h4 inch
wide by 0.4 .inch high so that they served only as clean-up collimators.
A 1/4-inch-square tantalum clean-up collimator was located 8 inches in

front of the scattering chamber center. The angle at which the beam
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' g'by means of range -energy tables that were coded at this laboratory

PR

passed . through the center of the scattering chamber was determined by .
, obserVing (v1a remote telev1sion) its impact on luminous folls placed
at the center of the chamber and. 28 inches downstream '
Beam intensities used in these experiments varied from O 05 to:
‘l 5 nA, depending on the scattering angle and the nuclear reaction
» being studied. The accumulated beam was nmeasured with a Faraday cup
(protected against charge loss and galn by a permanent magnet) and an
.1ntegrat11g electrometer Five remotely controlled ten-position foil '
.wheels-—located between the scattering chamber and the Faraday cup,
~ and containing various thicknesses of aluminum absorber-were used to .
~ determine the mean energy of the beam. A plot of beam intensity at
_the Faraday cup versus thiCkness,of_aluminum absorber was used to dee-

termine the amount offabsorber corresponding to one-hglf the maxinum

B beam intensity. These ranges in aluminum were converted into energies

12°

and’ agreed very well with available experimental datae and prior com-

' Pﬂ putations. 3 ;

The scattering chamber had two independently moveable turrets
with counter axes that passed through the center of the chamber at

angles 10 deg above'and below the median plane so that scattering anglesi'
+ from 10 to 170 deg were observable The details of the scattering cham-- |

ber have been described in Ref 14, so we will only present here those

.places in which significant changes have been made. Counter telescope -

.7 gssemblies (completely different from those used in Ref. 1k) were lo- -

cated Just outside the: scattering chamber and could -be isolated from

it by 2 vacuum valve. " The detectors were mounted on aluminum detector

- holders which were then fastened to the 1id of the external counter

" telescope assembly.

. Rectangular tantalum collimators with approximate dimensions
-”,iof 0.085 inch wide by 6. 200 ‘inch high were used and were located ap- .

Afg,'proximately l8 9 inches from the center of the scattering chanmber,
©* thereby subtending an angular width (radial) of O. 26 deg and a, solid

angle of 5><1O.~5 ST The counter assembly could be rotated symmetrically

ff} about the axis which'passed.through it and the center of the scattering -

L I P

&

-,
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chamber; this enﬁbled the‘vertical collimator height to be positioned
always perpendicular to the scattering plane. When a gas target was
used, an additioﬁal set of collimators (radial only) was atbtached to
the counter assembly at a distance of 4.3 inches from the center of
the scattering chanmber.

A counter»which:moﬁitored the target stability and the beam
energy was located in one df the viewing ports of the center station-
ary section of_thé scattering chamber. This counter was in the median
plane at a fixed scattering angle of 27.5 deg and was collimated so
‘that it subtended approximately the same solid angle as the counter
telescope systems. The monitor counter was normally used to detect
the elastically scattered beam particles. Exceptions occurred when a
high~energy proton or deuteron beam was used and the available detectors
were not thick enough to stop the elastilcally scattered beam particles;

in this case, a reaction .such as (p,x) was monitored.

B. Targets

1. Gas Targets

A target gas cell 3.0 inches in dlameter by 1.25 inches in
| heilght and with a 315 deg continuous window made of 0.1 mil Havarl5
foil (2.11 mg/cmz) was employed for the bombardment of gas targets.
" Gas pressures were determined by means of a mercury manometer and the
temperatures by a thermometer placed near the scattering chamber. A
mercury displacement pump was available for the recovery or rare gases.'
. Dry natural oxygen at pressures of 23.8 to 32.4 cm Hg was used for the
| l6O target during the study of the l60(3He,6
enricheat? to 91.3% 22 (8.29 O and 0.5% 2lNe) for the study of the
?zNe(d,t)ZlNe and 22N’e(d,BHe)ZlF reactions was contalned in thils cell

at a pressure of 21 cm Hg. Nitrogen gas enrichedl7't0‘> 99% lSN, which
6

He)l30 reaction. Neon gas

- was used as a callbration target during the l60(3He, Hb)l30 experiment,

. was bombarded in this'gas cell at a gas pressure of 24 cm Hg.
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2;’ Solid Targetsb , , v

l Several 12C targets were used to provide calibratlon reactlons
-during some of the experlments These targets were obtained by pre-
. paring a dilute solution of,colloidal graphite in alcohol and acetone
~ and tnen spreading a thin layer of the solution onto a nirror. Once
'4the‘solution had'evaporated, the residual film was floated off in
i water, collected, . and then dried. Self-supportlng targets about 0.5

'mg/cm thick were obtained by this method. .The oxygen impurity was
'removed by heating-the targets to 1400°C in a vacuum and allowing them
to cool to below 200°C before exposure to air. _

. . The 23Na target was prepared by evaporating NaH (which decom-
posed-when‘heated) onto a glass plate in vacnum.‘ The glass plate had

previonsly'been coated'with a thin, evaporated layer of hexadecylamine

so that the soddum target was readlly floated off in dry hexane. This

.' self-supportlng target («d mg/cm ) was transferred t0 the scattering
.. chamber under an inert (argon) atmosphere but was found to contain

apprec1able oxygen contamination.

18

zuMg'target, enriched™ to 99.8% 21*Mg, was prepared by evap- .

'i oration onto a glass plate in vacuum. The target (1.1 mg/cmz) was

"”ﬁvthen peeled off in a mixture of water and alcohol, and mounted in a

i target frame.

A 39K target was prepared by evaporating natural potassium - ..

(93. l% 39 metal. onto a glass plate in vacuum and then floating it

| "p'off in hexane. This self-supporting target (0.8 mg/cm ) was allowed

'F;:toroxidize slowly before it was transferred to the scattering chamber-—rf”‘

'“',the\oxygen impurity provided convenient internal calibration points

An evaporated, self-supporting natural calcium (97.0% Ca)

j";f01l 0. 75 mg/cm .thick served as the AOCa target. This target was
“g:also transferred to the scattering chamber under an inert (argon)
: jatmosphere, and it was found to contain only a small amount of ~ 0

- impurity.

Q7

s
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© 0. Particle Identification

4e‘For bombardingvenergies above a few MeV simple single-counter
detection systems generally can not be emplOyed'beeause of the many
nueieaflreactions which obscure the reaction of interest. The method
‘_of particle identification used in these experiments made use of a
': transmission counter which measured an energy loss AE proportional to
zthe.réte of ‘energy loss_dE/dx, and a stopping counter which measured
the remaining energy E. The total energy of the perticle can then be
easily calculated (AE + E = Etotal)

calculation (discussed below) based on a range-energy relationship,

and, by performing a more elaborate

the particle type can be determined from the relative values of 4B

and E.

_b Two types of calculation have been employed by different wor- .
kers to determine the particle type from knowledge of the 4B and E

o signals. The first method was based on a simplified form of Bethe's

Vvequatlon for the rate of energy loss. 19 The second method (used in
”all~these experiments) was originally used at BerkeleyzO and is based
' oﬁ the empirlcal range-energy relationship R = gEl'73, where R is the
range ef-the particle, E‘is its energy, and a is a proportionality
constant characteristic of the particle. It has been shown20 that
this range-energy relationship is accurate to within about 2% for pro-
tons, deuterons, tritons, 3He—particles, and O~-particles in the energy
range from ~10 MeV to ~l50 MeV. The use of this range-energy relation-
ship in a particle identifier is illustrated in Fig. 2. The calcula-
tion glven in Flg 2 shows that a quantity T/a here T is the 4E coun-
ter thlckness) can be calculated by generating the function (E + AE)l 3
E:L 73; this quantity 1s characteristic of the type of particle and '
therefbre serves to ldentify 1t. The electronic method of performing

" the above calculation 1s also shown in Fig. 2.

D. Procedures For High-Yield Nuclear Reactions

High-yield nuclear reactions were investigated by utilizing
two of these particle identifiers fed by two independent AE-E sllicon

' detectof telescopes. A schematic dlagram of the electronic setup for
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Fig. 2. Block dlagram of the standard (double-counter) particle
identifier.
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one of iﬁesé two éystems 1s shown in Fig. 3. The AE detectors were

el,z2z2 whereas

5.6;mil phosphgrusadiffused silicon transmission counters,
fhe lZOémil:Ebdetectors,bthe 20-mil rejection detectors, and the var-
1ous monitor detectors were all lithium-drifted silicon counters.

Signals from the reJection detectors were used in anti-coincidence

with thosezfrom the AE-E counter telescope to eliminate long-range
particlesi@raversing the first two counters. Each detector was con-
nected by a short length of low-capacity cable to the input of a fast
rise:timé.(lO-lS nsec; depending on the capacitance of the detector)
cha;ge—éenSitive preamplifier,z2 and via a 10-M2 resistor to the de-
tector bias_voltage supply. Detector bias voltages used in these ex-
periments varied fromvSOvto 1000 V., depending on the detector, and

the leakage currents varied from 0.5 to 10 yA. The preamplifiers

ﬁere connected by about 150 ft. of 125-0 cable to the counting area
there‘tbe signals were fed into linear amplifiers22 with delay-line
‘shapihg netWorks; ‘Tc obtain complete charge collection from the sil-
icon detectors and also to obtaln good energy resolution, the amplifier
shaping networks were operated with time constants in the 1 psec range.
After coinCidence requirements iﬁ the respective AE and E amplifiers
’wéré met; fhe amplified Signals were sent to fhe particle identifiers.

ThiS'fstandardf particle identifier has been quite adequate

. for étudying nuclear reactions which have a reasonable cross section.
:'.This is illustrated in Fig. U4, which shows a typical particle-identifier
,spectruﬁ'from the bombardment of a sodium target with 42-MeV protons.
vClearly very good separation was obtained between the various hydrogen
and helium isotopes in this spectrum. For the study of the 23Na(p,t) lNa“
and 23Na(p,3He) Ne reactions, particle-identifier pulses were fed
into two four-channel routers where single~-channel analyzers were set
around the triton, 3HB, and lLI—Ie peaks (the fourth channel was a narrow
one centered about the deuteron—tritoﬁ valley to make certain no tri-
tons were lost). . The energy spectrum of a given particle was then
| routed into one of the four 102k-channel memory units of a Nuclear
Data L4096-channel pulse-height analyzer; data from the second counter

; telesqopé were recorded in an on-line PDP-5 computer (which served as
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Fig. 3. Schematic diagram of the electronic setup for the standard particle-identifier system.
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. Fig, k. Standard particle-identifier spectrum from the bombardment Of
' a sodium target with 42-MeV protons. The AE counter thickness
was 5.6 mils. ' :
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'a second. h096-channel analyzer) via an eight-channel pulse ‘mltiplexer

‘and a h096-channel analogue-to—digital converter (ADC)

’ *Ek' Procedures For Low-Yield Nuclear Reactions

The performance of the standard partlcle 1dentif1er in the
study of lowayield nuclear reactions was not very good. Although this
R 1dentifier was used in the determinations of the masses of 9C and 13O
;TVla the C(3He He)9C and 0(3He He)130 reactions,T’ 23 the presence:
;:of a relatively high background in the 6He region of the identifier
;spectra complicated the measurements. This background arose primarily
- from rare events. in.which a few of the large number of C-particles

.:stopping Ain the counter telescope deposited an abnormally large amount

-, -of energy in the AE detector: (due to blocking, Landau tall, "nuclear

reactions,' etc. ), causing their ldentification signal to be signif-
icantly higher than normal. When survey experiments on the (3He He)

e reaction on heavier targets showed a decreasing cross section, it

at Berkeley

fbecame necessary to develop an 1dent1f1cation system which eliminated
this background. Thé system which accomplished this was developed
% and a schematic diagram of a typical counter telescope
‘and the electronics for this improved particle-identification system
is shown in Figa 5. '

‘The counter telescope was augmented to incorporate two AR de- -

-urvtectors (denoted AEZ and AEL on Fig. 5). and an E detector. DPulses in

"*’these detectors were. 'amplified .and .fed to a fast-slow coincildence sys-.

.. tem with a fast-COincidence resolving time of 50 nsec. If the coin-

¥ c1dence requirements were met, these three pulses were sent to the

-.particle identifier along with timing pulses. The reJection detector

'_jperformed,the same functlon as described in the preceding section.

- ¥ The triple-counter ldentifier produced three identification pulses

' for each particle and a schematic derivetion of these three pulses.

;:? using the'three'energy signals (AEé,.AEl, and E) and the relationship
R = aEl =13 is presented in Fig. 6. It can be seen that the three

dl}‘identification signals are proportional to the AE2, AFEl, and (AE2 +

AEL) detector.thicknesses, respectlively. The Ident. 1 and Ident. 2 pulses
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 (see Figs. 5 and 6) were then compared; if their fetio agreed within
preset adjusﬁable limits, a linear gate was opened allowing the third
identification pulse (Ident. 3 on Figs. 5 and 6) to emerge as the out-
put of the particle ldentifier. Since there was only a very small
chanee that both AE signals for a particular event would deviate mark-
edly from normal in the same direction by about the same amount, very
few incorrect identificatlions resulted after the comparison-rejection
process. Tests had shown that those particles Wthh lost an abnormal
amount. of energy in a AR detector and were identifled improperly (pre-
dominantly fllllng the valleys of the identifier spectrum) could be
eliminated while 95- 99% of the total counts‘were retained.

The follow1ng data contrast the performance of the standard
and the triple-counter identifier systems. Flrst, Fig. 7 shows stand-
ard particle-ldentifier spectra from the two-neutron pick-up reaction
-,lzc(a,6H )loc at’ 70 MeV with do/dQ ~30-40 pb/sr and from the three-

neutron pick-up reactlon 1z (3He,6§e§9C at 65 MeV with do/dQ A=k
ub/sr. Although a 6He identification peak Was resolved in tieséormer
experiment, the lower cross sectilon ef the latter reaction was insuf-
ficient to cause a'peak'above the general background in this region
of the identifier spectrum. Figure 8 is a “He energy spectrum from
the 120 (3pe,®

and showing the presence of a large background. The improvement ac-

He)9C rea.c_tion7 using the' standard particle identifier

quired with a triple-counter particle-identifier system 1s apparent
in Fig. 9, which presents an identifief spectrum from lZC + 65-MeV
3He——note particularly the greatly improved peak- ~to- -valley ratios.
6He)9c

" reaction obtained using the triple-counter particle-identification

Finally, Fig. 10 is a 6He energy spectrum from the 12C(3He,

system and showing essentially no background. »
Previous experiments had shown that chance coincidences between

two particles "simultaneously” traversing the counter telescope were

a signifieant problem in the study of low-yield nuclear reactions (see

‘Refs. 25 and 26) in that some of these coincidences produced identifi-

-~ cation signals near those of the partlcles of interest. Even though

& 50 nsec fast colncidence was required between the cross-over pickoff
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Fig. 8. A “He energy spectrum from the 12C(3He,6He)9C reaction at 65 MeV.
Thls reaction was investigated using the standard particle ldentifier.



-22-

,"O F - T —— T T T 3
- '2¢ + 65 MeV He -
) " elab = I4.8 deg -
10% - 3840 pC -
‘:1;) - -
3
= - -
&) — s -
; bee -
[oX i - -
2 10° —
c E b
3 - -
o - - —
o B : -
B ®He i
10' - E
| OO |- L 41 |
40 120 260 300

Channel number
' XBL676-3340

Tripleeéounter particle~identifier spectrum from lzc + 65-MeV -

Fig. 9.
: 3He-particles. The AE2, ARl, and E detector thicknesses were
. 5 2 mils, 4.2 mils, and 5.6 mils respectively
2



. ;_23_

25 : — ' L .

. o 120 (3He,BHe) °C 6. S. —.g SHe energy spectrum from
4 : v ’ the bombardment of Mylor
R with 65 - MeV 3He particles i
20
9_. ; {Spectrum also includes -
' Low ener some 3He-d chance »
e 9y coincidences) N
2 4 counter cut-off ‘ L

- O
o -
.15, ] L
o«

B U i bore
o a -
»

e - =
Z

3 _ N

o104 Possible excited L

oA __stotes of % L

5- - . K

i . '60(3He,8He) 130 6. 5. [

. — =

o zlll | A T
. 305 32.0 335 35.0

E (MeV) MUB-9630 A
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counts due to the ~~O( He,®He)L30 reaction resulted from the oxygen
in the Mylar target. These results were obtailned using the triple-
counter partlcle-identification system.
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signals from the three,detectors, it was found that two light particles
- of appropriate energies traversing the detéctor telescope within a time
A < 400 nsec could satisfy the fast coincidence requirements because
the cross-over‘points of all three (pile-up) energy signals were shifted
in the same direction by approximately the same amount. Note Fig. 1l(c),
 which'shbws avpulser—simulated triplé—couhter particle~-identifier spec-

" trum for all thé particle-stable nuclides from 3He to 7

Li, while Fig.
11(b) shows the pulser-simulated particle~identifier positions of var-
ious 3He + light particle (proton, deuteron; triton, 3He, or uHe) chance
‘coincidences, and Fig. 1l(a) shows the same for various uHe + 1ight
particle chance coincldences. The different particles shown ih Fig.

11 were restricted to the same narrow limits of energy that were allowed
experimentally in the (3He,6He) investigations using the particular
three-counter telescope shown in Fig. 5. "As under our normal experimen~
tal conditions, 8 minlimum energy loss of 5 MeV in the E detector was
reqpired. The silicon range-energy relations that were necessary for-

"~ these calculations were similar to those discussed ea.rlier.l2 .It is

" apparent from Fig. 11 that a 3He-d éhance‘coincidence can very nearly
 simulate a'6He—particle and an O-d chance coincidence can simulate a
8He-particle.

Table I 1s a list of the calculated energy losses of various
particles in the three-counter telescope indlcated, assumlng no detec
tor dead layers. Energy losses for a 6He—particle and a typical 3He—d
- chance coincidence with the same total energy are -llsted in the upper

portion 6f the table; élthough the 3He-d chance coincildence event would
be ldentified jﬁst above the 6He-région of the particle~identifier
spectrum'(see Fig. 11), an analysis of the AE2 and éEl'energy losses
would distinguish this chance coincidence event from a “He-particle.
" (See next sectlon for a dlscussion of this procedure.) Unfortunately,
not all 3He-d chance coincidences can be positively distinguished from
6He events, and these non-removable events appear as a resldual back-

ground in the 6He energy spectra. Also listed in. the lower portion of
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Flg. 11. Pulser-simulated particle-ildentifier spectra for the triple-

‘ counter system using the detector thicknesses shown in Fig. 5;
(c) shows the normal positions of the particle-stable nuclel
from 3He to TIi, while (a) and (b).show the positions of *He +
X and 3He + X (X denotes p, d, t, JHe, or *He) chance coincidences;

respectively.
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Table I. Energy losses of various particles in a triple-counter

telescope.
. Particle - E, otal Energy Losses In Counters (MeV)
' (MeV) 5.2 mil 4h.2 mil 6.5 mil
AE2 ctr LFYL ctr E ctr
6 ~ . o
- “He 29,00 - - 8.27 9.17 11.56
3He. o | "21.25 6.25 7.15 _ 7.85
a 7.75 2.53 2.9k 2.28
e + 4 (sum)- 29.00 8.78 10.09 10.13
8 35.50 . 8.67 8.93 17.90
_4He" o 27.50 . 6.18 . 6.2k 15.08
d 8.00 ©2.39 2.69 2.92
gt a (sum)- 35.50 -~ 8.57 o 8.93 18.00

' 'uHe 4 a (sum) ' 35.50 . 8.66 T 9.hs 17.39
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. Table I are the”energy losses for a 8He-particle and two sets of a-d
~chance eoineidences?—all three events having the same total energy.
The first)a—d chance coincidence has 4&E2 and AEL energy losses such
that it could not be distinguished from the 8He-particle (see Fig. 11
and Refs. 25 and 26), whereas the second 0~-d chance coincidence, for
“which only the summed energy losses are given, could be distinguished
from_the‘8He-particle‘by an analysis of the AE2 and AEl energy losses.
B Two teehniques were used to reduce these chance coincidences.
‘ First, the pile—up rejeetor shown schematically'ih Flg. 5 was designed
at this Zl_aboraa.‘coryzlL

dences. When colncident pulses occurred on the three input lines to

to decrease the background due to chance coincl-

the pile up reJector, an inspection period of ~800 nsec was started.

" If any pile- up occurred during this time, the lack of a "valid event"
signal from ‘the pile-up rejector prevented the processing of the event
by the remainder of_ihe‘system. Using thls plle-up rejector, events
f‘ﬁhich consisted of ﬁﬁo particles traﬁersing the counter telescope spaced
“dn time by‘é L7 nsec were rejected—thus restricting all chance colnci-
‘dence eventsvto those occurring in é single cyclotron beam burst. (For'
7OFMEV O-particles, the cyclotron oscillator frequency is ~10 Mcs and
the cyclotron produces bursts of particles of about 6 nsec duration
every lOOvnsec.) Second, the /B2, AEL, E_ . . (Etotal = AE2 + ML +

E), and particle-identifier pulses for each event in any desired reglon
of the identifler spectrum were recorded in an on-line PDP-5 computer

: via;an eight-channel pulse multiplexer and'a AO96-channel ADC and were

. later individually analyzed (see following section) using the known
detector thicknesses and range-energy relations in silicon. This pro-
cedure both rejected some coincidence events and enabled us to attach

a higher degree of reliasbllity to the "good" events. Accurate analysis
of these rare events of interest reqpired'tﬁo further. procedures. First,
a pulser-stabillized monitor detector Independently measured the bean

3He elastic scattering

. energy variation with time by recording the
peak; Fig. 12(a) is a time plot of the 3te beam energy as followed

by the - monitor detector. Second, the computer stored a pulser=~



-28-

g : T T T T T T T T T T ~T"
2 55.96(aq) 40Cq + 56-MeV 3He N
> 55,94 Monitor beam energy

>

o

v 55,92

£

8 .

a 55.90

[+3} .

T

®  55.88

i,

4 4 4 4 3 4 4 I g
L f T T

o (b) Pulser calibration of Etotor iN ON-line computer
+0.10 -
+0.05 -

-0.05-
-0.10

1

E total Calibration (%)
o .
§ T
11 -

1 | 1 l ! | ! i 1 | ]
4

8 12 16 20 24 28 32 36 4 44
Time {(hours)

o

XBL676-3338

Fig. 12. Time plots of (a) the 3He beam energy as determined by elastic
scattering in the monitor detector and (b) 6the electronic drifts
in the Etota)] pulse ofh8ne triple-counter “He detection system
during a study of the *YCa(3He,CHe)37Ca reaction.
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simulafed éHe.event every 12 minutes to check the entire system and
provide an_accufate measure of electronic drifts during the long data~
collection times necessary in the (3He;6He) experiments; Fig. 12(b)

showé_the eiectroﬁic stability of the E pulse from one triple-

counter particle-identificafion system gzgiig a US5-hour cyclotron run.
Detector thicknesses in the triple-counﬁer telescopes were
selected to provide optimum operation only for the 6He—particles and
a few 6Li groups'from the (SHe;éLi) reaction, which served as a cal-
ibration reaction. Diffused-junction silicon transmission detectors
were used (including the rejectidn detegtors) to obtain minimum de-
tector window thicknesses. Bach detector was calibrated by comparing

24

a precision pulser with the energy losses of CG-particles from a

212Po»- ZlZBi natural o-source.

'F. Data Analysis Procedures For (3He,6He) Reactions

~+ .. As an example of our analysis procedures for these low-yield
reactions, we will utilize the data from the lLOCa(3He,6He)37Ca exper-
iment since 1t had a considerably lower cross section than either the
160(3He,6He)l3O or the ?AMg(3He,6He)21Mg reactions. Figure 13 presents
“a triple-counter particle-identifier spectrum from AOCa + 56-MeV 3He--_ |
‘particles; the positions of 3He—p, 3He-d, and 3He-SHe chance colnci-
dences are indicated on the spectrum. The 3He and uHe peak heights
in this épeqtrum (and in other similar triple-counter particle-iden-
tifier spectra)‘are not representative since over 98% of these par—.
tiélés were rejected either by the rejection detector or by single-
channel'analyzefs which were set to pass only the 6Hé and 6Li lons bf
interest (thus recording only 3He-particles between 20.0 and 24.7 MeV
and a-parficles between 22.3 and 27.8 MeV). Each event in the 6He
region of the identifier spectrum (and including the 3He—p and 3He-d

" chance coincidence regions) was routed to the on-line computer where
its /B2, AL, E,

magnetlc tape.

+otal and particle-identifier signals were stored on

In order to discriminate between good and bad events, a plot

of the AEZ and AElvenergy losses versus Etotal for each event in the
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He reglon of the 1dentifier spectrum was made, such a plot for all

l|6 H
' ho '

events observed in the System Two counter telescope during the
Ca(3He He)37Ca experiment is shown in Fig. 14. Events in which
~the ARZ and/or the AEl energy loss deviated more than +5% from the
: fsmooth-eurves, which were calculated from the average detector thick-
_ ﬁesses, were rejected (these are the circled events and they amount
to  ahout 20% of all the-evenfs) and were attributed primerily to
chance coinéidenees. Some residﬁal background due to non-rejectable
coincidehces plus other.rare events remains. The peak near Etotal
%0ca (3ze, One) 3T

sition and the peak near channel 2040 corresponds to a transition to

channel 2160 corresponds to the Ca ground-state tran-
an exclted state of 37Ca; some of the data in Fig. 14 were obtained
| at a scattering angle of 14.1 deg and some at a scattering angle of
S 11k deg so that these two peaks are really sharper than they appear
. to'be All of the valid 6He events were then individually corrected
: for beam energy and electronic drifts (see Fig. 12) as well as for
target and detector dead layer energy losses——the energy of each event
was determihed from the 6He energy seale discussed below. Data from
the uOCa(3He 6Li)37K calibration reaction (Q = -9.205 MeV)ZT was col-
lected at intervals throughout the run to observe whether any energy
shifts occurred arising from radiation damage to the counters.

‘ ’The problem of establishing an absolute beam energy was treated
S as follews: calibration curves for 6He and 6Li ions were obtained by
observing highly negative Q-value (a,6He) and (a,éLi) reactions on

sultable targets at scattering angles and beam energies chosen so that

. the ground—state groups stopped in the E detector. For the lmg and

He)lO

e experiments the calibration target was lzC, and the c(a, c

(Q = -3o§831'Mev) aad 12c(a,6L )lOB (Q = -23.716 MeV) reactions were
studled at an O-partlicle beam energy of 71 MeV to provide 6He and 6Li

particles of the desired energies. Since each individual detector was

, . previously energy calibrated by comparing a precision pulser with the

energy losses of O~particles from a 212P - 212Bi natural CQ-source

(the O~particle groups used for the detector calibrations had energiles
of 6.051, 6.090,'and 8.785.MeV28), an absolute O-particle beam energy



Fig. 1k.

chqnnel number

AE1, AE2

-32-

1600

1400

1200

1000

Ly !

I ! [ ' I T

40Cq( 3He, 8He) 37Ca

A AE?
e AEZ2

1800

1900

. 2000

E

total

2]
channel

Plots of AE2 and AEl versus Ei,ita
Eggion of the

He,6He) Ca expéeriment.

0 2200
number

2300

XBL6E76-3337

for the events in the 6He

garticle-identifler spectrum during the



-33~-

of 7L.0 MeV was esﬁablished from these calibrations and the known Q-
_value and klnematlc relations, after energy losses in the detector
dead layers ‘and in the target itself were taken into account (Since
stopplng 6He particles possessed energiles of ~30 MeV and 6L1 -particles
A5 MeV and since these energies were dlstrlbuted among the three coun--
ters in the .counter telescope, the (a,6He) and (a,6Li) calibrations
were such that minor extrapolations of the previously established o~
source energy scale were fequired for the "He-particles and reasonable
ones for the 6Li—particle%.) This Q~particle beam energy agreed with-
.in,O.B%_With that obtailned from range-energy measurements in aluminum.
The incident beam was then changed to 3He—-particles at the appropriate
'energy (approximately 56 MeV). This beam energy was again measured
via aluminum range-energy measurements, but, more lmportantly, its en-
ergy was also determined from the 6Li -particles from a known Q-value
lFOCa(3He, L1)37K, see Fig. 15) to be 55.9,

MeV—this was again obtained from the earlier Q-source calibration

, calibration'reaction (here

and it agreed with the range-energy measurements to 0.6%. This is
equivalent to forcing the 6Li ions ffom'the (3He,6Li) reaction to be
on the same energy scale as those from the earlier (0, Li) reaction,
so that the 6He ions from the (3He,6He> reaction should be on the
(a,6He) line established earlier. Using this procedure, an error of

1 MeV in the LLHe beam energy would meke a difference of only about 40
" keV in the 37Ca mass.
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IV. . RESULTS AND DISCUSSION .
3

A. Mass Measurements via ( He,6He) Reactions
1. Mass of 130 .
The mass of 13O, which is the T, = —3/2 merber of the mass 13
160(3He,6

65.3 MeV,23 utilizing the double—counter particle identifier. A 6He—

isospin'qparteﬁ, was determined via the He)l3o reaction at
6Li energy scale had been established earlier by studying the
l5N<oc,6He)l3N (Q = -20.418 MeV) and l5N(oc,6Li)l3c (@ = -14.688 MeV)
reactions at 64.5 Mev. The 20(3ue,%1)3N (q = -9.239 Mev) reaction
was studied simultaneously with the l60(3He,6He)l3O reaction, and
typical energy spéctra from these two reactlons are presented in Fig..
16. Although there is a failrly high background, one can clearly see
the sharp l3O groUnd-stéte transition in the “He energy spectrum.

An average differential cross section for measurements at four angles
 between 10 and 20 deg (1ab) was only 1 ub/sr. The average Q-value for
tne 00(3ge,0

£0.07 MeV, which corresponds to an 13O mass excess of 23.11%0.07 MeV
12
(

He)lSO ground-state transition was determined to be -30.51

¢ = 0). Thus 13O is stable with‘respect to proton emission by
1.52%0.07 MEV,‘ The mass of l30 completed the mass 13 isospin quartet

' since the lowest T = 3/2 levels in “oN (T, = -1/2) and 3¢ (T, =+1/2)
had already been established23 and the mass of 13B (TZ = +3/2) was

2t

known. Energy level diagrams for the members of the mass 13 isospin
| quartet are shown in Flg. 17, in which, for clarity, ground-state en-
ergies of mirror nuclei ha&e been equated and many of the energy levels‘
of 13y and 13¢ below the first T = 3/2 level have been deleted. The
four members of the completed ground-state T = 3/2 quartet are shown
and are connected by dashed lines. A tabulation and dlscussion of

the results.of this and the two following completed isospin quartets

will be found in Sec. V. .

2. Mass of “hyg o |
The mass of'ZlMg, which is the ™, = -3/2 member of the mass

24Mg(§Hb,6He)glMg reaction

21 isospin quartet, was determined by the
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at'55'9 MeV ntiliiing'the-triple counter particle identifier , and

" Fig. 18 shows an 1dent1f1er spectrum obtalned durlng this experiment.
Flgure 19 is an energy spectrum from the Mg(3H e, L1) 2l reactﬂon
(@ = -10.905 MeV), which was recorded simultaneously and used as-a
calibration reaction.; Two independent 6He energy spectra,from the
24Mg(3He,6He)21Mg reaction. are shown. in Fig. 20—these spectra represent
a 12-hour run at a beam intensity of MOQ nA. -Each event in both spectra

“was correctea for beam energy variations, electronic drifts (see Fig.

- '12 and See. IIT F for a discussion of these procedures ), and for energy’
~-losses 1in the target and detector dead layers. Fach block in Fig. 20
“represehts a single eﬁent and the block width was chosen to be 100 keV.

There appear to.be five pesks common to the two spectra which correspond

- to the ground state and foﬁr excited states of ZlMg. The average dif- A

ferential cross section for the 2lMgground-state transition at 14.1

'3_deg (labj was 0.84% pb/sr and the aversge Q-value was determined to be

- =27. 22%*0.12 MeV, which corresponds to a ;Mg mass excess of 10.62%0.12

- MeV (lZC 0), therefore Mg is stable to proton emission by 3. 65+0. 12

~ MeV. Average ex01tatlons of the observed Mg excited levels were 0.22

$0.03, 1.27%0.06, 1.62%0.0k4, and 1.89+0.0k MeV; these are consistent

" with the knownZ9 level structure of the T, = +3/2 nucleus ZlF. it is .
| interesting to note that Mg and 37Ca. (presented below) are the flrst
twoiTZ,= -3/2 nucleil in vhich excited levels have been experimentally

observed.

h-3.’ Mass of 37Ca
The mass of 3706. (T = -3/2) was determined via the

v 40 (3He,
6He)37Ca reaction at 55.9 MeV. (Refer back to Fig. 13 for a triple-

' counter partlcle-identlfier spectrum from this experiment.) Corrected
He energy spectra from two independent observations of this reaction’
are shown in Fig. 2l—a 45-hour run at a beam intensity of 400 nA was
" required to obtain these data (higher 3He beam intensities were avail-
‘able but were not USed|because of the chance coincidence problem in
-the 6He spectra). .Each blockvin_the 6He speotra represents a single

" event and the block width is 100 ke. Although two angles were observed
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,in 6ne syStém,andvthree ahgles in the other system, all the data have
been kinematically corrected to 11.2 deg. Each 6He spectrum contains
two sharp states which correspond to the ground and first excited

37

~states of<37Ca, The. average cross sectlon for the Ca ground-state
traﬁsition at-ll.z deg (lab) was 0;175 ub/sr and the Q-value was de-
- termined to be -24.27+0.05 MeV, which corresponds to a 37Ca mass ex-
cess of -13.24%0.05 MeV (120 = 0). Hence 3Tca is stable to proton
emission by 3.2tQ.2;MeV (the mass excess of 36K is not known very well,
but the value calcﬁlated in Ref.30 1s probably good to #0.2 MeV).
'-The first exclted state of 37Ca appears at an excitation energy of
1.62¢0.03 MeV, which 1s consistent with the known first excited state
of the T, = +3/2 nucleus 3/C1 at 1.72 Mev. 3

Table II presents the forward angle center-of-mass differential
cross sections for the fbur (3He,6He) reactions -that have been utilized

“at this Laboratory7!23 for mass determinations of Tz = »3/2 nuclides.

".fAs ¢an,bé noted from this table, there appears to be a marked decrease

vin’cross section with inqreasing mass number A. Unfortunately, the
general behavior of these (3He,6He) cross sections with angle and with
v: bombafding.energy has not been determined, so that this apparent pattern
»could'eaéily be a property of our experimental conditions. To further
‘characterize the mechanism of thev(3He,6He) reaction, an angular dis-
' tribution of the l60(3He,6He)130 reaction was obtained and the results

are presented in Sec. IV C.

B. Location of Low-Lying T = 3/2 Levels In T = +1/2
And -1/2 Nuclei'.

In order to completely characterize the mass 21 and mass 37

iéospin'quartets, it was necessary to perform various one~ and two-
nucleon transfer reactlons to locate low-lying T = 3/2 levels in the
T, = +1/2 (ZlNe and 37Ar) and -1/2 (ZlNa and 37K) members of these two
_.quartets—-the results of these investigations are presented below.
1. T = 3/2 States in>ZlNe and 2lNa v

The ZZNe(d,t)ZINe and 22Ne(d,SHe)ZlF reactions at 39.6 MeV were
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Table iI. Forward angle différential cross sections for (3He,6He)

_.react;ons.
' Reaction . ;A 'Bombar@ing ) aom. ".do/dﬂc‘m.
: : Energy (MeV)‘ (deg) (ub/s1)
lzc(3He,6He)9c-g.s.,' = 65.5 15.8 1.6 £ 0.k
- 160(3He,6Hé)l30 g.s. 65.3 15.3 0.76 % 0.12
e (3he,One) v gos:  55.9 18.0 0.53 * 0.12

'1_} hoCa(3He,6He)37Ca g.s. ' 55.9 12.9 0.13 £ 0.03

e ke . . L s KR T S T P S
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studled simultaneously to characterize the- T = 3/2 states in ZlNe.
Trlton and 3He energy spectra from these reactlons are shown in Flg
22; energy resolutlons (FWHM) were 160 keV for tritons and 182 KeV
for SHe. The lowest Tv= 3/2 level in 2]'Ne was expected to lie near
8.9_MeV excitation since its analogue level in the mirror nucleus ZlNa
was observed at 8.90%0.04 MeV excitation.32 Three sharp states at
8.92i0.025, 9;2110.04, and 10.04*0.03 MeV were observed in the
ZZNe(d,t) Ne spectra; they are indicated as T = 3/2 levels in Fig.
22 and are the presumed analogues of the lF ground, 0.28- and 1.10-
MeV- levels, respectively.

Angular distributions of the 22Ne(d,t)ZlNe transitions to the
ground state (3/2+), 0.35-MeV (5/2+), and 8.92-MeV levels, together
with the distribution of the 2°Ne(d, He)?F ground-state (5/27)33 tran-
.sition, are shown in Fig. 23. All these transitions are expected to
v~involve:L-=_2vangular_momentum xransfers. The abscissa in Figs. 23-25
‘is_the dimensionless quantity Qﬁ, where Q 1s the center-of-mass linear
rmomentum transfer and R is the radiue.of interaction calculated from
.the formula R(fermis) = l'S(Atarget)l/B + 1.2 for incident deuterons.
The error bars on the data are based on counting statistics only and
the absolute cross sections are expected to be accurate to *¥10%. It
is of partlcular 1nterest to compare the Ne(d, He) lF ground-state
transition with the Ne(d, ) Ne* 8.92-MeV transition since these
two_states are expected to be analogues. Assuming the charge 1ndepen—‘
dence of nuclear forces, transitions populating these analogue states
proceed from identical initial to ildentical final states and hence
' shoold possess ildentical cross sections after phase space and isospin

coupling corrections are made. These cOrrections involve (compare

vaayman3u);

U(d)t) - 1 % k(t).

o(d,%He) 20 +1  k(He) ’

where Té 1s the isobaric spin of the target nucleus and k(t), k(3He)

are the center-of-mass momenta of the particles. Noting Flg. 23 one
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sees that the angulaf_diStfibutians of the 22Ne(d,t)ZlNe* 8.92-Mev
state and the 22Ne(d,sHe)ZlF ground state have similar I = 2 shapes
and that théir a&justed cfoss sections agree quite'well. Therefore
" the 8.92-MeV level of ZlNé has been assigned T = 3/2 and J* = 5/2+
to agree with its analogue.

Angular distributions of the 22Ne(d,3He)21F* 0.28-MeV l/2+)35
zzNe(d, )21
in Fig. 24. The (d,3He) cross sections have again been divided by

2.80 to correct for isospin coupling and phase space factors. Upon

© transition and the - Ne* 9.21-MeV transition are presented

comparison of the magnitudes (and L = O shapes) of these two angular
distributions, the 9.21-MeV level of 21Ne can be assigned as a l/2+,

= 3/2 state. Angular‘distributions of the 16O(d,3He)15N ground
(1/27) and 6.33-MeV (3/27) states;36 together with the distributions
~of the “Pye(d,3He)?LF* 1.10-MeV level and the 22Ne(d,t)ZNe* 10.0k-Mev
v level, are shown in Fig. 25 The spln and. parlty of the 1.10-MeV level
-of lF are not known, but when the angular distribution of this level

is compared to the known L = 1 transitions to 5N, it appears to possess
an I = 1 shape so that it may be tentatively assigned as J" = (1/2,
3/2)". The anguler distributions of the “‘Ne¥* 10.04-MeV and the - F*
i.lO-MEV levéls (the latter cross section has been divided by the ap-
propriate phase space and isospin coupling factor in Fig. 25) are sim-
ilar in shape and have the proper relative magnitudes, so that the

Zlye* 10.04-MeV state is the third T = 3/2 level in “‘Ne and it is
also tentatively assigned spin and parity (1/2, 3/2)"

The 23Na(p,t)21Na and the 23Na(p,3He)ZlNe;reactions were studied
at 42 MeV in order to locate T = 3/2 levels in 2lNa_'fhrough comparison
: of (p,t) transitions with (p, He) transitions to the now established
_ = 3/2 levels in~wlNe AR energy -spectrum from the 23Na(_p,t)

‘reaction is shown in Fig. 26 w1th typical triton energy resolution
(FWHM) of 150 keV. Peak 19 in the spectrum possessed an average ex-
citation energy of. 8.92*0.03 MeV and was presumed to be the lowest

= 3/2 level since this excitation agreed with the value of 8.90%0.0k
MeV reported ea.rlier.32 Due to the large amount of oxygen in the tar- '

get, the (P;3He) transitions to the “1Ne analogues of the 8.92-MeV
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and Higher levels of ZlNa were not observed: Several previously unre-
ported enefgy lévéls of ZlNa were observed in'this experiment and the
results are presented in Table IIT along with a summary37-39'of pre-
viously published data on states of this nucleus. No new spin and
‘parity asslignments have been made by us, and, in fact, some of the
‘excited levels may be unresolved doublets. In general, the results
of this experiment are in good agreement with the publiéhed data on
the energy levels of ZlNa.

These new data on the mass 21 isospin gquartet are summarized
' in‘Fig. 27, which shows energy level diagrams for the members of the
QUartet. For'clarity, ground—stafe enéfgies of mirror nuclei have
been'eqpated and many of the energy levels of 2lNe and 2lNa below 10

| MeV excitation have been deleted. The four members of the completed

o grdund-state T = 3/2 quartet are shown and T = 3/2 analogue levels are

connected by dashed lines.

2. T =3/2 States in J'K and S 'Ar
The 39K(p,t)37K and 39K(p,3He)37Ar'reactions at 45 MeV were:
used to locate the lowest T = 3/2 levels in 37K (TZ = -1/2) and 37Ar

(TZ'= +1/2). Triton and 3He energy spectra from these reactions at

a laboratory angle of 26 deg are shown in Fig. 28. Ehergy resolutions
(FWHM) were about 180 keV for tritons and 280 keV for 3He—pa.rticles.
Sharp states Were observed in these spectra in the expected regions
for the T = 3/2 lévels, as predicted from Coulomb calculations and
the 37Cl mass, at exeltations of 5.010%0.030 and 5.035%0.025 MeV in
3Tpr and 37k, respectively. This excitation for the lowest T = 3/2
level of 3'K agrees with that of 5.030%0.018 MeV obtained previously.
Angular distributions to these two states and to the 37K ground (3/2+)
and 1.37-MeV (l/2+)~states are shown in Flg. 29. Since a spin transfer
of 8 = 0 is required to first order for (p,t) reactions, the 3Tgx 1.37-

ho-

MeV transition 1s expected to be a pure L = 2 angular momentum transfer.
Al though the 37K ground-state transition is allowed by angular momentum
and parity selection rules to proceed via either L = 0 or L = 2 angular

k1

momentum transfers, previous (p,t) experiments. have shown that
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' Table-III. Levels in’ZlNa observed in the 23Na(p,t)21Na reaction at
: 42 MeV. The Jt assilgnments were all taken from the ref-
‘erences cited. :

Level Excitation Excitation‘ J" ﬁeferences
Nunmber . This Work Other Work
(MeV .+ keV) (MeV % keV)
0 0.0 32" =
1 0.335 * 10 0.338 3  5/2" 37
2 1.71 £ 10 1.72 (7/2%) 31
3 2.42 + 30 2.430 £ 3 1/2" 38
b 2.81 % 20 2.81 £ 40 31
5 3.54 * 20 3.550 2 5/28 37
6 3.64 £ 30 -
7 3.83 £ 20 3.88, 3.82 31,-37
15 3/27 3, 37
h.28 %30 429 % ) 5/2% 37
h.h1 £ 30 . bk £ 20 37
, o _ 446 £ 5 32t 37
- 10 - 4.99 % 30 5.00 % 50 31
11 . 5.34 %30 | f
| 5.47 31
5.70 31
12 5.78 £ 30 83 31
13 6.16 * 30
o ‘ - 6.26 , 31
W 6kt 6.52 50  3/28 31, 39
15 . . 7.06 %30 S
’ 721 +s50 - 1/2t 39
gRby R 745 x50 5/27 31, 39
16 . 7.60 % 60
17 - ¢ 8.11 %30
' -18 .k,-A : 8;31 * 30 .




Teble III. (continued)

-54%

Excitation

Ievel Excitation J References
Number This Work Other Work
(MeV £ keV) (MeV % keV)
19 8.92 t 30 8.90 ko - (5/2%), m=3/2 32
20 9.19 * 30
21 10.05 % 4o
22 11.00 * 30
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For the sake of clarity the ground-state energies of mirror nucleil

have been equated and many of the excited levels of

below 10 MeV excitation have been deleted.
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such transifions_apﬁear to proceed By relatively‘pure L = 0 transfers.
Assuming the charge indepéndence of nuclear forces, (ﬁ,t) and (p,3He)
transitions to T' = 3/2 analogue states proceed from identical initial
to identical - final states primarily through only S =0, T = 1 pick-up
of two nucleons. The lowest T = 3/2 states in 3'—(K and 37.Ar, which are
the analogues of the known 3701 ground state (3/2+), should therefore
* have identical cross sections after isospinﬁcoupling and phase space
correctidns:have been made; L = O behavior is again expected. Indeed,
~ Fig. 29 shows that the angular distributions -to these supposed analogue
states possess L .= O and are essentially identical, thereby confirming
that'they are T'='3/2 analogue levels with expected spins and parities
of 3/2". .

Figure 30 summarizes the mass 37 isospin quartet data. Ground-.
‘state energies;of mirror nuclei have been equated for the sake of clar-.
. ity and only a feﬁ of the ievels of 37Ar and 37K below 5 MeV excitation
are\sh@wn-—theJlevel‘structure ofA37K-is from Gooéman and Kavanagh.uz
The lowest T = 3/2 level in each nucleus is shown and they are connected

by dashed-lines.
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. . .Cy;'Preliminary Studies of Three- and Four-

Nucleon Transfer Reactions

Angular distributions of the reaction products from the
3te,Pxe )30, 0(3ne,ra) 3y, O0(3me, T14) 2%, ana Po(3me, Toe

. reactions at 7O MeV were obtained and the results are presented in this

160( )12,
sectlon. Most of these studies were peripheral to the main concern of
this thesis, but the results are presented to be available to others.

- 1. The 16O(3He,6He)130 Reaction
In an effort to determine the mechanism of the (3He,6He) reac-
160(3He,6

ing the triple-counter particle identifier. An identifier spectrum

tion, a further study of the He)l30 reactlon was made utiliz-
from the bombardment of an l60 gas target with T70-MeV 3He—particles
is shown in Fig. 31. As described previously, all the events in the
6He reglon of the identifier spectrum were sent to an on-line computer
and were later individually analyzed in order to eliminate chance coin~
cidence events. The small cross sections required 8-hour runs at beam
. intensities of 0.5 to 1.5 pA (depending on the scattering angle) in
.order to obtain the l3O ground-state angular distribution which is
presented in Fig. 32. No transitions to excilted 13O states were ob-
served. The spin and parity of the 13O ground state is expected to be
3/27, since that is the spin and parity29 of the groﬁnd‘state of the’
" mirror nucleus 13B. Therefdre the 13O ground-staté transition is re-
“stricted to an L = 1 angular momentum transfer, assuming the reaction
is a direct reaction. For ‘comparison, this (3He,6He) transiﬁion,‘the
160(3pe, 611 ) 30 3.51-Mev (3/27) transition [the (3te,Ii) data ave
presented in the next subsection], and the l6O(p,4He)l3N* 3.51=MeV
‘tr:a.ns3'.1:103:1,43 are shown in Fig. 33, where the abscissa is QR (angular
momentum transfer times radius of interaction), which is perhaps a more
meaningful representation of the data. Assuming that the (BHe,6Li) and
(p,hﬂe) redctions proceed by a direct triton pick-up mechanism, these
two transitions 1ln Fig. 33 would be expected to possess L = 1 angular '
momentum transfers. The l60(3He,6He)l3O angular distribution appears

to have a meximum at the larger angles studied, but the shape does not

e m s e e e
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correspond - to the shape of elther of the other two transitions in Fig.
33. The differential cross sections of the (p, He) and (3He,6Li) tran-
sitions to the ground state and 3.51-MeV state of 3N, together with

| that @f the 13O ground-étate transition, have been integrated over the
"same angular range and the results are given in Table IV. C(learly the
transfer of three neutrons is much more difficult than the transfer of
one proton and two neutrons. Since this was only a preliminary.study,
- more data are needed in order to establish the characteristics and

~ mechanism of the (3He,6He) reaction.

2. fThe T (3H ,6Li)13N Reaction
A 6i1 energy spectrum from this reaction is shown in Fig. 3&

the typical 6Li energy resolution (FWHM) was about 300 keV. Angular
distributions of the transitions to four levels of 3N are presented
in Fig. 35. Under the assumption that the (3He,6Li) reaction proceeds
byvthe direct pick-up of a triton cluster from the target nucleus by
the incident 3He—particle, the 16O(3He,6
ground and 3.51-MeV states of l31\T would possess L = 1 angular momentum
ﬁransfers, whereas the 7.39;MEV (5/27) transition would proceed via
an L = 3 transfer. The angular distributions of the ground and 3.51-
MeV states show very little structure other than a peaking at the smaller
angles, whereas the T7.39-MeV level has a more constant cross sectlon and-
it becomes the étrongest state in the spectrum at the larger angles.
Angular distributions of the (3He,6Li), (p,)'FHe),43 and (AHe,7Li) reac-
tions (we obtained the l60(4He,7Li)l3N data utilizing the standard par-
ticle identifier) proceeding to the ground state and 7.39-MeV state of
3N are presented in Figs. 36 and 37 (refer back to Fig. 33 for a com~
" parison of (3He,6Li) and (p, He) transitions to the 3.51-MeV state of
13N) In all cases the various reactions have quite different shapes,

possibly indicating different reaction mechanisms. The integrated cross

Li)l3N transitions to the

. sections for these fhree reactlons leading to several states in l3N are

presented in Table V. 1In general, the (p,hHe) reaction has a larger
cross section than the (3He,6Li) or (uﬂb,7Li) reactions to the same

- strong final state. A systematlic study of these reactions on several

e
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Table IVQ .Integrated cfoss sections for several three-nucleon
' transfer reactions.

Reaction - Energy Bombarding Angular Integrated

Level Energy Range Cross Sectilon
- (MeV) (MeV) (c.m. deg) (ub)
003,610 130 g.s. 70.1 18.2-57.4 0.5k
035,%) 30 g5, 701 18.2-57.4 %0.8
| | 3.51 | 18.2-57.k 109.0
B0(p, 1) 130% g, 5h.1  18.2-57.h 56.3
' 3.51 S 18.2-57.%  375.5

8See Ref. 43
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Table

v. Integrafed.crosslgections for three different re
proceeding from ~ -0 to the same final states in

-70~

tions
By,

Energy  Angular

Integrated Cross Sections (pb)

-39

16.5-4k.7 29.6

e B e Mot Yol Foneyad
g.s. 16.0-43.3 3.k 28.9 62.3
2.37 16.2-43.7 1.28 5.52 1.69
'3.51 16.3-43.9 ok.8 115.4 386.7
6.38 16.5-kk.5 6.34 11.1 34.8

40.0 411.2

®gee Ref. 43.
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targets shouldvbe made Iin order to obtain a better understanding of the

possible reaction mechanisms.

3. The 90(3ge, 1) 2%y and 20(3me, T8e) % Reactions

Energy spectra from these reactions are presented in Figs. 38
and 39—the Tpe energy resolution (FWHM) was about 500 keV. The angu-
lar distributions of the 16 (3He,7L1) N ground—state and 0.96-MeV
transitions ére shown in Fig. 40 and angular distributions of several
16 (3 )lZC transitions are shown in Fig. 41. For both the (3Fe,7L*)
and (3He,7Be) transitions, the first excited states (7 i = 0.478 Mev,
7_Be = 0.431 MeV) of the exit particles were not resolved from the ground
states, so the angular distributions in Figs. 40 and 41 are really sums
6f transitions to the ground states and first excited states of 7Li or
7Be. The (SHE,7Be)_angular'distributioné show little structure and a
rapld decrease 1in cross seétion with increasing angle. Angular dis-
tributions of the (3He,73e), (hﬁe, Be), bk, b5 and (d,6Li)46 reactions’

leading to the ground state and to the L4.L43-MeV state of 12C are pre-

‘sented in Figs. 42 and &3. Although the (d,6Li) and (3He,7Be) angular

distributions are gualltatively similar, the (d,6Li) data do not extend
to high enough QR to permit a sufficlent comparisén to be made. How-
ever, the (hHe, Be) and (3He, Be) angular distributions are quite dif-
ferent, thus making it impossible to reach any conclu81ons concerning
the mechanism of the (3He,7Be) reaction. Integrated cross sections
for these three reactions leading to states in 12C are given in Table
VI. Obviously the (3He,7Be) reactlon has a lower cross sectlon than
the other two reéctions. Future studles will have to be made to learn

more about the nature of these O=particle transfer reactions.
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Table VI. = Integrated cross gections for three different reactlons
proceeding from 150 to the same states in —"C.

Energy  Angular .y Integrated Cross Sections6(ub)6 _
Level Range 1 o(3He 7Be)1zc l6o(a 8Be)1zca 1 o(a Li)lZCb
(vev)  (c.m. deg)  70.1-MeV e 39-MeV (@ 2116V &

- g.s. 22.0-62.9 L3k hho - 649

S Lk 23.9-51.3 153.8 - , 358 7 699
7.66 15.h=4k .2 13.0 - ' -

© 9.63 15.5=36.9 149 - | -

%See Ref. U5.
bSee Ref. L6.
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>V. _DISCUSSION OF THE COMPLETED ISOSPIN QUARTETS
If the wave functions of the members of an isospin multiplet
can be fegarded_as identical and 1f any charge—depéndenﬁ forces are
.of a two-body character that can be treated as perturbations, then
the masses of the members are given by the isobaric multiplet mass
equation (IMME) ;

M(&,T,T ) = a(A,T) + b(A,T)T, + E(A,T)Ti.

(See Sec. II for a.discussion of this equation.) The completion of

k the mass 13, 21, and 37 isosﬁin quartets permits three further inde-

-v pendent tests of the parabolic‘dharacter of the IMME since the coef-
ficients'can be determined from three of the members of a quartet and
then uéed to predict a masé fof the fourth member. We have chosen to
use these data to predict the mass of the TZ = -3/2 nucleus in each
quartet. A list of the TZ = —3/2 nuclei whose mass excesses have been
measured, together with the coefficients and the predictions of the
IMME for the four isospin quartets which have been completed to date,
is rresented in Table VII. In all four of the completed isospin quartets
. there is very good first order agreément.between the predicted and
experimental mass excesses within the relatively large experimental -
errors, which indicates that the IMVE is accurate over & fairly large
variation in atomic number Z. An apparent discrepancy in the much more
accurate mass 9 quartet data47 was interpréted as indicating a possible
(and ultimately to be expected23)ﬁeed for the inclusion of a higher
order term Q(A,T)Tg in the IMME, but unfortunately no explicit theor-
etical estimate of the magnitude of such a coefficient 1s availlable.

These 4(A,T) coefficients of an IMME containing a Q(A,T)Tg term were

" calculated from the four experimental masses 1n each quartet and the

" results are listed in Table VII. Clearly such a coefficient is no great-
~ er than Z@E; vhere Z 1s the average atomlc nunber of the four members
~of an isospin quartet and o is the fine structure constant. Theoretilcal
'predictions of the magnitude of the expected second order corrections

would be quite valuable.
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Isobaric multlplet mass equatlon predictions and

37gq

Table VII.
calculated coefficients.
isdbaric Multiplet Mass Equation i}
M(A,T,T,) = a(A,T) + b(A,T)T, + E(A,T)Ti [+‘§(A,T)T2] '

T,=-3/2 Experimental Predicted b(A;T) c(A;T)  la(a,m)] E@g'
Nucleus Mass Excess. Mass Excess (MeV) TkeV) TkeV)  (keV)
’ (MeV) (Mev)
o 28.99 (70)™P |
% 28.916 (5)¢ 28.961 (29) -1.332 (7) 218 (11) 7 (5) 9
B30 23.11 (70)  23.10 (k9) -2.180 (16) 25k (11) -1 (14) 12
g 10.62 (120)  10.59 (120) -3.545 (40) 15k (24) -5 (28) 12

-13.24 (1;8).A-55;7§H(39)v 176 (25) 1 (21) 24

-13.24 (50)

®A11 errors are in parentheses and are in keV.
bSee Ref. T.

®See Ref. 47.

’
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Various systemaﬁic mass predictions for 9C, 130, 17Ne, ?lmg,
and 370&, which are all the Tz'= -3/2 nuclel whose masses are known,
together with the experimentally measured masses, are shown iniTable
VITT. Only the Kbléon-Garvey predictions (Ref. 4) cover all five nuclei

and their predictions appear to be in excellent agreement with the

‘experimental masses except for 13O. In general, though, all three

sets of predictions are in reasonable agreement with the data and a
more stringent test of such predictions would appear to require inves-
tigations of nuclel nearer proton-instability, such as lzO and 36Ca,

which could be reached through the (a,8He) reaction.
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Table VIII. Comparison between various systematic mess predictions
and. the experimental masses.

Nucleus Experimental? Goldanskiib J‘é‘ineckec Kelson-Garveyd
Mass Excess ~Mass Excess Mass Excess  Mass EXcess

(MeV) (MeV) (Mev) - (MeV)

% | 28,916 (5)° - 29.3 - 28.88

30 23.11 (70)% 23.2 23.4 2352

L Tye 16.47 (190)8 16.2 16.3 - 16.63

Pl 10.62 (120) 10.9 10.8 10.79

3Tca, -13.24 (50) - -13.1T

miE9

a. e - .
Values in parentheses are the mass excess errors 1in keV.

bSee

c
See

dSee
A eSee
fSee

gSee

Ref. 1.

Ref. 3.
Ref. L.

Ref. 47.
Ref. 23.
Ref. L48.
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