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. MASS AND SPECTROSCOPIC MEASUREMENTS OF COMPLETE ISOSPIN 

QUARTETS IN THE LIGHT NUCLEI 

Gilbert W. Butler 

Lawrence Radiation Laboratory 
University of California 
Berkeley, California 

August 30, 1967 

ABSTRACT 

The mass 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 Tz = 
-3/2 nuclide 130 via the 160(3He,6He)130 reaction at 65 MeV. An im

proved particle-identification system, which employed two transmission 

(dE/dx) and one stopping (E) detector, was used to determine the masses 

of the T= -3/2 nuclei 2~ and 37ca via the 24Mg(3He,6He)2~ and 
40 3 z6 7 Ca( He, He)3 Ca reactions at 56 MeV. The first three T = 3/2 levels 

in 21Ne were established by a simultaneous study of the 22Ne(d,t)2~e 
and ?2Ne(d,3He)2~reactions at 39.6 MeV, while the 23Na(p,t)2~a 
reaction at 42 MeV was utilized to observe the lowest T = 3/2 level 

in 21Na • Excitation energies of the lowest T = 3/2 levels in 37K and 

37Ar were determined via the 39K(p,t)37K and 39K(p,3He)37Ar reactions 

.. induced by 45-MeV protons. Data from the completeisospin 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 160(3He,6He)130, 160(3He, 6Li l3N, 
16 3 7. 12 16 3 7 12 O( He, L~) N, and O( He, Be) C reactions at 70 MeV are also 

presented . 
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I. INTRODUCTION 

Of particular interest in the general study of nuclear spec

troscopy is the delineation throughout the nuclear chart of the line 

of particle stability-that is, the determination of the lightest and 

heaviest 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 been either somewhat qualitative in their predictions or were un

able to predict nuclear masses unless the mass of the conjugate nucleus 
. 4 

was known. The recent theory of Kelson and Garvey overcomes these 

objections and makes explicit mass predictions fOr all particle-stable 

nuclei with a high degree of accuracy, as far as it can be tested. 

It is one of the purposes of thiS thesis to develop an experimental 

technique capable of measuring the masses of nuclei that are three 

neutrons removed from ~-stability (T = -3/2 nuclei such as 130) by 
. Z 6 

the three-neutron transfer reaction (3He , He) as a'method of evaluating 

the various theoretical approaches toward the prediction of the line 

of particle stability. 

Of additional interest is the fact that nuclei three neutrons 

from ~-stability in the light elements (e.g., 9C, 37Ca ) complete iso

spin quartets, thereby permitting one to test the isobaric multiplet 

mass eqUation5,6 (IMME) = 

2 M(A,T,T ) = a(A,T) + b(A,T)T + c(A,T)T • z - - z - z 

Since this equat'ion 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 ~ 

3/2 are known. Although this equation was originally proposed by 

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 continue this study and 

investigate the IMME over a reasonable change in the Coulomb energy 

through the completion of the mass 13, 21, and 37 isospin quartets. 
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In order to completethe'se quartets it was' necessary' to employ various 

one- and two-nucleon transfer reactions, such as the (d,i) and (p,t) 

reactions, on appropriate targets to locate the T = 3/2 states in the 

T = +1/2 and -1/2 members of the quartets •. These data, in conjunction z 
with the data from the (3He,6He ) experiments, completed the isospin 

quartets since the masses of the Tz = +3/2 nuclei were already known • 

. " 

.. ', 

. i 

• 
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II. THE ISOBARIC MULTIPLET MASS EQUATION 

Evidence is continually being found in low-energy nuclear pro

cesses for the presence of a further constant of the motion that is 

similar to the well-known angular momentum and parity constants of tlie 

motion. These observations may be simply interpreted if the charge 

independence of nuclear forces is assumed, and the isobaric spin for

malism provides a useful expression of this hypothesis--it states in 

effect that total isobaric spin is conserved in fundamental nuclear 

processes. To be more specific, the charge-independence hypothesis 

states that the specifically nuclear forces between pairs of nucleons 

in corresponding states of relative motion are independent of charge. 

For 'example, the nuclear forces in the proton-proton, neutro,n-neutron, 

and proton-neutron systems in the IS state of relative motion are all 

assumed equal. The first direct evidence for the credibility of the 

, charge-independence 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 scattering cross' 

section for slow neutrons by protons and from the binding energy of the 

deuteron, these results suggested a very similar central potential for 
1 the proton-proton and neutron-proton systems in the S state of rela-

. tive motion. 

In the isobaric spin formalism it is possible to treat low Z 

'nuclei as assemblies of identical 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 TzJ the z-component of the isobaric spin quantum number T. 

T is a constant of the motion for the charge-independent nuclear Ham

~ltonian (which omits Coubomb forces), and the constancy of Tz expresses 

the conservation of charge. The z-component of the isobaric spin of a 

complex nucleus consisting of Z protons and N neutrons is clearly 

Tz ~ (1/2)(N-Z). Since the charge-independen~e hypothesis implies 

that T is a good quantum number, there must exist isobaric spin mul-' 

tiplets consisting' of2T + 1 isobaric nuclei with Tz values ranging 

from -T to +T. Each nucleus of this multiplet possesses an energy 
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level (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. 

· As may be seen from t~e expression for T , the isobaric spin T is in-, ..... . z 
tegral. for even A and half-integral for odd A. 

The 2T + I members of an isobaric multiplet have eigenstates 

/TTz> that are then identical except for Tz ' If the total charge

'.dependent perturbation (nuclear plus Coulomb) to the nuclear forces 

· i's V, then, under the assumption that the nuclear wave functions are 

· unaffected by the perturbation to first order, the masses of the mem

bers of an isobaric mUltiplet are given by the formula: 5,6,9 

If V is the sum of two-body interactions only, then its expansion into . 

· a set of irreducible tensors in isobaric, spin space ,does not go beyond 

,the second rank: 

M(A,T,T
Z

), ='constant + I ~(TTz/T~k) /TTz} 

k 

k < 2. 

By the Wigner-Eckart theorem this becomes (using a 3-j symbol): 

, M(A,T, Tz ) = constant + I ~(-l)T-TZC~z~· ~z)<TIIT(k) liT} 

k 

k < 2 

(1/3)T(T+I)], 

which is the usual form of the isobaric multiplet mass equation (IMME). 

'Second~ or higher-order ,perturbations ,in V or three-body forces would 

·cause a breakdown of the parabolic character of tl;le,IMME. 

Since this equ~tion ~elating the masses of members of an iso-
. I·,'. 

baric spin (is~spin)·multiplet possesses three coefficients, its. valid-

· ity can be independently checked only if four or more members of a 



' .. 

. '"a\ 

-5-

multiplet with T ~ 3/2 are known. In this case the masses of three 

members of the multiplet determine the coefficients and hence the posi

tion of the fourth (or higher) member of the multiplet without further 

assumptions. In the past a lack of experimental data on complete iso

spin ~ultiplets with T ~ 3/2 prevented any testing of the IMME. It 

should be pOinted out that agreement with the IMME does not necessarily 

imply that nuclear forces are completely charge independent, though the 

magnitude of any observable disagreement would certainly be of theoret

ical importance. If agreement with the IMME is found within the exper

imental errors, then one can test the charge-independence hypothesis 

only by calculating the b(A,T) and ~(A,T) coefficients of the IMME 

using realistic Coulomb interactions. 

The mass 9 isospin quartet was the first quartet in which all 

four members were experimentally determined and good agreement with 

the IMME was found. 7 Prior to this work, some calculations involving 

the IMME 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 E,(A,T) and ~(A,T) coefficients of the IMME do not change with iso

spin. Wilkinson1l ha~ parameterized the E,(A,T) and ~(A,T) coefficients 

for nuclei in the lp shell into various expected charge-independent and 

charge-dependent terms and obtained fairly good agreement with the data 

from isobaric doublets and triplets. Such an approach will presumably 

be necessary to test more precisely the charge independence of nuclear 

forces as more data on isobaric quartets and quintets become available' • 
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III. 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 q/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 efficient and the quality of the beam from the SF cyclotron rela

tive to the earlier cyclotrons is greatly improved in terms of energy, 

geometric 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. 

The layout of the 88-inch cyclotron and experimental area is 

shown in Fig. 1. The beam was extracted from the cyclotron 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 analysis 

magnet where it was deflected toward the experimental cave. Another 

quadrupole 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 energy resolution of the beam after analysis 

Was ~.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 the 

scattering chamber but these collimators were usually set at 0.4 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 

r', 
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passed through the center of the scattering chamber Was determined by 

observing (via remote·television) its impact on luminous foils placed, 

at t:q.e center of the ,chamber arid. 28' inches downstream. 

Beam intensities used in these experiments .varied from 0.05 to ' 

'1,.5 !-lA,' depending on the scattering angle and the nuclear reaction 

being studied. The accumulated beam was measured with a Faraday cup 

(protected against charge loss and gain by a permanent magnet) and an 
. , 

integrating 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 

, ~he Faraday cup versus thickness .of aluminum absorber was used to de

termine the amount of':absorber corresponding to one-half ,the maximum 

beam intensity. These rang~s in aiuminumwere converted ,into en~rgies·' 
," I . . 2' 

by means of range~energy tables that were eoded at this laboratoryl 

and' agreed very well.with availab'leexperimental data and prior com

putations. 13 

The scattering chamber had two independently moveable turrets 

with counter axes that passed through the center of the chamber at 

angles 10deg above and below the median plane so that s~attering al?-gles 

from 10 to .170 deg were observable. The details of the scatteririg cham~' 

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

plaqes in which significant changes have been made. Counter telescope 

~ssemblies (completely different from those used in Ref. i4) ",rere lo

cated just outside ,the', scattering chamber and .couldbe isolated from 
! , 

it by ,a vacuum vaJ.:ve. The detectors were mounted on aluminum detector 

holders which we~e then'fastened to tAe lid of the'external counter 

telescope assembly. 

Rectangular,tantal~rn collimators with approximate dimensions 
, I. , ':. • • 

of 0.085 inch ,wide by 6.200 inch ,high were used and were located ap-
. ' j '. ' 

proximately 18.9 inches from the center of the scattering chamber, 

. " ' thereby subte!Ddi:pg ,~~ angular width (radial) of .0.-26 deg and a, solid, 

angle of 5><10-,5 ~r~' . The counter assembly could be rotated symmetrically 

about :the axis which passed, through it and the center of the scattering , 
" I 

,!,i 

{', 

• , I • , i> 
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chamber; this enabled the vertical collimator height to be positioned 

always perpendicular to the scattering plane. When a gas target vms 

used, an additional set of collimators (radial onl!) was attached to 

the counter assembly at a distance of 4.3 inches from the center of 

the scattering chamber. 

A counter which monitored the target stability and the beam 

energy was located in one of the viewing ports of the center station

ary section of the 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 elastically scattered beam particles; 

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

B. Targets 

1. Gas Targets· 

A target gas cell 3.0 inches in diameter by 1.25 inches in 

height and with a 315 deg continuous window made of 0.1 mil Havar15 

foil (2.11 mg/cm2) 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 

160 target durin·gthe study of the 160(3He,6He)130 reaction. Neon gas 

enriched16 to 91.3% 22Ne (8.2% 20Ne and 0.5% 2~e) for the study of the 

22Ne(d,t) 21Ne and 22Ne(dJ3He)2~ reactions was contained in this cell 

at a pressure of 21 em Hg. Nitrogen gas enriched17 to > 99% 15N, which 

was used as a calibration target during the 160(3He,6He)130 experiment, 

was bombarded in this gas cell at a gas pressure of 24 em Hg. 
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2.' Solid' Targets .. '. 

. . 12· 
Several 'C targets were. used to provide calibration reactions 

. duri·ng some of the . experiments . These targets were obtained by pre

paring a dilute solution of colloidal graphite in alcohol and acetone 

and then spreading a thin layer of the solution onto a mirror. Once 

.. the solution had evaporated, the residual film was floated off in 

water, collected,and then dried. Self-supporting targets about 0·5 

mg/cm2. 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 200QC before exposure to air. 

The 23Na target was prepared by evaporating NaH (which decom

posed when heated) onto a glass plate in vacuum. The glass plate had 

previously been coated with a thin, evaporated layer of hexadecylamine 

so that the sodiuIl! target was readily floated off in dry hexane. This 

self-supporting target .(rvJ. mg/cm2) was transferred to the scattering 

chamber under an inert (argon) atmosphere but was found to contain 

appreciable oxygen contamination. 
24 . . 18 A Mg target, enr~ched to 

. 24 
99.8% Mg, was prepared by evap-

oration onto a glass plate in vacuum. The target (1.1 mg/cm2) was 

then peeled off in a mixture of water and alcohol, and'mounted in a 

'::, target frame. 

A 39K target was prepared by evaporating natural potassium 

(93.1% 39K) metal· onto ~ glass plate in vacuum and then floating it, 

off in hexane. This self-supporting target (0.8 mg/cm2) was ~lowed 
to oxidize slowly before it Was transferred to the scattering chamber--.·' 

, .; ,,- . the\oxygen impurity provided convenient internal calibration points. 
. 40 

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

foil 0.75 mg/cm2 thick.served as the 40Ca target. This target was 
. "' . 

'.also transferred to the scattering chamber under an inert (argon) 
. " 16 

atmosphere, and i~·was.found to contain only a small amount of 0 - ··i 
, .' -' 

" : - ," ~.'.' J ~ 

impurity. 
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C. Particle Identification 

For bombarding energies above a few MeV simple single-counter 

detect~on systems generally can not be employed because of the many 

nuclear reactions 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 ~ proportional to 

the rate of energy loss dE/dx, and a stopping counter which measured 

the remaining energy E. The total energy of the particle can then be 

easily calculated (~ + E = Etotal) and, by performing a more elaborate 

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

the particle type can be determined from the relative values of ~ 

and E. 

Two types of calculation have been employed by different wor

kers to determine the particle type from knowledge of the .6E and E 

signals. The first method was based on a simplified form of Bethels 

equation for the rate'of energy 10ss.19 The second method (used in 

all-these experiments) was originally used at Berkeley20 and is based 

on the empirical range-energy relationship R = ~El.73, where R is the 

range of the particle, E is its energy, and a is a proportionality 

constant characteristic of the particle. It has been shown 20 that 

this range-energy relationship is accurate to within about 2% for pro

tons, deuterons, tritons} 3He-particles, and a-particles in the energy 

range from ~lO MeV to ~150 MeV. The use of this range-energy relation~ 

ship in a particle identifier is illustrated in Fig. 2. The calcula

tion given in Fig. 2 shows that a quantity T/~ (here T is the .6E coun

ter thickness) can becalcuiated by generating the function (E + L:;E)1. 73 

- El. 73; this quantity is characteristic of the type of particle and 

therefore serves to identify it. The electronic method of performing 

the above calculation is 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 ~-E silicon 

detector telescopes. A schematic diagram of the electronic setup for 
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one of these two systems is shown in Fig. 3. The ~ detectors were 

6 21 22 5. ~mil phosphorus~diffused silicon transmission counters, ' whereas 

the 120-mil E detectors, the 20-mil rejection detectors, and the var

ious monitor detectors were all lithium-drifted silicon counters. 22 

Signals from the rejection detectors were used in anti-coincidence 

With t:p.osefrom the bE-E counter telescope to eliminate long-range 

pari!icles trave~sing the first two counters. Each detector was con

necte'd by a short length of low-capacity cable to the input of a fast 

rise~time (10-15 nsec, depending on the capacitance of the detector) 

cha7'ge-serisitive preamplifier,22 and via a 10-MIt resistor to the de

tector bias voltage supply. Detector bias voltages used in these ex

periments'varied from 50 to 1000 V., depending on the detector, 'and 

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

were connected by about 150 ft. of 125-n cable to the counting area 

where the signals were fed into linear amplifiers22 with delay-line 

shaping networks; To obtain complete charge collection from the sil

icon detectors and also to obtain good energy resolution, the amplifier 

shapi~ networks were operated with time constants in the 1 ~sec range. 

After co~ricidence requirements in the respective ~ and E amplifiers 
; 

were met, the amplified signals were sent to the particle identifiers. 

This "standard" particle identifier has been quite adequate 

for studying nuclear reactions which have a reasonable cross section. 

This is illustrated in Fig. 4, which shows a typical particle-identifier 

spectrum :from the bombardment of a sodium target with 42-MeV protons. 

Clearly very good separation was obtained between the various hydrogen 

and helium isotopes in this spectrum. For the study of the 23Na(p,t)2~a 
and 23Na(p,3He)21Ne reactions, particle-identifier pulses were fed 

into two four-channel routers where single-channel analyzers were set 

around the triton, 3He , and 4He peaks (the fourth channel was a narrow 

one centered about the deuteron-triton valley to make cer~ain no tri

tons were lost). The energy spectrum of a given particle was then 

routed into one of the four 1024-channel memory un~ts of a Nuclear 

Data 4096-channel pulse-height analyzer; data from the second counter 

telescope were recorded in an on-line PDP-5 computer (which served as 
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Fig. 4. Standard: particle-identifier spectrum from the bombardment of 
a sodium target with 42-MeV protons. The ~ counter thickness 
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, a seconq.' 4b96-chani:J.el analyzer) via an eight-channe,l pu],semultiplexer . , '," " " 

and 'a 4096,..charmel analogue-to-digital converter (ADC) • 
. ', ~ , . 

Procedures For 'Lqw-Yield Nuclear Reactions 

'Thep~r10rm~ce of the standard particle identifier in the 
.' 'I. 

study of loyr-yield nuclear reactions was not very good. Although this . '" .,' .: '. 

identifier'was'used in the determinations of the masses of 9C and 130 
, ' . 12 '3' "6 9 16 3' 6 13 7 23 
v~a the ',C(,He, He) C and O( He, He) 0 reactions,' the presence' 

,of ' a relativelyhigb. background :i:n the 6He region of the identifier 

,spectra complicated the measurements. This,background arose primarily 

from rare eve'nts, in ,which a few of the large number of a-particles 

, stoppiJ;lgin the counter telescope depos~ted an abno~mally large amount 

.. 'of en~r!Sy in the ~'9-etector (due to blocking, Landau tail, "nuclear 

reactions," etc.), dausing their idel1tification'signal to be signif

icantly ~i~her than normal. Whellsurvey experiments on the (3He ,6He ) 
. ',' . . : ," . .. 

reaction,on b.eavier,ta;r:-gets.shciwed a decreasing cross section; it . . '~ . 

: became necessary tOo develop an identification system which eliminated 
", " ,.,' '. , 

this background. The system which accomplished 'this was developed 
24 ' 

'at Berk~ley • and a schemat~c diagram of a typical counter telescope 

and the ele~tronics for this improved particle-identification system 

is shoWn ill Fig. 5 .• 

The counter telescope was augmented to incorporate two 6E de

tectors (denoted '&:2 and ~ on Fig. 5), a,nd an E detector. Pulses in 

", these detectors were· 'amplified ,and, fed to a fast-slow coincidence sys-, 
. .' . 

" ',tem with a fast':"coincidence resolving time of 50 nsec. If the coin-
, , , 

,,' cidence req\lirements were met, these three pulses were sent to the 
I ~ . . 

particle identifier along with timing pulses. The rejection detector 

'. performed .the same function as described in the preceding section. 

'The triple-coullter identifier produced three identification pulses 

for each partlcle. and a schematic derivation of these three pulses. 

i ' .. using the thr~e ,e~erg'y signals (6E2, ,6El, and E) and 'the relationship 

'R = aEl. 73 is pre~sent,ed in Fig. 6. It can be seen that the three ,- , 

identification signals are proportional to the ~2, 6El, and (6E2 + 

A'El) detector thickne!3s.es, respectively. The Ident. 1 and Ident. 2 pulses 

. ~ . 
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(see Figs. 5 and 6) were then·corrrpared; if their ratio agreed within 

preset adjustable 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 identifier. Since there was only a very small 

chance tha~ both ~ signals for a particular event would deviate mark

edly from normal in the same direction by about the same amount, very 

few incorrect identifications resulted after the comparison-rejection 

process. Tests had shown that those particles which lost an abnormal 

amount of energy in aM detector and were identified improperly (pre

dominantly filling the valleys of the identifier spectrum) could be 

eliminated while 95-99% of the total counts were retained. 

The following data contrast the performance of the standard 

and the triple-counter identifier systems. First, Fig. 7 shows stand

ard particle-identifier spectra from the two-neutron pick-up reaction 

.12C(a,6He )lOC at 70 MeV with dO/cill "-'30-40 ~b/sr and from the three-
, I 12 3 6g · s9 

neutron pick-up reaction C( He, He) C at 65 MeV with da/cill 'Vl~4 6 g.s. 
~b/sr. Although a He identification peak 'Nas resolved in the former 

experiment, the lower cross section of 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 6He energy spectrum from 

the l2c(3He,6He)9c reaction7 using the' standard particle identifier 

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

quired with a triple-counter particle-identifier system is apparent 

in Fig. 9, which presents an identifier spectrum from 12C + 65-MeV 

3He-note particularly the greatly improved peak-to-valley ratios. 

Finally, Fig.\ 10 'is a 6He energy spectrum from the 12c(3He,6He)9c 

reaction obtained using the triple-counter particle-identification 

system and showing essentially no background. 

Previous experiments had shown that chance coincidences between 

two particles "simultaneously" traversing the counter telescope were 

a significant 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 particles of interest. Even though 

a: 50 nsec fast coincidence was required between the cross-over pickoff 
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ions (filled circles). The 6E and E detector thicknesses were 8·5 
mils and 120 mils} respectively. 
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3 

Triple-counter particle-identifier spectrum from C + 5-MeV 
He-particles. The ~2, ~l, and E detector thicknepses were 

5.2 mils, 4.2 mils, and 5.6 mils, respectively. 
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signals ,from the three detectors, it was found that two light particles 

of appropriate energies traversing the detector telescope within a time 

~ ~ 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. ll(c), 

which shows a pulser-simulated triple-counter particle-identifier spec

trum for all ~he particle-stable nuclides from 3He to 7Li, while Fig. 

ll(b) shows the pulser-simulated particle-identifier positions of var

ious 3He + light particle (proton, deuteron, triton, 3He , or 4He ) chance 
4 coincidences, and Fig. ll(a) shows the same for various He + light 

particle chance cO,incidences. The different particles shovn1 in 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, a minimum energy loss of 5 MeV in the E detector was 

required. The silicon range-energy relations that were necessary for' 

these calculations were similar to those discussed earlier. 12 It is 

'apparent from Fig. 11 that a 3He - d chance coincidence can ~ery nearly 
6 simulate a He-particle and an a-d chance coincidence can simulate a 

8He-particle. 

Table I is a. list of the calculated energy losses of various 

particles in the three-counter telescope indicated, assuming no detec-
6 ' 

tor dead layers. Energy losses for a He-particle and a typical 3He- d 

chance coincidence with the same total energy are -listed in the upper 

portion of the table; although the 3He- d chance coincidence event would 

be identified just above the 6He region of the particle-identifier 

spectrum (see Fig. l~)) an analysis of the 6E2 and t£l energy losses 
6 ,would distinguish this chance coincidence event from a He-particle. 

(See next section for a discussion of this procedure.) Unfortunately, 

not all 3He- d chance coincidences can be positively distinguished from 
6 ' 

He events, and these non-removable events appear as a residual back-

ground in the 6He energy spectra. Also listed in the lower portion of 
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( a ) 4 He 4He 4He 4 He 4He 
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Fig. 11. Pulser-simulat.ed particle-identifier spectra for the triple
counter system using the detector thicknesses shown in Fig. 5; 
(c) shows the normal positions of the particle-stable nuclei 
from 3He to 7L1, while (a) and (b) show the positions of 4He + 
X and 3He + X (X denotes p, d, t, 3He, or 4He ) chance coincidences; 
respectively. 
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Table I. Energy losses of various particles in a triple-counter 
telescope. 

- Particie Etotal Energy Losses In Counters (MeV) 

(MeV) 5.2 mil 4.2 mil 6·5 mil 
~2 ctr ~l ctr E ctr 

6 
He -29·00 8.27 9·17 11.56 

3He 21. 25 6.25 7·15 7.85 
d 7·75 2·53 2·94 2.28 

, 3
He + d (sum) - 29·00 8.78 10.09 10.13 -

8He 35·50 ' 8.67 8·93 17·90 

4He 27·50 6.18 6.24 15.08 

d 8.00 2·39 2.69 2·92 
4 ',' He+ d (sum) 35·50 8·57 8.93 18.00 

- 4He + d (sum) 35·50 8.66 9.45 17·39 
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8 Table I are the energy losses for a He-particle and two sets of a-d 

. chance coincidences--all three events having the same total energy. 

The first a-d chance coincidence has ~2 and ~l energy losses such 

that it could not be distinguished from the 8He-particle (~ee Fig. 11 

and Refs. 2.5 and 26), whereas the second a-d chance coincidence, for 

which only the summed energy losses are given, could be distinguished 

from the 8He-particle by an analysis of the M2 and tEl energy losses. 

Two techniques were used to reduce these chance coincidences. 

First, the pile-up rejector shown schematically in Fig. 5 was designed 

at this laboratory24 to decrease the background due to chance coinci

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

the pile-up rejector, an inspection period of -J300 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 the system. Using this pile-up rejector, events 

which consisted of two particles traversing the counter telescope spaced 

in time by ~ 47 nsee were rejected--thus restricting all chance coinci

dence events to those occurring in a single cyclotron beam burst. (For 

70-MeV a-particles, ~he cyclotron oscillator frequency is ~10 Mcs and 

the cyclotron produces bursts df particles of· about 6 nsec duration 

every 100 nsec.) Second, the LE2, ~l, Etotal (Etotal = ~2 + ~l + 
E), and particle-identifier pulses for each event in any desired region 

of the identifier spectrum were recorded in an on-line PDP-5 computer 

via an eight-channel pulse multiplexer and a 4096-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 reliability to the "good" events. Accurate analysis 

of these rare events of interest required two further procedures. First, 

a pulser-stabilized monitor detector independently measured the beam 

energy variation with time by recording the 3He elastic scattering 

peak; Fig. 12(a) is a time plot of the 3He beam energy as followed 

by the monitor detector. Second, the computer stored a pulser-
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(a) , 
40Ca + 56- M eV 3 He 

Monitor beam energy 

(b) Pulser calibration of EtotOI in on-line computer 

16 20 24 28 32 36 40 44 

Time (hours) 

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 Etotal pulse of4sne triple-counter He detection system 
during a study of the Ca(3He,6He )37Ca reaction. 
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simulated ~He.event every 12 minutes to check the entire system and 

provide an accurate measure of electronic drifts during the long data

collection times necessary in the (3Hej6He) experiments; Fig. l2(b) 

shows the electronic stability of the Etotal pulse from one triple

counter particle-identification system during a 45-hour cyclotron run. 

Detector thicknesses in the triple-counter telescopes were 

selected. to provid~ optimum operation only for the 6He-particles and 

a few 6Li groups from the (3He )6Li ) reaction) which served as a cal

ibration reaction. Diffused-junction silicon transmission detectors 

were used (including the rejection detectors) to obtain minimum de

tector window thicknesses. Each detector was calibrated by comparing 

a precision pulser24 with the energy losses of a-particles from a 

2l2po _ 2l2Bi natural a-source. 

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

As an example Of our analysis procedures for these low-yield 
. . . . 40 3 6 37 . 

reactions) we will utilize the data !rom the Ca( He) He) Ca exper-

iment since it had a considerably lower cross section than either the 

160(3He,6He)130 or the 24Mg(3He)6He)2~ reactions. Figure 13 presents 

. a triple-counter particle-identifier spectrum from 40Ca + 56-MeV 3He -

particles; the positions of 3He- p) 3He - d , and 3He -3He chance coinci

dences are indicated on the spectrum. The 3He and 4He peak heights 

in this spectrum (and in other similar triple-counter particle-iden

tifier spectra) are not representative since over 98% of these par

ticles were rejected either by the rejection detector or by 'single-
·6· 6 channel analyzers which were set to pass only the He and Li ions of 

interest (thus recording only 3He-particles between 20.0 and 24.7 MeV 

and a-particles 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 ~2) ~l) Etotal and particle-identifier signals were stored on 

magnetic tape. 

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

of the ~2 and ~l energy losses versus Etotal for each event in the 
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Fig. 13. Triple-counter pa~tic1e-identifier spectrum from 55.9-MeV 3He 
ions· incident on a 40C a target. 
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spectrum was made; such a plot for all ,6He region of the identifier 

"6He ,, events observed in the 

40ca(3He,6He)37ca experiment 

System Two counter telescope during the 

is shown in Fig. 14. Events in which 

the ~2 and/or the ~l energy loss deviated more than ±5% from the 

smooth curves, which were calculated from the average detector thick

nesses, were rejected (these are the circled events and they amount 

to aqout 20% of all the events) and were attributed primarily to 

chance coinciden,ces. Some residual background due to non-rejectable 

coincidences plus other rare events remains. The peak near Etotal 

channel 2160 corresponds to the 40ca(3He,6He)37ca ground-state tran

sition an~ the peak near channel 2040 corresponds to a transition to 

an excited 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 

11.4 deg'so that these two peaks are really sharper than they appear 
6 " 

to be. All of the valid He 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 
6' was 4etermined from the He energy scale discussed below. Data from 

the 40ca(3He,6Li)37K calibration reaction (Q == -9.205 MeV) 27 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 

as follows: calibration curves for 6He and 6Li ions were obtained by 

observing highly negative Q-value (a,6He ) and (a,6Li ) reactions on 

suitable targets at scattering angles and beam energies chosen so that 

the ground-state groups stopped in the E detector. For the 2~ and 

37Ca experiments the calibration target was 12C, and the 12c(a,6He )10C 
, , '12 6 10 ' 

(Q == -30.831 MeV) and C(a"Li) B (Q == -23.716 MeV) reactions were 

studied at ana-particle 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 a-particles from a 212po - 212Bi natural a-source 

(the a-particle groups used for the detector calibrations had energies 
, 8 

of 6.051, 6.090, and 8.785 MeV 2 ), an absolute a-particle beam energy 
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of 71. 0 MeV was established from these calibrations and the known Q,

value and kinematic relations, after energy losses in the detector 

dead layers and in the target itself were taken into account. (Since 

stopping 6He-particles possessed energies of ~30 MeV and 6Li-particles 

~5 MeV and since these energies were distributed 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 a
source energy scale were required for the 6He-particles and reasonable 

ones for the 6Li-particle~.) This a-particle beam energy agreed with

in 0.5% with that obtained 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} bu~more importantly, its en-
. 6 

ergy was also determined from the Li-particles from a known Q,-value 

calibration reaction (here 40Ca(3He,6Li)37K, see Fig. 15) to be 55.92 
MeV~this was again obtained from the earlier a-source calibration 

and it agreed with the range-energy measurements to 0.6%. This is 

equivalent to forcing the 6Li ions f~om the (3He ,6Li ) reaction to be 

on the same energy scale as those from the earlier (a}6Li ) reaction, 

so that the 6He ions from the (3He ,6He ) reaction shouid be on the 

(a,6He ) line established earlier. Using this procedure, an error of 

1 MeV in the 4He beam energy would make a difference of only about 40 

keVin the 37Ca mass. 
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IV. RESULTS AND DISCUSSION 
3 6 Mass Measurements via ( He, He) Reactions 

The mass of 130, which is the Tz = -3/2 member of the mass +3 

isospin quartet, was determined via the l60(3He,6He)130 reaction at 

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

6Li energy scale had been established earlier by studying the 

15N(a,6He )13N (Q = -20.418 MeV) and l5N(a,6Li )13C (Q = -14.688 MeV) 

reactions at 64.5 MeV. The l60(3He,6Li)13N (Q = -9.239 MeV) reaction 

was studied simultaneously with the l60(3He,6He)130 reaction, and 

typical energy spectra from these two reactions are presented in Fig .. 

16. Although there is a fairly high background, one can clearly see 

the sharp 130 ground-st~te transition in the 6He energy spectrum. 

An average differential cross section for measurements at four angles 

between 10 and 20 deg (lab) was 'only 1 flb/sr. The average Q-value for 

the l60(3He,6He)130 ground-state transition was determined to be -30.51 

±0.07 MeV, which corresponds to an 130 mass excess of 23.l1±0.07 MeV 

(12C = 0). Thus 130 is stable with 'respect to proton emission by 

1. 52±0. 07 MeV. The mass of 130 completed the mass 13 isospin 9,uartet 

since the lowest T = 3/2 levels in 13N (T = -1/2) and 13c (T = +1/2) 
23 z 13 z 

had already been established and the mass of B (T = +3/2) was z 
known. 27 Energy level diagrams for the members of the mass 13 isospin 

quartet are shown in Fig. 17, in which, for clarity, ground-state en

ergies of mirror nuclei have been equated and many of the energy levels 

of 13N and l3C 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 discussion of 

the results of this and the two following completed isospin qua~tets 

will be found in Sec. V. 

2. Mass of 2~ 
The mass of 2~, which is the T

z 
= -3/2 member of the mass 

21 isospin quartet, was determined by the 24Mg(3He ,6He )21Mg reaction 
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at '55.9 MeV utilizing the triple-counter particle identifier : and 

Fig. i$ shows an identifier spectrum obtained during this experiment. 

Figure 19 isan'energy spectrum from the 24Mg(3He,6Li)2~a reaction 

(Q = -10.905 MeV), which was recorded simultaneously and uS,ed asa 

calibration reaction.' Two independent 6He energy spectra from the 

24Mg(3He,6He)2~ reaction are shown in Fig. 20---these spectra represent 

a 12-hour run at a beam intensity of 400 nA. Each event in both spectra 

·was corrected for beam energy variations, electronic drifts (see Fig . 

. 12 and Sec. III F for a disc.ussion of these procedures), and for energy 

'lo~ses in the target, and detector dead layers. Each block in Fig. 20 

"represents a single event and the block width was chosen to be 100 keV. 

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

to the ground state and four excited states of 2~. The average dif

ferential cross section for the 21Mg ground-state transition at 14.1 

,deg (lab) .was '0.84 f.1,b/sr and the average Q-value was determined to be 

-27.22±0.12 MeV,which corresponds to a 2~ miass excess of 10.62±0.12 

MeV (12C = 0); therefore 21Mg is stable to proton emission by 3.65±0.12 

MeV. Average excitations of the obs~rved 2lMg excited levels were 0.22 

±0.03, l.27±0.06, 1.62±0.04, and 1.89±0.04 MeVj these are consistent 
! 

'~ " 

. with the known29 level structure of the Tz = +3/2 nucleus 2~. It is 

interesting to note that 21Mg and 37ca (presented below) are the first 

two Tz = -3/2 nuclei in which excited levels have been experimentally 

observed. 

,3. Mass of 37 Ca 

The mass of 37Ca (T = -3/2) was determined via the 40ca (3He , 

6He')37ca reaction ~t 55.9 M:V. (Refer back to Fig. 13 for a triple

counterparticle~identifier spectrum from this experiment.) Corre.cted 

6He energy spectra from two independent observations of this reaction' . 

are shown in Fig. 21---a 45,..hour run at a beam intensity of 400 nA vras . 

. required to obtain these data (higher 3He beam intensities were avail

able but were not used because of the chance coincidence problem in 
6 "6 

,the He spectra) .. Each block in the He spectra represents a single 

event and the block width is 100 keV. Although two angles were observed 

'. 
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M-A= 10.66 MeV 

j 
0.21 MeV 

j 

24Mg (3He, 6He) 21 Mg 

Blab = 14.1 deg - System One 

5150 f.1C 

24Mg (3 He ; 6 He ) 21 Mg 

Blab= 14,1 deg - System Two 

5150 f-LC 

M-A = I 0.56 MeV 

O~~WU~~~~-LLL __ -L~~~~ ____ ~ ____ L-~~~--~ 

26 27 28 

E nerg y (MeV) 

29 30 

MU B -14099 

Fig. 20~ Two indep~ndent 6iIe energy spectra from the 24Mg(3He, 6He')2~ 
reaction at 55.9 MeV' and a scattering angle of 14.1 deg. Each 
block represeJ1,ts one count and the block width is 100 keY. 



If) -c:: 
:::J 
o 

U 

25 

20 

15 

10 

5 

Possible higher~,' . 
excited stotes ~ 

Lower counter 
.6He cutoff 

1 

-42-

Exc.-1.63 MeV 

1 M-A--13.25 MeV 

j 

40Co (3 He, 6 He ) 37CO 

Composite energy spectrum 

Blob = 11.2 deg - System Two 

55;500}-LC 

Upper counter 

6He cutoff 1 

O·~. ----,..+...dfr:Q..t±I:tr;D:Jt4.~~J.j±i..o.JJtL....o....o~_tD:.J;L___D..'""'----_t_D_DrD~ 

20 

15 

10 

Possibl~ higher -,----J 
excited states ~ 

28 

Exc.· 1.62 MeV 

M -A- -13.23 MeV 

j 

40 CO (3 He, 6He ) 37CO 

Composite energy spectrum 

BlOb = 11,.2 deg - System One 

46,250}-LC: 

! 
Upper counter 

6He cutoff 

29 30 31 32 33 34 

Energy (MeV) 

MUB·9797 

6 40 3. 6 37 . Fig. ,21. ,Two independent He energy spectra from the Ca( He,. He) Ca 
reaction,at 55.9 MeV; the data from both systems were kinemat
ically corrected to ~ll. 2 deg. Each block is one count and the 

. block width is 100keV. 

,. 



-43-

in one system and three angles 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 

states of 37Ca~ The average cross section for the 37Ca ground-state 

transition at 11.2 deg (lab) was 0.175 ~b/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 (12C == 0). Hence 37Ca is stable to proton 

emission by 3.2±0.2MeV (the mass excess of 36K is not known very well, 

but the value calculated in Ref. 30 is probably good to ±0.2 MeV). 

The first excited state of 37Ca appears at an excitation energy of 

1. 62±0. 03 MeV, which is consistent .wi th the known first excited state 

of the T == +3/2 nucleus 37Cl at 1. 72 MeV. 31 z 
Table II presents the forward angle center-of-mass differential 

cross sections for the four (3He , 6He ) reactions that have been utilized· 

at this l~boratory 7,,23 for mass determinations of Tz == -3/2 nuclides. 

As can be noted from this table, there appears to be a marked decrease 

in cross section with increasing mass number A. Unfortunately, the 

general behavior of these (3He ,6He ) cross sections with angle and with 

. bombarding energy has not been determined, so that this apparent pattern 

could easily be a property of our experimental conditions. To further 

characterize the mechanism of the (3He ,6He ) reaction, an angular dis

tribution of the 160(3He,6He)130 reaction was obtained and the results 

are presented in Sec. IV Q. 

B. Location of Low-Lying T == 3/2 Levels In Tg +1/2 

And -1/2 Nuclei 

In order to completely characterize the mass 21 and mass 37 

isospin quartets, it was necessary to perform various one- and two

nucleon transfer reactions to locate low-lying T == 3/2 levels in the 

Tz == +1/2 (21Ne and 37Ar ) and -1/2 ( 21Na and 37K) members of these two 

quartets--the results of these investigations are presented below. 

1. T == 3/2 States in 21Ne and 21Na 

The 22Ne(d,t)2~e and 22Ne(d,3He)2~ reactions at 39.6 MeV were 
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Table.II. Forward angle differential cross sections for (3He , 6He ) 
,re~ctions. 

Reaction Bombarding da/im 
Energy (MeV) c. m. c.m. 

(deg) (J.l.b/sr) 

12 3 6 9 C ( He J He) C 'g. s. , 65·5 15·8 1.6± 0.4 
16 3 6 13 o( He, He) 0 g.s. 65·3 15·3 0.76 ± 0.12 
24 3 6 21 

Mg( He, He) Mg g.s~ 55·9 18.0 0·53 ± 0.12 
40ca(3He,6He)37ca g.s. 55·9 12·9 0.13 ± 0.03 

.' 
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studied simultaneously to characterize the T = 3/2 states in 21Ne . 

Triton and 3He energy spectra from these reactions are shown in Fig. 

22; energy resolutions (FWHM) were 160 keV for tritons and 182 keV 

for 3He . The lowest T = 3/2 level in 21Ne was expected to lie near 

8 . 21 .9 MeV excitation since its analogue level in the mirror nucleus ~a 

was observed at 8.90±0.04 MeV excitation. 32 Three sharp states at 

8.92±0.025, 9.21±0.04, and 10.04±0.03 MeV were observed in the 

22Ne (d,t)21Ne spectra; they are indicated as T = 3/2 levels in Fig. 

2.2 and are the presumed 'analogues of the 2~ ground, 0.28- and L 10-

MeV levels, respectively. 

Angular distributions of the 22Ne(d,t)2~e transitions to the 

ground state (3/2+), 0.35-MeV (5/2+), and 8. 92-MeV levels, together 

with the distribution of the 22Ne(d,3He)2~ ground-state (5/2+)33 tran

sition, are shown in Fig. 23. All these transitions are expected to 

involve L == 2 angular momentum transfers. The abscissa in Figs. 23-25 
j 

is the dimensionless quantity QR, where Q is the center-of-mass linear 

momentum transfer and R is the radius of interaction calculated from 

the formula R(fermis) 1 5(A )1/3 + 1.2 for incident deuterons. . target 
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 particular interest to compare the 22Ne(d,3He)2~ ground-state 

transition with the 22Ne (d,t)21Ne* 8.92-MeV transition since these 

two states are expected to be analogues. Assuming the charge indepen

dence of nuclear forces, transitions populating these analogue states 

proceed from identical initial to identical final states and hence 

should possess identical cross sections after phase space and isospin 

coupling corrections are made. These corrections involve (compare 

Bayman34); 

cr(d,t) 

cr(d}3He ) 
= 1 X k(t) . 

2T + 1 k(3He )' 
a 

where T is the isobaric spin of the target nucleus and k(t), k(3He ) 
a· 

are the center-of-mass momenta of the particles. Noting Fig. 23 one 
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XBL677-3534 

23. Angular distributions of the 22Ne(d,t)2~e transitions to the 
. ground state (312+),O.35-MeV ,(5/2+), and 8.92-MeV levels and of 
the22Ne(d,3He)~aF ground-state (5/2+) transition. In ,all cases 

. smooth curves have been drawn. through .the experimental points to 
·guide the eye; the abscissa is the d:i.mensionless quantity Q,R, where 
Q is the momentum transfer and R is the interaction radius. 



-48-

22 2L_ 
sees that the angular distributions of the Ne(d,t) ~e* 8. 92-Mev 

state and the 22Ne(d,3He)2~ ground state have similar L = 2 shapes 

and that their adjusted cross sections agree quite welL Therefore 

the 8.92-MeV level of 21Ne has been assigned T = 3/2 and J~ = 5/2+ 

to agree with its analogue. 

Angular distributions of the 22Ne(d,3He)2~* 0.28-MeV (1/2+)35 

transition and the 22Ne (d,t) 21Ne* 9.21-MeV transition are presented 

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 

comparison of the magnitudes (and L = 0 shapes) of these two angular 

distributions, the 9.2l-MeV level of 21Ne can be assigned as a 1/2+, 

T. = 3/2 state. Angular distributions of the l60(d,3He )15N ground 

(1/2-) and 6.33-MeV (3/2-) states,36 together with the distributions 

, of the 22Ne(d,3He)2~* l.lO-MeV level and the 22Ne (d,t)21Ne* 10,04-MeV 

level, are shown in Fig. 25. The spin and parity of the LIO-MeV level 

of 2~ are not known, but when the angular distribution of this level 

is compared to the known L = 1 transitions to l5NJ it appears to possess 

an L = 1 shape so that it may be tentatively assigned as J~ = (1./2, 

3/2)-. The angular distributions of the 21Ne* lO.04-MeV and the 2~* 
1.10-MeV levels (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 

21Ne * lO.04-MeV state is the third T = 3/2 level in 21Ne and it is 

also tentatively assigned spin and parity (1/2, 3/2)-. 

The 23Na(p,t)21Na and the 23Na(p,3He)21Nereactions were studied 

at 42 MeV in order to locate T = 3/2 levels in 21Na through comparison 

of (p,t) transitions with (p,3H~) transitions to the now established 

T. = 3/2 levels in.~1.Ne •.• ·An·ene;gy.s.pectrum from the 23Na(p,t)2lNa 

reaction is shown, in Fig. ,26 with typical triton energy resolution 

(FWHM) of 150 keY. Peak 19 in the spectrum possessed an average ex

citation energy of. 8.92±O.03 MeV and was presumed to be the lowest 

T = 3/2 level since this excitation agreed with·the value of 8.90±0.04 

MeV reported earlier. 32 Due to the large amount of oxygen in the tar

get, the (p,3He ) transitions to the 21Ne analogues of the 8.92-MeV 

'.-
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MeV. The numbered levels are 21Na levels whose average excita
tion energies are listed in Table III. 
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and higher levels of 21Na were not observed. Several previously unre

ported energy levels of 2~a were observed in'this experiment and the 

results are presented in Table III along with a summary37-39of pre

viously published data on states of this nucleus. No new spin and 

parity assignments 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 published data on 
21 the energy levels of Na. 

These new data on the mass 21 isospin quartet are summarized 

in ,Fig. 27, which shows energy level diagrams for the members of the 

quartet. For 'clarity, ground-state energies of mirror nuclei have 

been equated and many of the energy levels of 2~e and 2~a below 10 

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

ground-state T = 3/2 q~artet are shown and T = 3/2 analogue levels are 

connected by dashed lines. 

2. T 3/2 States in 37K and 37Ar 

The 39K(p,t)37K and 39K(P,3H~)37Arreactions at 45 MeV were 

used to locate the lowest T = 3/2 levels in 37K (T = -1/2) and 37Ar z 
(T = +1/2). Triton and 3He energy spectra from these reactions at z 
a laboratory angle of 26 deg are shown in Fig. 28. Energy resolutions 

(FWHM) were about lSO keV for tritons and 2S0 keV for 3He-particles. 

Sharp states were observed in these spectra in the expected regions 

for the T = 3/2 levels, as predicted from Coulomb calculations and 

the 37Cl mass, at excitations of 5.010±0.030 and 5.035±0.025 MeV in 

37Ar and 37K, re~pectively. ,This excitation for the lowest T = 3/2 

level of 37K agrees with that of 5.030±0.01S MeV obtained preViOUsly.40' 

Angular distributions to these two states and to the 37K ground (3/2+) 
+ and 1.37-MeV (1/2 ) states are shown in Fig. Z9. Since a spin transfer 

of S = 0 is required to first order for (p,t) reactions, the 37K* 1.37-

MeV transition is expected to be a pure L = 2 angular momentum transfer. 

Although the 37K ground-state transition is allowed by angular momentum 

and parity selection rules to proceed via either L = 0 or L = 2 angular 

momentum transfers, previous (p,t) experiments~l have shown that 
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Table III. Levels in 21Na observed in the 23Na(p,t)2~a reaction at 
42 MeV. The J~ assignments were. all taken from the ref-
erences cited. 

Level Excitation Excitation J~ References 
Number This Work Other Work 

(MeV ± keV) (MeV ± keV) 

0 0.0 3/2+ 31 
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 
4 2.81 ± 20 2.81 ± 40 3l 

5 3.54 ± 20 3.540 ± 2 5/2+ 37 
6 3·64 ± 30 

7 3.83 ± 20 3.88, 3.82 31, 37 
4.15 3/2- 31, 37 

8 4.28 ± 30 4.29 ± 4 5/2+ 37 
9 4.41 ± 30 4.41 ± 20 37 

4.46 ± 5 3/2+ 37 
10 4·99 ± 30 5·00 ± 50 31 
11 5·34 ± 30 

5·47 31 

5·70 31 
12 5·78 ± 30 5.83 31 

13 6.16 ± 30 

6.26 31 
14 6.54 ± 30 6·52 ± 50 3/2+ 31, 39 
15 7.06 ± 30 

7·21 ± 50 1/2+ 39 
7.45 ± 50 5/2+ 31, 39 

16 7.60 ± 60 

17 8.11 ± 30 

18 8.31 ± 30 
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Table III. (continued) 

Level 
Number 

19 
20 

21 

22 

Excitation 
This Work 
(MeV ± kev) 

8·92± 30 

9·19 ± 3'0 

10.·05' ±' 40 

11.00 ± 30 

- t 

t. 

-54-
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Excitation 
Other Work 
(MeV ± keV) 

References 



,.. 

-55-

2.07 1.89 75 1.62 

I. 10 (1/2-,3/2-1 ~.:~l~_ 

T=3/2 
L=:)]2: 

IO.Ot;{ 1/2-,3/2-) 
- T= 3/2 

,)= 3/2 

L'I:.~[~ 

10.05 1.27 

0.28 1/2 + 
5/2+ 

9.51 
9.21 1/2 + 

- 8.92 512+ 
9.19 

- 8.92 T =_3_/_2_ £0::. 2::2=====::J / -T=3 2 

8.28 
7.99 

21Mg 

~~ ~ " 2.87 9/2+ 2.81 ·9/2+ 
2.79 1/2+ 2.43 1/2+ 

1.75 7/2+ 1.71 7/2+ 

0.353 5/2+ 0.335 5/2+ 
3/2+ -T= 1/2 3/2+ - T= 1/2 

MU B ·141ooA 

Fig. 27. Energy level diagrams for the members of the mass 21 isospin 
quartet showing the positions of the T = 3/2 levels in each nucleus. 
For the sake of clarity the ground-state energies of mirror nuclei 
have been equated and many of the excited levels of 2lNe and 2lNa 
below 10 MeV excitation have been deleted. 
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Fig. 28. Energy spectra from the 39K(p,3He )37Ar and 39K(p,t)37K 
reactions at 45 MeV and a scattering angle of 26 deg. The 
spectra have been adjusted to align the positions of the 
ground state peaks. 
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Fig. 29. Relative angular distributions for the 39K(p,t)37K ground 
(3/2+), 1. 37-MeV (1/2+), and 5.035-MeV (T = 3/2) states and 
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section of the last transition has been corrected for phase 
space and isospin coupling factors. 
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such transitions appear to proceed by relatively pure L = 0 transfers. 

Assuming the charge independence of nuclear forces, (p,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 37K and 37Ar , which are 

the analogues of the known 37Cl ground state (3/2+), should therefore 

have identical cross sections after isospincoupling and phase space 

corrections have been made; L = 0 behavior is again expected. Indeed, 

Fig. 29 shows that ,the angular distributions ·to these supposed analogue 

states possess L·= 0 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 few of the levels of 37Ar and 37K below 5 MeV excitation 

are shGwn--the·level structure of 37Kis from Goosman and Kavanagh. 42 

The lowestT = 3/2 level in each nucleus is shown and they are connected 

by dashed lines. 
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Fig. 30. Energy level diagrams of the members of the mass 37 isospin 
quartet showing the positions of the T == 3/2 levels in each 
nucleus. For clarity the ground-state masses of mirror nuclei 
have been equated and several of the 37Ar and 37K energy levels 
have been deleted. 
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C.'' , ,Preliminary Studies of Three- and Four

Nucleon Transfer Reactions 

Angular distributions of the reaction products from the 

l60(3He,6He)130, l60(3He,6Li)13N, l60(3He,7Li)12N, and l60(3He,7Be)12c 

reactions at 70 MeV Were obtained and the results are presented in this 

section. 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 l60(3He,6He)130 Reaction 

In an effort to determine the mechanism of the (3He ,6He ) reac

tion, a further study of the l60(3He,6He)130 reaction was made utiliz

~ng the triple-counter particle identifier. An identifier spectrum 

from the bombardment of an 160 gas target with 70-MeV 3He-particles 

is shown in Fig. 31. As described previously, all the events in the 

6He region 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 sec~ions required 8-hour runs at beam 

intensities of 0.5 to 1.5 ~ (depending on the scattering angle) in 

order to obtain the 130 ground-state angular distribution which is 

presented in Fig. 32. No transitions to excited 130 states were ob

served. The spin and parity of the 130 ground state is expected to be 
29 ' 3/2-, since that is the spin and parity of the ground state of the 

mirror nucleus l3B• Therefore the 130 ground-stat~ transition is re-

-stricted to an L = 1 angular momentum transfer, assuming the reaction 

is a direct reaction. For comparison, this (3He,6He ) transition"the 

l60(3He,6Li)13N-X·'3.5l_MeV (3/2-) transition (the (3He,6Li ) data are 

presented in the next subsection], and the l60(p,4He)13N* 3.5l-MeV 

transition,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 (3He ,6Li ) and 

(p,4He) reactions proceed by a direct triton pick-up mechanism, these 

two transitions in Fig. 33 would be expected to possess L = 1 angular 

momentum transfers. The l60(3He,6He)130 angular distribution appears 

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

,-------------'---,---' '----- ._-- -" .-
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to J~ = 3/2- states. 
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correspond to the shape of either of the other two transitions in Fig~ 

33. The differential cross sections of the (p,4He) and (3He,6Li ) tran

sitions to the ground state and 3.51-MeV state of 13N, together with 

that of the 130 ground-state transition, have been integrated over the 

same angular range and the results are given in Table IV. Clearly 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. The 160(3He,6Li)l3N Reaction 

.A 6Li energy spectrum from this reaction is shown in Fig. 34; 

the typica1 6Li energy resolution (FWHM) was about 300 keV. Angular 

distributions of the transitions to four levels of 13N are presented 

in Fig. 35. Under the assumption that the (3He ,6Li ) reaction proceeds 

by the direct pick-up of a triton cluster from the target nucleus by 

the incident 3He-particle, the 160(3He,6Li)13N transitions to the 

ground and 3.51-MeV states of 13N would possess L = 1 angular momentum 

transfers, whereas the 7.39-MeV (5/2-) 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 7.39-MeV level has a more constant cross section and 

it becomes the strongest state in the spectrum at the larger angles. 

Angular distributions of the (3He ,6Li ), (p,4He),43 and (4He,7Li) reac

tions (we obtained the 160(4He,7Li)13N data utilizing the standard par

ticle identifier) proceeding to the ground state and 7.39-MeV state of 

. 13N are presented in Figs. 36 and 37 (refer back to Fig. 33 for a com-
64: 

parison of (3He , Li) 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 

sections for these three reactions leading to several states in 13N are 

presented in Table V. In general, the (p,4He) reaction has a larger 

cross section than the (3He ,6Li ) or (4He,7Li) reactions to the same 

strong final state. A systematic study of these reactions on several 



" 

• 

Table IV. Integrated cross sections for several three-nucleon 
transfer reactions. 

Reaction· Energy Bombarding Angular Integrated 
Level Energy Range Cross Section 
(MeV) (MeV) (c.m. deg) (iJ.b ) 

160(3He,6He)130 g. s. 70.1 18.2-57.4 0·54 
160(3He,6Li)13N g.s. 70.1 18.2-57.4 40.8 

160(p,4He)13~ 
3·51 18.2-57·4 109·0 
g.s. 54.1 18.2-57·4 56·3 

3·51 18.2-57·4 375·5 

a See Ref • 43 
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Table V. Integrated crosslgections for three different re~3tions 
proceeding from ° to the same final states in N. 

Energy 
Level 
(MeV) 

Angular 
Range 

. (c. m. deg) 

g. s. 16.0-43.3 
2.37 16.2~43·7 

3·51 16·3-43·9 
6·38 16.5-44.5 

7·39 16·5-44.7 

a" 
See Ref. 43. 

Integrated Cross Sections (~b) 

160(3He,6Li~13N 160(a,7Li)13N 160(p,a)13~ 
7o.1-MeV He 80.6-MeV a 54.1-MeV p 

34.4 28·9 62·3 
1.28 5·52 1.69 

94.8 115·4 386.7 

6·34 11.1 34.8 

29·6 40.0 411.2 

,- ------- -:-~,-.. ~.~-.. -.-.,-.;:- ---------. 

,.. 

• 
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targets should be made in order to obtain a better understanding of the 

'possible reaction mechanisms. 

~ 

3. The l60(3He,7Li)12N and l60(3He,7Be)12c Reactions 

Energy spectra from these reactions are presented in Figs. 38 

and 39--the 7Be energy resolution (FWHM) was about 500 keV. The angu

lar distributions of the l60(3He,7Li)12N ground-state &~d 0.96-MeV 

transitions are shown in Fig. 40 and angular distributions of several 

l60(3He,7Be)12c transitions are shown in Fig. 41. For both the (3He ,7Li ) 

and (3He,7Be) transitions, the first excited states (7Li = 0.478 MeV, 

7Be = 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 

of transitions to the ground states and first excited states of 7Li or 

7Be • The (3He ,7Be ) angular distribution~ show little structure and a 

rapid decrease in cross section with increasing angle. Angular dis

tributions of the (3He ,7Be ), (4He ,8Be ),44,45 and (d,6Li )46 reactions 

leading to the ground state and to the 4.43-MeV state of 12C are pre

sented in Figs. 42 and 43. Although'the (d,6Li ) and (3He ,7Be) angular 
6 distributions are qualitatively Similar, the (d, Li) data do not extend 

to high enough QR to permit a sufficient comparison to be made. How

ever, the (4He,8Be ) and (3He ,7Be) angular distributions are quite dif

ferent, thus making it impossible to reach any conclusions concerning 

the mechanism of the (3He,7Be ) reaction. Integrated cross sections 

for these three reactions leading to states in l2C are given in Table 

VI. Obviously the (3He ,7Be ) reaction has a lower cross section than 

the other two reactions. Future studies will have to be made to learn 

more about the nature of these a-particle transfer reactions. 
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Fig. 39. Energy spectrum of the 160(3He,7Be)12c reaction at 70 MeV and 
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Table VI. . Integrated cross gections for three different reactions 
proceeding from 1 0 to the same states in 12C. 

Energy 
Level 
(MeV) 

g.s. 

4.43 

7·66 

9·63 

a See Ref. 
b-

See Ref. 

Angular 
Range 
(c.m.deg) 

22.0-62.9 

23·9-51.3 

15.4-44.2 

15·5-36·9 

45. 

46. 

Integrated Cross Sections (~b) 

160(3He,7Be)12c 160(a,8Be)12ca 160(d,6Li)12Cb 
. 70.1-MeV .JHe 39-MeV a 21-MeV d 

43·4 

153·8 

13·0 

14·9 

449 

358 

649 

699 

,.. . 
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V. DISCUSSION OF THE COMPLETED ISOSPIN QUARTETS 

If the wave functions of the members of an isospin multiplet 

can be regarded as identical and if any charge-dependent 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) ; 

2 M(A,T,T ) = a(A,T) + b(A,T)T + c(A,T)T • z - - z - z 

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

the mass 13, 21, and 37 isospin quartets permits three further inde

pendent tests of the parabolic character of the IMME since the coef

ficients can be determined from three of the members of a quartet and 

then used 

use these 

quartet. 

to predict a mass for the fourth member. We have chosen to 

data to predict the mass of the T = -3/2 nucleus in each z 
A list of the T = -3/2 nuclei whose mass excesses have been z 

measured, together with the coefficients and the predictions of the 

IMME for the four isospin quartets which have been completed to date, 

is presented in Table VII. In all four of the completed isospin quartets 

there is very good first order agreement between the predicted and 

experimental mass excesses within the relatively large experimental 

errors, which indicates that the IMME is accurate over a fairly large 

variation in atomic number Z. An apparent discrepancy in the much more 

accurate mass 9 quartet data47 was interpreted as indicating a possible 

(and ultimately to be expected23) need for the inclusion of a higher 

order term d(A,T)T3 in the IMME, but unfortunately no explicit theor-- z 
etical estimate of the magnitude of such a coefficient is available. 

These d(A,T) coefficients of an IMME containing a d(A,T)T3 term were - . - z 
calculated from the four experimental masses in each quartet and the 

results are listed in Table VII. Clearly such a coefficient is no great

er than za~, where Z is the average atomic number of the four members 

of an isospin quartet and a is the fine structure constant. Theoretical 

predictions of the magnitude of the expected second order corrections 

would be quite valuable. 
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Table VII. Isobaric multiplet mass equation predictions and 
calculated coefficients. 

Isobaric Multiplet Mass Equation 

M(A,T,Tz ) =~(A,T) + ~(A,T)Tz + ~(A,T)T~ [+ ~(A,T)T~] 

T =-3/2 z 
Nucleus 

9C 
9C 
130 
2-lyJg 

37Ca 

Experimental 
Mass Excess 

(MeV) 

28.99 (70)a,b 

28.916 (5)c 

23·11 (70) 

10.62 (120) 

-13·24 (50) 

Predicted 
Mass Excess 

(MeV) 

28·961 (29) 

23·10 (49) 

10·59 (120) 

-13·24 (118) 

b(A,T) 
TMeV) 

-1. 332 (7) 

-2.180 (16) 

-3.545 (40) 

-6.176 (39) 

aAll errors are in parentheses and are in keV. 

bSee Ref. 7. 
cSee Ref. 47. 

.-..-. .- -~ . . " ... ," : ...... '>.' ", - .... ~ :.--.,. : .", -, •• -.' 

c(A,T) 
TkeV) 

278 (11) 

254 (11) 

154 (24) 

176 (25) 

[d(A,T)] 
TkeV) 

7 (5) 

-1 (14) 

-5 (28) 

1 (21) 

Wc 
(keV) 

9 
12 

12 

24 
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Various systematic mass predictions for 9C, 130, 17Ne , 2~, 
and 37ca~ which are all the Tz = -3/2 nuclei whose masses are known, 

together with the experimentally measured masses, are shown in Table 

VIII. Only the Kelson-Garvey predictions (Ref. 4) cover all five nuclei 

and their predictions appear to be in excellent agreement with the 

experimental masses except for 130. 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 nuclei nearer proton-instability, such as 120 and 36ca, 

which could be reached through the (a,8He ) reaction. 



-82-

Table VIII. Compa,rison between various systematic mass predictions 
and the experimental masses. 

Nucleus - a Experimental 
lflaSS Excess 

(MeV) 

9 -
C 28.916 (5)e 

130 23.11 (70)f 
17Ne 16.47 (190)g 
21J1~ 10.62 (120) 
37Ca -13·24 (50) 

Go1danskiib 

Mass Excess 
(MeV) 

23·2 

-16.2 

10·9 

-12·9 

J"aneckec 

Mass Excess 
(MeV) 

29·3 

23.4 

16·3 

10.8 

d Kelson-Garvey 
Mass Excess 

(MeV) 

28.88 

23·52 

16.63 

10·79 

-13·17 

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

b See Ref. 1-
c See Ref. 3. 
d See Ref. 4. 

eSee Ref. 47. 
f See Ref. 23. 

gSee Ref. 48. 

{\ 
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