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BETA SPECTRA OF THE MIRROR NUCLEI WITH A=19 TO 39
Jasper A. Welch, Jr.
Radiation Laboratory

University of California

Berkeley, California

August 2, 1957

ABSTRACT

The positron spectra and half lives of all the mirror nuclei

+ - '
(Z = Az l‘) with 19 € A € 39 have been systematically measured with

a 1800 deflection uniform-magnetic-field spectrometer. The ground-

state transition energies were used to compute Coulomb energy differ-
ences between mirror pairs. '

Deviations of these Coulomb energy differences from a smooth

: variétion with A are explained in great detail by.é nuclear shell model
- using an isotropic harmonic oscillator potential well. The data defi-

. nitely _support a symmetry for the protoh wave functions chara_cteris‘tirc

of jj coupling in the state of lowest seniority, with magic number

effects at Z = 14 and 16 as wellas Z = 8 and 20.

..Comparison of the ft values obtained with experimental nuclear
magnetic moments gives the following values for the partial coupling

consté.nt_s for the Fermi and Garhow-Tell'er §] interactions:

2 1 .-
8r T 6700 °¢¢ >
2 1 -1
8cT. © 4800 S¢¢ -



I. INTRODUCTION - -

- A. The Role of Nuclear Coulomb Energy

The total binding-energy difference between isobars is composed
of contributions from nuclear forces, repulsive Coulomb forces be-
tween protons, and the neutron-proton rh'_ass difference. The nuclear

Coulomb 'enei_'gy depends upon the spatial correlations of the several

protons in the nucleus, and its value is indicative not only of the gener-

al size of nuclei but also of the spatial symmetry of the proton wave
functions. 1,2 |

In the nuclear shelllmodel_with' charge-independent nuclear forces,
the specific nuclear contribution to the binding energy is the same for

pairs of isobars characterized by

A+ 2
2

, etc.

Thus in these cases we may obtain the Coulomb energy difference by
s:{L-rnply correcting the total binding-energy difference for the neutron-
proton mass ratio. Exp'erimental_ total binding-energy differences are
obtained from reaction energy and beté-disintégration energy measure-
ments. In very light nuclei the perturbation of the Coulomb forces

somewhat disturbs this nuclear equivalence.

B. Experimental Situation
The nuclear species Z = -é;—l are called mirror nuclei and have

1,4-12 and experimeﬁtall3-18

been the objects of considerable theoretical
attention. We shall label mirror pairs by their mass number, Arnp""
Very accurate experimental binding-energy data are available for

19

Amp< 21 from reaction-energy measurements. This experimenunt

" has obtained, from positron-decay disint,egrati'on energies, a system-

atic, ; accurate set of binding-energy differences throughout the
region .19 < A £ 39. The earlier experimental situation was charac-
terized by much disagreement, 17 although several experiments of

high precision have been performed recently. 15,16
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The species Z = A ; 2 together with the self-mirrored species

Z=A/2 are called triads. We shall label the triads with their mass

number, A . Investigations of positions of energy levels,: and the
shifts of them caused by the Coulomb perturbatlon, have been made
for A < 147 ' '

. For hlgher At the masses of the neutron-rich members are known
with fair precision, while for the proton-rich members some are
known to a few hundred kilovoltszo and others have not been identified.
A study of the available data to check charge independence of nuclear
forces has been made bvailkin'somzl and reviewed in .Section IV-E..

" This check indicates that the n-p bond may be slightly -strongerv than
the n-n bond (1.5% * 2.5%). Studies of the singlet scattering data imply
the n-p bond may be slightly stronger (‘&3%) than the p-p bond.

Thus, our:-assumption of nuclear force equ1va1ence of the ground

states of the mirror nuclei seems fa1r1y accurate

C. -Nuclear Radii

Besides Coulomb energy differences in mirror nuclei, there are
several methods for making measurements of nuclear charge distri-

butions and sizes:

1. Charge-sensitiﬁe methods: -
a. electron écattering
b. p-mesonic atoms and p-meson scattering
c. fine structure in x-ray spectra
d. isotope shifts
e. hyperfine structure in hydrogen
2. Range-of-nuclear-force methods:
f. neutron-scattering experiments at a var1ety of energles
g. proton and alpha=particle scattering
3. Combinations of 1 and 2: |
h. Weisacker semi-empirical mass formula

~i. alpha-particle radioactivities.

. Detailed intercomparison of the theory and results of the various

methods has been recently made by Ford and Hillzz, Hofstadter23,



and Scott, 24

Because nuclear Coulomb energies depend not only upon the ''size™
of the nucleus but also upon the overlap of the proton wave ‘functions,
nuclear radii deduced from data on mirror nuclei are highly dependent
on the model used. Details of this dependence are discussed in Sec-
tions IV-A through IV D. '

Compar1sons of radii from this experiment with those from high-

energy electron scattering and p-mesonic atoms are in Section IV-D.

D. Nuclear Matrix Elements

By measuring the lifetimes as well as the disintegration energies
for al'l_"transii:ions", .we obtained their comparative lifetimes, or ft
v’alues.-25 These values are compared with theoretical matrix elements
and matfix elements based on measured magnetic moments of the

26,27 1) Section IV-E. .The latter comparison gives

daughter isoebars’
values.for both the: Fermi and Gamow-Teller B-decay interaction

constants.

- E. The Experiment '

The radioisotopes were produced by deuteron and proton bombard-
ments with the external beam of the 60-inch cyclotron at Crocker
Laboratory, and by proton bombardments at the 32-Mev proton. linear
accelerator, as well as deuteron bombardments with the linac's Van
de Graaff injector. . .

The beta spectra were measured with a 180°-deflection single - |
focusing magnetic spectrometer, ’

{



'II. EXPERIMENTAL DESIGN AND PROCEDURE

A. Equipment

The beta spectra. were measured with.a uniform -field 180°fde—-
flection single-focusing spectrometer (shown in Fig. 1). Although
more elaborate designs have advantages of highevr transmission and

_thus higher .fesolutio’n;for a given so'.u_r.-ce_ strength, -2-8 we felt that it
was more important for this experiment to use a simple d’esign‘who se

—characteristics were well understood and whose calibration depends
only on measurements of a length and a uniform magnetic field.. The
design was carried out along the lines suggested by Persico, et al. 29, 30
who developed formulae foJr maximizing transmission for a given res- |
olution. . The size of the orbit was, -in fact, dictated by available power

" supplies, irom, and copper. The magnetic field was carefully mapped

~and cali‘brated to 0.1% against magnet current with commercial nuclear
magnetic resonance equipment (Laboratory for Electronics probe and
oscillator and Hewlett-Packard frequency counter checked against
station WWV). The field along the central ray exhibited some droop
near the ends of the orbit, as shown in Fig. 2. By plotting orbits,

’ w.e'found_ that this di‘sﬁturbance‘coul‘d be adequately taken into account
by using the average magnetic field around the orbit. No.other devi-

- ations greater than 0.1% were observed in the field uniformity.

Some characteristics of the spectrometer are given in Table I.
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Flg 2. Magnetic field along the central ray. The relative

magnetic field, normalized to the mid-orbit value, is shown
as a function of 6, the angular position around the orbit, for
several field strengths. The field was symmetric about the

mid-point and data from both sides are included. It proved

sufficient to use the average magnetic field along the central
ray to correct for this nonuniformity.
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Table I

Beta-spectrometer characteristics

Ene'vrgy range : 0.5 to 6 Mev
‘Radius of orbit ) | 10.20 cm
‘Maximum field = 2200 gauss
- Power requiféd' at - 15 volts 100 amperes

‘maximum field

Transmission o 0.2%
(percentage 4m)

: 'Req‘ui;jed resolution

Instrument settings (full width at half height)
. _ , -
1% 2.5%
Entrance slit width 'O,I25 cm - 0.30 cm
Exit slit width 0.25cm ~ 0.62 cm
Mid-orbit baffle - 3.0 cm 3.5 cm
(full width) o
‘Height of orbit -~ 3.75 cm 3.75 cm

* s .
~ as used in this experiment

It»should. be pointed out that the transmission is the percentage of
particles of a given momentum that are col'.l‘e-cted; inéreasing the exit.
slit width increases vtv:he counts received, as one then collects particles
over a larger momentum interval. |

We chose the 2.5% re501utibn because we needed the counting
rate, é.'_nd we found that it did not affect the Kurie-plot extrapolation
(see Sec. III-C). |
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- B. Physical Arrangement

.-~ Because of the short half lives encountered, the. spectrometer

was positioned so that thevaccelerato.rés external beam struck a target
pla.ced at the entrance of the orbit (Figs. 1, 3, and 4). To reduce
_lvaack'_gr.ound, everything that would be exposed to direct or scattered
beam wa’.’s’.’fa"s‘liid'ﬁed‘of,_..carbo'n, as the act‘iv_ities that co,uld be produced
therein are either Vei'y short-lived (lz-miili‘second Nlﬁz) or ‘loﬁg.-'lived
and emitting lower -energy positrons than those being studied.. In.either
case discrimination was easy. The width of the source was determined
by beam collimation. Compensation for the deflection of the beam by
the spectrometer field was made with a lead-screw traverse for the
whole magnet é;ss,embly. The bombarding particle's energy was con-
trolled by a carbon degrader interposed just ahead of the target to -
reduce the beam.spfead due to multiple scabttering in the degrader

(Fig. 1). The degrader could be moved bya shaft through a vacuum
seal powered b.y a '""gadget' based on two Leedex stepping-switch

.solenoids.

C. Experimental Details

‘All target materials except aluminum were available in powder
form. Targets were prepared by mixing the powder into a dope of
styrofoam dissolved in benzene and then pourmg the mixture onto a
saran-wrap-covered surface. After the benzene» evaporated, the
saran wrap was peeled-off and a tough, beam-resistant material re-
mained which could be easﬂy cut and sanded to the desired shape
(0.25 by 1. 5 in.) and th1ckness (80 mg/cm ). Several targets were
mounted on a wheel, and target select1on could be made manually by
a shaft through a vacuum seal, _

The beam current was collected in a carbon Faraday cup just
behind .t.he target. The angular aperture wa s large, and no difference
in beam collection was observed as the thickest degrader was moved
in and out. Secbondary electron emission from the eup was suppressed
by the deepness of the ciip and the fringing field of the spectrometer.

The beam current was fed into an RC circuit (see Fig. 5) whose decay
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Fig. 3. Over-all arrangement for bombdrdments with the
linear accelerator and the linac's van de Graaff injector.
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Flg 4, Over-all arrangement for bombardments with the 60-
inch cyclotron. Note the liberal use of neutron shielding.
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Fig. 5. Panofsky's circuit for monitoring the level of a short-
lived activity produced by a time-varying accelerator
current. R x C is set equal to the mean lifetime.
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constant equaled'that of the activity -beinlg investigated. This innovation
by Professor W. K. H. Panofsky produces a vo_ltage across the con-
denser at all times proportional to the activity of the target.

The beta particles were detected by two thin-walled. ‘gas propor-
tional tubes in. cbincidence (Fig 1). Many unsuccessful attempts were
made to build a detector using a plastic scintillator and phototubes.
There were two major difficulties: (a) because they scattered out of
‘the scintillator in a random fashion, the almost monoenergetic posi-
trbns coming out of the spectrometer failed to give a well-defined |
pulse-height :peak; (b) the plastic scintillators are quite sensitive to
y=ray background. Attemptsb to use a coincidénce telescope helped
some, but at great expense of positron-detection efficiency. The
gas-tube telescope used is modera'telyien_efr;gy-/independent.above 2 Mev
(see Fig. 6), detects about 50% of all positrons that emerge from the
spectrometer, and is at most 1/50 as sensitive to radium vy rays as

the best sc1nt111ator arrangement we devised.

D. Electronics

We found that the gas proportional tubes required a 4-microsecond
coincidence resolution in order to catch more than 99% of the possible
coincidences. Therefore we used standard Radiation. Laboratory slow
electronics throughout
“ A block dlagram of the countlng circuitry is given in Fig. 7, to-

gether with all aux111ary circuits for the experiment.

. E. Experimental Procedure

With the degrader in position the beam was turned on and the
target bombarded for three half lives. At this time the beam was
| abruptly shut off (at the linac with a mechanical gate after the injector;
at the 60-inch cyclotron by switching the magnet off resonance), and
simultaneously the movable degrader was flipped out of the B-particle
orbit, The counts were recorded as a function of time after cessation
of bombardrhent with a mechanical tandem-gate apparatus. The first

few gates were set at half a half life, and ,succeeding ones set longer
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POSITIONS OF MAXIMUM ENERGY

~ KINETIC ENERGY (Mev)

MU-14379

Fig. 6. Detection efficiency versus spectrometer energy
setting. The end points of the several isotopes used are
shown by vertical dashed lines. Note that the experimental
points above.each corresponding end point have efficiencies
characteristic of much lower energies, '
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and longer to encompass a total recording time of about twelve half
lives. This bombarding and counting routine was repeated enough .
times at each-épectrometer energy to gather necessary counting statis-
tics. Such a group of bombardments will be called a "run”. As we
got into the experiment, we found that it was necessary to carry -
through the routine on a. very regular basis ix;_. order to maintain good
knowledge of the background. In particular, the beam current should
be uniform, the bombardrﬁent time should be uniform, the number of
bombardments in each run should be constant, and the spacing between
runs and between bdmbardments should be constant..

. After every five target runs, described above, several of the
following additional types of runs were made to ascertain the nature
and amount of background: |

{a) "Long." The time base and bombafdment time were quadrupled
- and the number of bombardments was divided by four,. to enhance the
long-lived background, so as to more easily determine its decay rate
and amount. :

(b) "Short.'" The time base and bombardment time were divided
by four and the number of bombardments was quadrupled, to enhance
the short-lived background, 50 as to more easily determine its decay
rate and _émount, _ _

(c) ""Clear.'" Runs with Vany” of the three aforementioned time
bases could be made withvan empty target holder (polystyrene without
target material) in place to test the origin of any activity.

(d) "Plunger-in." There is built into the spectrometer a carbon
plunger that‘can be inserted into the orbit 30° ahead of the exit slit.
This prevents all positrons from reaching the detector, and hence
allows direct measurement of all "monorbit" counts. Runs could be
made with plunger in for target, or clear, with any time base.

In the 'begin_ning this great flexibility was all but bewildering; it
turned out that the important backlgfound sources were nonorbit or
long-half-life activities formed in the target base. The manner of

utilizing the background data is discussed in Section III-B.
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III. THE DATA

The discussion in Sections III-A through III-C presents analysis
methods peculiar to. this eiperimé'nt, The general methods of spectrum
analysis are well documented in Siegbahn. 28 .Kurie plots of the spectra
and a ta,buiation of numerical results are given in Section III-C. Sec- '
tion III-D discusses the values of ft which were obtained. Sections
III-E and III-F pre senf an analysis of error for this experiment and

some comparisons with other data.

‘A. Identification

- Unique identification could always be made of the isotope respon-
sible for the observed.activity by proper choice of target material,
bombarding particle, and particle energy, because approximate values

for half life and end-point energy could be obtained from both theorylz

" and experiment. 17 A summary of these choices is presented in Table II.

B. Background Correction and Half-Life .D_etermi.nat_ion

The total count C{t, E) received for a regular target-in run is a
function of time and spectrometer energy setting and consists of three

components:

N(t, E), the desired target activity; a function of time and
energy; | ' o

L(t, E), the positron activity induced in the target holder,
plastic target base, and "extraneous' elements of
the target ‘éompound; » ’

B(t), the back‘ground reaching the detector not through

the orbit, a function of time only.

The quantity B(t) is measured directly by the runé with plunger in,

as described in Section II-D. This background arises from activities
induc‘:ed by the neutrons ass'ocia.te_d with the beam, and the annihilation
rédiation from positron activities formed by the beam in the collimators,

target assembly, target, and Faraday cup.. Careful regularization of

the bombardment routine stabilized this quantity so that averages
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“Table II

Bombardmen't Schemes

Bombarding

4 . particle energy-
Beta transition - Target ‘Reaction (Mev)
Nel? . 719 Li F | p,‘n 10
NaZlL ne2! Mg®*o p.a 10
Mg23—> Na23 NaZCO3 ' . psyn | 10
a1%% mg?? Mg2%0 pya 10
si2’ - m?T U pn 10
p?? . gi%? si : d,n 4
g3t L p3l P p, | 10
c1®3 . g33 s d, n 5
AP La* NH,CL p,n 10
K37 —>A37 | . ‘CaO | P, a “ 10
ca3? - k39 K,CO, Py 1 | 10

a1 targets contained C, H, and O as binding agents; isotopically'
enriched targets are shown by the enriched mass number used as a

superscript.

could be taken over consecutive runs associated with one target ma-
terial.
For the proton runs the quantity L(t, E) arose principally from

among these reactions:



_ , Energy of g% Half life
Reaction h (Mev) . (min)
cl?(p,pn)ct? - 0.96 . 20.5
- - : N'4(p, pn) N1 1.20 10.0
| N1%(p, n) 0% . 1.83 1.2

. 016(p,pn)015 1.7 ‘ 2.1

E_.’osvsible interference from Clz(p, n)N12 (16.6-Mev B+, 0.012 sec) was
‘eliminated by delaying the start of counting 0.1 second after beam
cessation. Thus» L(t; E) should vanish above 2 Mev and should have

no time comp_onenfs shorter than 1 minute; both these predictions were -
borne out during the experiment. For the deuteron runs some of the
same activities w"e‘i'e formed and, in addition, 'th,e reactions S_3Z-(d, o.)P30
(3.3-Mev g, 2.5 min) and 5i%%(d, n) P°°

rate of L(t, E) was measured by taking runs with a 1ong‘ time base.

were observed. The decay

The background'subtraction__prdcé:eded as follows: first, the non-

orbit background was subtracted from all ruﬁs and the difference,
C{t, E) - B(t) = N(t, E) + L{t, E),

was plotted on a -logafithmic scale againsf time. If this plot deviated
from the constant, .kn_elwn half life‘_of N(t, E), av correction for LL was
applied. Through the last few points (timewise) a straight line with
the previously determined slope of L.Was.drawn and extrapolated to
zero time.. Values of L. read from this iiﬁe were then subtracted .

o ‘ o out to leavefjﬁst N(t; E), which was again checked ‘fo‘r propér half life.

o For most isdtop‘es the time-zero value of N was larger than L. plus

‘B to within 3% of the end point. '

| The half life was determined from the combined data from several

~ runs with high signal-to-background ratio.
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C. Spectrum Analysis

In principle one could determine the relative spectral intensity at
each energy by fitting the vé.lues of N(t) to an exponential decay and
evxtrapolating the coﬁnting rate to time zero. But, having assured
ourselves that onlér one hailf life was present, we found it more con-
venient and less subjective to use the total number of counts in the
first fouf gatés --approximately two half lives. The runs were nor-
malized for beam fluctuations by dividing the total counts by the sum
of the. capacitor voltages at the end of each bombardment, and reduced
to a momentum é_pectrum by dividing through by the magnetic field.

A'further correction was made for variation of detection efficiency
with energy. This variation comés.about because some positrons are
scattered out of the rear prdportional counter by the exit foil of the
spectrometer (~15 mg/cmz) and the walls of the front counter

(N3d mg/cmz). The scattering angle is a function of energy:3

2 . (0.0013) D (mg/cm?)
EZ<Mev) |

, for aluminum,

and is equal to the acceptance angle of the rear counter at 1.5 Mev.
The exact dependence of efficiency on energy was determined experi-

mentally by taking the ratio

— plunger out - plunger in (for coincidences)
plunger out - plunger in (for front singles)

Efficiency

as a function of energy for several isotopes. _

The end-point energies of the spectra were determined by the
usual Fermi-Kurie function analysis for allowed spectra, except that,
for our low values of Z, the Coulombrepuléion correction factor
changed by at most 2% in the range 1 to 6 Mev and was omitted from
the Kurie function., 32. The spéct:ra ére plotted in Figs. 8 fhro'ugh 18.

'When the Kurie functions were first plotted, we found two types
of deviatidns from straight lines: '

- First, the low-energy points bent upward, indicating the presence ”

of branching transitions to excited levels of the daughter; the energy
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Fig. 8. Kurie plot for the isotope Nel?. The experimental

‘decomposition into branching transitions is shown. The
' arrows indicate positions of possible branching transitions
: - deduced from known excited energy levels of the daughter

isobars (see Table III).
the components were resolved.

also apply to Figs. 9 through 18.)

These arrows were entered after
(The foregoing remarks
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Fig. 9. Kurie plot for the isotope NaZl, the the absence of
branching transitions, in agreement with the findings by
Schrank and Richardson, 33
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Fig, 10. Kurie‘plot for Mg
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Fig. 11. Kurie plot for A125°
transitions,

Note the absence of branching
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Fig. 16. Kurie plot for A35u
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Fig. 17. Kurie plot for K37. The data did not warrant resolving
into components. :
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Fig. 18. Kurie plot for Ca39. The data did not warrant resolving

into components.
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and brancﬁing ratio for the next B+. energy' group below the ground-
state group was made. by resolvihg the Kurie plot into just two com-
ponents (see Figs. 8 through 18) wherever there were sufficient data.
This is really somewhat tenuous,'. owing to the counting statistics on
the tot;al Kurie plot and our lack of precise knowledge of the efficiency

correction:. However, in most cases correlation.can be found with

- positions of known levels and spin-parity assignments of the déughters.

Our estimates of branching ratios to be made in Section III-D

indicate that only transitions obeying allowed selection rules (AJ=0, 1;

no parity change) will have a large enough branching ratio to be ob-

" served as a bend in our Kurie plots.

In Table III we list known energy levels, with Spin‘aﬁd parity
assignments where known, for the daughter isobars of the mirror
transitions. The cblumn headed "Predicted" says '""Yes' for allowed
transitions, '""No" otherwise. The column headed ""Reported' lists
results of other P-spectra meaéurements. The column headed '"Ob-

served' gives the results of this experiment. At the bottom of each

.rectangle is given any information on y rays. For the most part the

pattern fits; there are, however, some discrepancies:

. 1 . s ; -
. F 9 We see evidence for a transition to a hitherto unreported

state at 0.5 £ 0.2 Mev (see Ne21), :
- Ne21 ‘We do not see a branch to the 0.35-Mev level. Schrank’'s
and Richardson's work33 sheds no light on this and the
F19
19 - .19
energy levels. Our measurements, Ne - F 7 and
NaZI‘ 21

- Ne“", were taken with comparable source thick-
nesses, and thus it is hard to see why the ,Fvlg level is

level, as they could see only branching to higher

not real; However, the level was not observed by either
37 38
Freeman or Seale™ .

Mg25 We see no branch to the 0.98-Mev level, and no y rays

have been observed from this 1eve].¢.43 The spin-parity

—assignment-is-not-absolutely-cle at-r?c’u-tr‘5 Z*b ut does look
reasonable. . |
833 Neither we nor Meyerhof48 found a branch to the 0.84-Mev

level.
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Table III. Branching transitions to excited states. Each block presents the following data for the daughter isobar shown in its upper left-

hand corner: under E, the energy of each known excited state {in Mev); under J, the spin and parity assignment where known; under Pred.,

Reptd., and Obs., whether a significant branching transition to each Iisted level is predicted according to the spin and parity assignments,

reported by other experimenters and observed in this experiment, respectively. At the bottom of each block is given any information

known about gamma rays. References are enclosed-in ( } and are found in the column so labeled.

Table III

Branching Transitions to Excited States

Ref.? E J Pred. Reptd., Obs, - Ref. E J Pred. Reptd. Obs.
1y | Nell . .

(34) 0 1/2+ Yes Yes Yes | (35, 36) 0 3/2+ Yes Yes Yes
0.109  1/2- No ! 0.347  3/24,5/2+ Yes No
0.167  5/2+ No | 1,73 <3/2 Yes No
1.342  3/2 2.80 1/2 Yes ‘No
1.452 (37,38) 373 K52 Yes No
1,551 (3/2+) {Yes) (

(33) no y's >0.51 Mev

(33) no y's >0.51 Mev

(19)
(39)
(40,41)

]

0.440
2.078
2.393
2.641

3/2+
5/2+

Yes Yes | (19)

0 5/2+

0.58 1/2+

0.98 (3/2+, 5/2+)
1.61 '

(3/2+, 5/2+)

(42) no y's {43) no y.’s except 0.51 Mev
N .29
Al (44) 0 5/2+ Yes Yes 5 (a9 0 1/2+ Yes 98.8% Yes
(45) 0.442 No 1.28 3/2+ Yes 0.8% Yes
0.842} at ! 2.03 (3/2+,5/24)  (Yes,No) <0.15%
least | Y 0.25 + .15%
1.013 }me (15) 2.43 32+ es o
2.205
2.727
2.975
2.998
p31 : §33
(46) 0 1/2+ Yes Yes (47,19) © 3/2+ Yes Yes Yes
1.267 3/2+ Yes } at 0.844 1/2+ Yes No Nq
least
1.966 at
2.234  5/2+ No P } } at
3.133 2.312 one
3.293 2.869 (5/2-.7/2-)} }
1/3
3.414 (48) 2.938 /3%
a® ) A37
(49) 0 3/2+ Yes 93%  Yes (19) [4 3/2+ Yes Yes
1.221} 5%} at ’ 1.46
least
1,763 2% § o 1.66
(16) 2.645 2.27
2.695 2.56
- 3.50
4.40
. 4.63
5.07
k39
(19) 0 32+ Yes Yes
{50,41) none < 2.0
(51) 2.50
2.87

2 A level without a reference belongs to the same reference as the level just above it,

MUB-165
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Second, there was a loﬁg tail on the high-energy end extending
well beyond what could be accounted for by spectrometer resolution
(see Fig. 19). A.review of the data convinced us that it was not due

to improper interpretation of the background. We propose rather that

the tail arises from positrons that scatter against the walls of the or-

bit and reach the detector even though they have "too l‘ov\)'Pr a value of
Hp. 'Wong has observed-a similar effect and actually showed that the
pé.rticles contfibuting to the tail have a wide range of energies below
that for which his spectrometer was set, thus indicating that they must
have been scattered into the detector. 53 Also from our efficiency-
versus-energy data (Fig. 6) we see that the points for each isotope
that correspond to this tail (i.e., above the indicated end pointsj have
an efficiency that is chara‘éteristic» of a much lower energy.. For the
final analysis, we subtracted off the tail in an empirical fpanner. We
used as a guide some calculations of the effect on a Kurie plot of add-
ing a small, constant amount to the momentum spectrum at every
energy. The tail correction had the effect of lowering the Kurie plot
intercept 1% to 2%.

The effect of the finite resolution of the instrument and the finite
source thickness was obtained by making a folded integral over an
allowed spectrum. i

We calculated the spe_ctromefei' line shape.from geometrical con-
siderations. The basic two-dimensional "line shape' for 180° instru-
ments has a sharp evdge'.on the large-radius side and a long tail at
small radius. However, the relatively large angular aperture in the
direction parallel to the magﬁetic field and the generally large resolu-
tion width acted to produce a spectrométer line shape that was very
nearly a symmetric triangle. What asymmetry there was produced
only a 0.1% displacement of the apparent end point. Accordingly, for '
simplicity, for most calculations a s?rﬁmetric‘trianglé was used.

For an estimate of the maximum source-thickness effect, we
chose the source thickﬁess to be a rectangle extending down from the
spectrometer setting by one source thickness (in terms of the energy

loss of minimum-ionizing electrons).
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Fig. 19. Effect of finite resolution. The solid curve is com-

'~ puted on the basis of the illustrated resolution shapes and
fitted to the experimental points shown. The dashed curve
is an extrapolation of the linear portion of the solid curve
and is seen to intercept the axis at one-half source thickness
below the true end point, whose position is indicated by the
arrow.
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These shapes and a typicai result are depicted in Fig. 19 and
fitte_d to one set of experimental points. The general results are:

(a) the Kurie plot»femains straiglt within our experimental error
in the ordinate, over at least the upper two-thirds of the spectrum, -

~(b) the apparent intercept lies one-half the source thickness be-

low the "correct® intercept, and

(c) the departure from linearity at the high-energy end is con-
fined to a region twice the base resolution width.

We checked the effect of varying source thickness with aluminum
targets. The results shown in Fig. 20 indicate that the right correc-
tion is probably closer to one-fourth the source thickness. Some of
this difference occurs because the rear portions of thick targets are
not activated as highly as the front portions, owing to the decreasing
cross section as the incﬁ'id_ent protons or deuterons lose energy. ‘Thus
the correct sour.ce—thvickness shape is skewed toward the actual spec-
trometer setting. ' _

" We chose to correct by one-third of the target thickness, and
feel that this choice introduces an error no larger than 10% (0.0I-Mev)
of the source thickness in the end-point energies. '

All corrections have been applied to the data preéented in Figs.

"~ 8 through 18,

That portion of each Kurie plot which lies above the last known
level of the déughterp and (or) that portion which is observed to be
straight were fitted by least squares to determine the end-point eher-
gies and errors pre sented in Table IV. On the whole, the experimen-
tal points lie within counting statistical error of the fitted line; occa-
sional points were found to deviate many times as much. These large
deviations are attributed to scaler malfuhction or recording error,
and have been omitted on the plots. Several obvious examples of

each were detected when the experiment was performed.
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Fig, 20, Source-thickness effect. Experimentally observed
intercepts for three source thicknesses are shown together
with the maximum calculated thickness effect (dashed curve)
and the adopted correction (solid curve).
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- D. Values of ft

- From our enérgy and half-life measurements we have computed
ft values according to the formulas of Feenberg and Tr_igg. 25 These .
are really only upper limits, however, as we did not measure branch-
ing ratios bto excited states of the daughter nuclei, nor are they avail-
able, for vthe most part, in the literature. One can estimate the un-
certainty introduced as follows: A branching transition could meet
the allowed selection rules but would not have so large a matrix ele-

ment as the ground-state transition that is between analogue states.

. The expected minimum log ft is ~4.7 (i.e., maximum transition pro-

bability) for such transitions. Contrast this to a. maximum log ft= 3.7
for the mirror transitions. From our survey of excited levels, Table
III, we find that the first level occurs 0.5 to 1 Mev above ground state.

The branching ratios for typical combinations are

Ground-state % to 0.5-Mev - % to 1-Mev
energy (Mev) ~ level - level
3.0 o 4.8 |
5.0 5.6 2.5

5, 16

. 1 e . :
The few experimental measurements . confirm these estimates.

Our ft values are good only to.about 10%, so‘\t‘hat/ it is probably not

serious to omit a branching-ratio correction. .

. E. Errors

1. Energies

The basic magnetic-field measurements are accurate to 0.1%

absolutely; corrections for deviations from a uniform field push the

‘absolute error for the effective field to 0.4%, and the relative error

to O,Z%. - The position and spatial uniformity of the beam were con-
trolled by collimation and burn-pattern analysis so as to introduce

an error in the effective source position no larger than 0.015 inch
absolutely. This produces a 0.2% error in the effective radius of the

orbit. Thus the basic accuracy in the Hp of the instrument is 0.5%
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absolutely and 0.3% relatively. » '

. The previously discussed source -thickness error is 0.01 Mev,
or 0.5% to 0.2%, -depending on the energy.

The intermnal accuracy of individual Kurie plots. varled from 0. 3%
to 1.5% for the ground-state transitions. This is compal_:lble with
counting-statistics errors, indicating no appreciable contribution from

beam fﬁonitoring, or from the shape of the detection-efficiency curve.
- The combined relative: error from internal fit, source thickness,
a.nd Hp is given in Table IV.

Every 1sotope was measured at least tw1ce, and from two to
eight spectra were determined durlng each of nine runs performed over
a 10-month period. Many cross checks are thus available, and all runs

for the same isotope agreed within the accuracy of the individual meas -

urements.

2. Half Life

The entire error in the half life comes from uncertainty in the
correct background- countmg rate, as our timing gear was accurate

to O. 1%

3. Values of ft

The error in ft values wa-é compounded from absolute energy and
half-life errors, based on ft oCEst for this region of energies. No »
allowance was made for possible branching ratios. .. That is, we give
in Table IV the upper-limit value of ft and the error in this upper

limit,

- F. Corhparison with Other Data

Our half-life determinations agree with those from other experi-
ments as reported by King. 17 ‘
- We have chosen to use the Coulomb energy differences for com-

parison. These ire obtained from P decay as

E___ +1.804 Mev for ', and
max :
(1)

_ ' 2 -,
Al = ‘Emax - (n-p)c” for B ; . . v (2)

2 2
AI Emax + Zmoc + (n-p)c

it
fl
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Table IV. Data for mirror nuclei. Column 1 identifies the infor-
mation preseﬁt’edpﬁrith the mass number, Am;), jof the mirror pairs. |
Columns 2 and 3 present the half life, T'I/ZV’ and the maximum B en-
ergy,. Emax’ of the mirror transition. P.U.S. indicates the higher
Z member is proton unstable; K indicates that the transition is by
K-capture. Column 4 gives the computed values for the relative tran-
sition probabilitie's or ft values. Column 5 gives the Coulomb-energy
difference of the mirror pair, Ay Column 6. gives the differences,
AZ, between the values of Al’ for successive mirror pairs. The -AZ
are located on the line in between the values .Al’ that they connect.
Column 7 gives the values of the Carlson-Talmi energy coefficient,
§'(Amp)= 10
istic Coulomb energy of the harmonic ascillator well, € exp’ defined

In Column 8 are the experimental values of the character-

by Al = g(Amp')F%xp‘ Column 9 gives values of € deduced by Talmi

and Thieberger"’s.54”fit of binding energies. The experimental values
for Amp =19 through Am "= 39 are from this experiment, while the
rest are taken from Carlson and'Tal'm_i, 10 Errors in this table are

to the right of the values given, but in.some subsequent tables are

immediately above the value.
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from (p, n) thresholds as
Ay = - Qpm); - (3)
and,from difference of (a, n) and (d,'p) reaction energies as

Al = Q (dap) = Q(d: n)s | ) (4)

_ where the two reactions lead from a common nucleus to the members

of a mirror pair.

A survey of available data is given in Tables V and VI.. Table V
presentsvall the previous P measurements. Some of the values are
quite vdivergent especially the older cloud-chamber results, which
appear to be uniformly low, and some of the crystal-scintillometer

results, which.are high. Our values are quite cons1stent with the

magnetic-spectrometer values, except at.A_ mp =19,

_ Table VI presents some Q-value measurements together with the
'""best" previous PB-spectra measurement and the results of this ex-
periment, Discounting a recent determination of Amp =19, > we

agree with all the values from (p, n) reactions except possibly at

A= 27, where our value is just a little too high for the quoted errors

mp

~to overlap.. For the deuteron-reaction differences, our values are.
higher than 2 and below 2 beyond the reported 'experimehtal errors in

-all cases. However, we - should pomt out the excellent agreement of

this method and the B-energy determination for Sc41 by Eliot and Km.g.'l8
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’T’ab»l'e, V. QC,o:hp»arison of B-spectra measurements. .The data are

labeled in the first column by the two nuclei of the mirror pair. The

Column '"Ref.' lists references for other measurements. The method )

- gives the method used, S = mégnetic spectrometer, A = absorption,

Scin. = cry‘s‘tval_, .'sicintivllom‘eter, " CC = cloud chamber. The value and

error of th-e. fnaximum-.ﬁ—ray‘e’nergy from the given references and
from this experiment are listed.
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Table V

‘Comparison of -spectra measurements

From Reférences

This. Experiment

‘.‘(‘_‘59)

: ST - 'Value Error Value Error
Traunsition - Ref, - _ Method {(Mev) =~ {(Mev) {(Mev) {Mev)
Nel? F1? 33 s 2.18 .03 2.25 .01

_- (56) A 2.3 1
Na’lne?t  (33) S 2.50 . .03 2.51 .02
N (57) Scin. 2.5 .1
Mg?3-Na®3 . (58)  scin. 2.95 .07 3.09 .01
| (59)  Scin.  2.99 109
(42)  cC 2.82 14
12 Mmg?® (60) A 3.17 15 3.38 .03
si?7-a1%7 (s8) Séin. 3.76 .08 3.85 .02
61y = cc 3.54 110
(62)  cC 3.74 19
(59} Scin. 3.48 10
p?Y ;%9 (15) s 3.945  .010  3.96 .02
{63) Scin. 3.9 2
(64) cC 3.63 .07
s31_p3! (58)  Scin. 4.50 .10 4.39 .03
(18) cC 3.87 .07 |
(64) cc 3.85 15
(59)  Scin.  4.06 12
c1®3.s33 (63).  Scin. 4.2 2 4.51 . .05
(64) cc 4.13 .07
A%.a?? (64) cc 4.38 .07 4.93 .05
(65)  CC 4.41 209
(16) s 4.96 .05
K37.4%7 (14 s 5.1 1 5.15 .07
ca’?.x3? (58) . Scin. 6.10 .15 5.43 .06
(66) A 6.7 5
Scin. 5.13 .15




-48 -

Table VI. Comparison of Q values with best p measurements.

- Again the results are labeled with the mass number, Amp of the mirror

pair.. References are enclosed in brackets. The columns headed
Q(d, p)-and Q(d, n) give reaction eneréies for the indicated reactions
leading from the nucleus, N = Z (A -1)/2 to the members of the
mirror pair, Am . The column Qlp; n) gives the reaction energy for
the (p, 1) reaction connectmg th¢ mirror pa1r, Amp E[3+ is the maxi-
mum energy of the positron decay connecting the mirror pair, Amp"
The three columns labeled. Al give the. Coulomb energy differences
deduced from E ¥ for this experiment and this survey as well as those

obtained from the Q Values. The relations used are

>
H

1 = Q(psn)b'

| = Qld,p) - Qd.n),

D
I

1 - E[-3'+-+ 1.80 Mev.

>
H
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IV.. THEORY

"A. Classical Theory

-The classical formula for the.Coulomb energy of Z prdton-s dis-

tributed uniformly throughout a spherical volume of radius R is
EC = (3/5) z{z-1) eZ/R, ' _ ('5)

and the Coulomb enérgy difference between the mirror pair (Z + 1), Z.
is ' '
AE_ = 6/5 e Z/R. S (6)

‘This model has been reported to give radii following the law

R = r‘OA‘l/ 3 | (7)

with r, = 1.46 fermis* for all the mirror pairs up to Amp = 43‘,71 How -
ever, the results of this experiment show clearly (Table VII and Fig.
21) that r, is far from constant, exhi_biting_ a regular alternation about
a general trend from 1.7 fermis at Amp =T7to a’.lmogt 1.3 fermisv‘at
g Amp = 39, and a large jump to 1.5 at Amp =41, | |
- There are several defects in this simple model. - Because of the
exclusion principle, the total proton wave function must be antisym-
metric in thé exchange of two particles, i.e., the protons appear to
avoid one another. For a classical estimate of the effect this has on
the Coulomb energy we have used a crystal-lattice model. Neutrons
- and protons were placed in a body-centered cubic lattice (the most
tightly packed lattice) such that.each proton had all neutrons for its
nearest neighbors, and vice versa. Starting with a proton in the cen-
ter, a fairly spherical structure is attained for Z = 17.  With the aid
of a Tinkertoy model we calculated that this arrangement leads to a
15% reduction in the Coulomb energy over that given by 'Eq.' (5)}.

For the Hartree apprOXimat'ion to antisymmetrization of the total
wave function, Cooper and Henly give an approximate formula for

- E,
c

>kl fermi = 10°13 cm.
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Table VII. The rms radius constant of the.charge distribution of
a nucleus, r_, is defined by R =r (A )1/3,' where RZ = 5/3 r2>_ .
o o' 'mp av

Values of this constant calculated from values of Al, the Coulomb-
energy difference between mirror nuclei, are given for several models:

uniform charge distribution without exchange-symmetry correction,
' ' ' 10

~with the cdrrection, and the shell model of Carlson and Talmi. = The

values of ¢ (A) used in this model to compute r according to the for-
mula, AO = 0'(A)/FAl are given. Also presented are values of r from

high-energy electron-scattering data for the isotopes li‘sted. 23,72



-52-

Table VII

Rms radius constant for various models

- Experi-

43

vUnifvo_rm model __ . , L L
; :.mental .. Isotope for.-
Am without with Cc-T electron electron
- P o(A) exchange exchange = model scattering . scatterin
1ge ge g ring
1 - ‘ - - T - -
2.01 G
3 1.260 - - 1.65 - -
TT—1.31 . He
. . // °
5 1.593 - - 2.0 - -6
/1.98 Li,
7 - 2.450 .640 1.24 1.489 1.83 Li
9 2.857 780 1.42 1.543 1.89 Be’
11 3.543 .400 1.16 1.283 -
| | T~1.29-1.35  ¢l?
13 1 4.023 460 1.23 1.341— - -
15 4.549 .409 1.21 1.304 - -
+.003
17 4,477 496 1.30 1.261 - -
-+,003
19 5.082 .440 1.27 1.267 - -
: i,'oog
21 5.373 449 1.29 1.25 - -
23 5.928 360 1.22 'T'%% ‘
27 : ’ :'!::006>11"30'1'33 Mgt
25 6.186 .365 1.23 1.201 .- .-
. +.002 _
27 6.706 .320 1.20 1.19\2\ - -5g"
, 1.004/1.-28-1.29 Si
29 7.297 .365 1.25 1.272 - o .
’ +.006 '
31 7.727 .329 1.22 L2520~ - 32
| 2,009 —>1.28-1.30 S
33 7.878 .350 1.24 1.253 - -
4,008 ‘
35 8.320 .326 1.23 1.240 2 -
- +,012
37 8.520 .335 1.24 1.230 - -
39 8.94 331 1 T"Oi? |
.944 .331 .24 1.2 _— -
‘ ‘¢°018>1.27—1.28 catl
41 8.562 475 1.37 1.270 - . -

/
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Fig. 21, Rms radius constant versus A and orbital of odd

nucleon. Values are shown that are ggged on the uniform
model with and without the Hartree-approximation ex?nange
term. The ordinate, ry, is defined by R = r(Ap, )1 3

2 - 2 ; P
R2.=5/3¢r >aV° Results from high-energy electron
scattering are shown for comparison.

?



=54 -

> 5 .
~ e 4/3 e .
E 2 3/5 Z(Z-l)—R.. -0.46 2772 5 (8)

the first term is called the direct Coulomb energy and the.second is
called the exchange term, because of the form of the integrals from
which they arise. This formula prédicts a ieduction over Eq. (5) of
12.3% ,_f‘ol_z,:.‘ Z = 17, quite close to the lattice-model reduction.. The re-

sulting values of Ty for this model can be obtained from the formula

r, = (1-0.51 2-%3, (9)

where ro' is the value deduced from Eq. (5); the values are given in
Table V and Fig. 21. .These yalues of T, have no lagnpreciable long-
term trend with A, as was pointed out by Peaslee, but do exhibit
significant fluctuations from the mean. These fluctuations have been
the objects of careful consideration’® and will be discussed in detail
later. '

Another defect is the tacit assumption made in goiﬁg from Eq. (5)
to (6) that the radii of the two charge distributions are the same. .v That
is, the protonic charge carried away in the B decay comes uniformly

from over the entire charge distribution. The nuclear shell model

clearly implies that to the contrary the ''disappearing'' proton comes

from a definite state with a nonuniform probability distribution. For

an-estimate of this effect, consider that the charge density remains

constant, so that the charge contained in the outermost spherical shell

volume: V;, where

. 3 '
, v = 4T SR (10)

is carried away. . For this model we calculate a reduction in EC for

Z =10 to 20 over Eq. (6) of 15%.: Loss of a proton from the center of

the charge distribution would have a correspondingly larger. Ec' This

additional correction is also implied for a. model including the exchange

term.

The foregoing discussion is intended to show the necessity for com-

paring mirror-nuclei Coulomb energies with a detailed theoretical cal-
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culation.

e e B. Symmetry Effects

The first detailed analysis of the _syfnmetry effects in nuclear

- Coulomb energies was made by Feenberg and Goertzel, 1 and is here
reviewed briefly because their model allows us to_cérry out the anal-
‘ _y‘s"i'sb .in the open without resort to more powerful and hence more ob-
scufing methods necessary for sophisticated models. They used the
supermultiplet theory, in which the ground-state wave function is’
characterized by maximum orbital symrhetry and the total proton spin
is a good quantum number of value 1/2 for Z odd and 0 for Z even.

That is, we have a maximum number

N, = @zé_] | | (1v1)

(where square brackets indicate the largest integer not exceeding the
enclosed quantity) of protons paired off with oppositely directed spins.

We have

N, = /2 z(z-1) a2y

for the total number of proton-proton bonds, of which Np are space-
symmetric and ,spin-antisymmetric, and .Nt-Np are ''statistical bonds, "
being 3/4 spin-symmetric and space -=antisyrh’metr_ic and 1/4 spin anti-.
symmetric and space-symmetric, according to the statistical weights
of the spin-triplet and spin-singlet states. Therefore if L's is the -
Coulomb energy of a pair of space-symmetric protons.and L, that for

a space-antisymmetric pair, the total Coulomb energy can be written

E_ = Np L, + (N, - Np) (3/4 L+ 1/4 L,)

(13)
N, L N (L, - L)) ~
= 3——+ —E—g = Y2 2(z-1)L, + E/_zz L,

defining_L1 and L. We expect the last term.of the last equality to be

positive because of the inherently larger overlap of the space-sym-
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metric wave functions. Assuming for the moment that L, and LZI are

slowly varying functions of Z, we may express first and second dif-

ferences in Z in terms of their average values:

(2-1)L, + V2 E+ (Al‘)ﬂ L,, (14)

(15)

5,(2) = E_(Z) - E_(Z-1)

1 . S 1 ] Z ¥
AZ(Z) Al((Z) -A1(Za1) -L1 +(-1) ,I_.‘2 .
Thus we see that the secon:d differences alternate between Ll + LZ
and Ll - LZD

a magnitude that itself has rapid variations with Z({Fig. 22). This is

In fact, the data show an alternation of this type, but of
really not unexpeckted, because the values of the L's clearly depend on
the exact form of the wave functions, which the supermultiplet theory

does not fully determine. -

C. Shell Model

Let us then make further assumptions about these wave functions
and proceed. We shall use the shell model and define Z' as the
number of protons outside closed shells. Then let us write the total
Coulomb energy as the sum of three terms: the interaction within the
closed shells, the interaction of one outer proton with the entire closed-

shell structure, and the interactions among the Z' outer protons, as
E = at B Z' +vy(Z'), (16)

and the Coulomb energy difference,
Az =B+ y(Z+ 1) - y(2), (17)

is seen to depend, to an additive c‘-:.onstan_t' B, only on the interactions
among the outer protons. | |

Carlson and Talmi10 point out that the ground state of a mirror
nucleus is expected to be predominantly that of lowest 'senioritya 26
 Low seniority is a-type of symmetry which implies maximum pairing

off of proton spins in LS coupling, or maximum pairing of j in jj
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MU-14396

Fig. 22. Second differences with respect to Z of the Coulomb-
energy contribution to the total binding energy. The abscissa,
Z,x is the highest of the three Z values involved in the
differencing. Note the clear odd-even effect throughout and
the quantitative interruptions of this effect after Z = 8, 14,.
16, and 20, :
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coupling. For this state .they give the formula

A= BHZla+ lLeey? +1] b
Y(ZY=1/2 2" (Zi-1)a + E}Z%:]b-%' o
. ] [}
. , ay=a+ (-1 Hp

Here a and b are not quite the L's of Feenberg and Goeftzel because
of the additional symmetry requirements of low seniority. However,
a and b do not depend on Z'; they do depend upon the choice of jj or
LS coupling, the £ or j of the level being filled, and the radial form
of the wave functions., _' v

v Carlso‘n.a‘,nd Talmi,lov have made detailed calculations along the
above lines for jj .colupling,,. using single-particle wave functions which

are stationary states of an isotropic¢ harmonic oscillator well,
Vir) = 1/2 nw’r? = B wrrs (19)
which has a characteristic energy

- 20T ' o
= —_ . ' 2 :
¢ =l /L | (20)
The Coulomb energy is calculated as a perturbation to first order and -
is found to be a numerical multiple of the characteristic energy of the

oscillator e,

Ay = E(A) €, L (21)
where £ (A) can be evaluated analytically for the harmonic oscillator
well,

The experimentai values that we‘obtaiﬁ for the characteristic en-
ergy are given in Table IV and Fig. - 23. ' | i

The model does not account for the large even-odd alternation in
the p3/2 shell, but for ‘hlgher levels the value of ¢ within a shell is
remarkably uniform. We use the notation by Carlson and Talmi

(C T) for level order and names -- Osl/l" Op3/2, °p1/2’ 0d5/2, lsl/Z’ -

3/2’ /2
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Fig. 23. Characteristic Coulomb energy of the harmonic-

oscillator well, ¢, versus A and orbitlal of the odd nucleon.
This energy is defined by ¢ = el (v/m3z, V(r) =hvré, Note
the large alternations in the Op3/2 shell, indicating break-
down of the model for extremely small A, The value of €
is remarkably constant within the other shells, however.
Values of ¢ deduced from a fit of the total binding energies
of all known isotopes are shown for comparison.
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As a further check of the model we point out the work of Talmi and

~Theiberger, >4 who developed a five-parameter theoretical binding-

energy formula usiﬁg the C-T theory for the Coulomb energy contribu-

tion. This formula was fitted to all known binding energies of light

: _nucléi with rms deviation of 0.1 to 0.9 Mev, depending upon the shell.

The values of ¢ so obtained are given in Table III and shown on Fig. 24.
The agreement between these values and the values deduced directly
from this experiment is excellent. (See Ref. 63 for an extension of this
work. ) , o _

Even more striking is the uniformity of alternation of the second
differences in the d5/2 shell (see Fig. 22) and the vinter,‘ruption of the
quantitative uniformity at the beginning of each shell above ‘p3/2. In
Table VIII are presented the average experimental values of the alter-
nation _pafameter (a-b)/(a+b) together with the cdmputed values for J_]
and LS coupling for the state of lowest seniority, as well as for an
average over all_statevsri‘n’ LS coupling having the same spin. The

d5/2 data definitely single out the jj scheme, while the d3/2 data are
really too inaccurate to discriminate. It is not clear from C-T wheth-
er these values for (a-b)/(a+b) would change radically for another type

of potential well. .

D. Nuclear Radii from Shell Model

Since the experimental Coulomb difference, for given A, deter-
mines the spring constant of the oscillator well, it also determines
the single-nucleon wave function. - In particular, the mean square

radius can be obtained directly from the virial theorem. C-T have

- worked this out to give

o (A) (‘22)

where r - is defined for the equivalent uniferm charge distribution as

To T %)1/2 <Z>Z/f . @3
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Fig. 24. Rms radius constant versus A and orbital of odd
nucleon.. Values shown are based on a nuclear shell model
using harmonic-oscillator wave functions, 10 The ordinate
is defined as in Fig. 21, and again electron-scattering
results are shown for comparison. - :

Ie
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Table VIII. Pairing effect. The alternation of the second differ-
ences, AZ,. of the nuclear Coulomb energy is presented for the last
proton being in a 0(15/2 orbital (Amp equal to 1‘.7 thrgugh 27) and being
in a 0d3/2 -orbital (Amp: 33 through 39). The values of A, should
alternate between a+b and a-b, and are grouped into columns accord-
ingly. The average value of the alternation parameter, '(a-b‘)/v('a+b),

is compared with theoretical predictions for various models.

Table VIII

Pairing effect

Odd nucleon in 0d5/2 orbital

A,Z " (a-b)/{a+b)
_ . This Theory
A : experi- '
mp atb a-b- ment
+,02 ‘ .
17 - 19 0.49 ' 0.44 for LS in lowest
' +.02 seniority
19 - 21 0.27 ‘
+.02 +.07 . L
21 - 23 0.58 0.55 0.55 for jj in lowest
+.0 seniority
23 --25 O,ZS
- %.04 . . '
25 - 27 0.47 0.83 for LS averaged
' : over same spin
Odd nucleon in 0d, /2 orbital
A, (a-b)/(a+b)
This - Theory
A ‘ ‘ : experi- :
-~ mp at+b a-b ment :
33 - 35 0.42+.07 . 0.44 for - LS in lowest
- , >5 seniority
' +.0 &, '
35 - 37 0,.22 0.62 0.40 for jj in lowest
+ 0’9 , _ seniority
37 - 39 0.28 0.83 for LS averaged
: ' over same spin
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It ‘should be poinbted out that the model itself implies that r decreases
uniformly throughout a shell if ¢ is comnstant. That is, the alternation
of the second differences is all absorbed in the wave-function symmetry
and is not reflected as alternations in radii, but there remains an in-

. creasing relative compactness as a shell is filled. In principle, there
exists a dbiscontinuity inr asa shell is started. However, a change
in ¢ between shells may just compensate, as fpr 1 'sl/Z and 0d3/2.

The following viewpoint is proposed. The value of ¢ is a measure
of the average nuclear force experienced by nucleons in a particular
shell. This is expected to be the same for nucleons having the same
wave function --i.e., in the same shell -- but might be different for
different shells. This difference depends explicitly on the exact form
of the nuclear force, and goes beyond the assumption and hence pre-
dictions of this theory. (The theory does include the variation in
.Coulomb energy caused by the spatial distribution of states of different
angular momentum.) Thus the value of the rms radius of the charge
distribution should be considered as a result rather than an input to
the model. '

Nevertheless, the detailed explanation by the theory of the ener-
gies for Am higher' than 12 leads us to believe that the radii computed
in this manner are real. J’ancovici9 has shown that a finite square
well leads to values of ¢{A) that are at most 1% different from those
for a harmonic oscillator well at A = 15 and 17. The experimental
values of r, from Eq. (22) are given in Table VII and Fig. 24, where
they are compared with results from high-energy electron-scattering
experiments, 2 which give r_ = 1.3 fermis in this region. These
experiments do not measure rms radii directly, and most of‘ the vari-
ation inclﬁded in the errors listed comes from the theoretical inter-
pretation. Therefore we can conclude that the two determinations.
are substantially in agreement except for the point at A = 24. This
is a region where evidences for nonspherical nuclei have been found. 73
Now, the electron-scattering experiments are very sensitive to the
shape of the charge distribution near the surface, and any deformation

would enter into the average fuzziness of the surface, to first order.
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The Coulomb energy necessarily depends on deformation to second
order, because it is a minimum for a sphere.. Thus we might expect
our model to give detailed explanation of energies while being insensi-
tive to actual departures from sphericity.

The radii from p-meson x-ray determinations are consistent with
a constant value for r, of 1.2 fermis, but the measurements are.con-
fined to the region above A = 51. The C-T model, when normalized
either to the mirror difference at A = 41 or the fit of T-T, predicts

19, -22 between the

ro = 1.2 for A = 51. Thus the stated diségreement
p-mesonic atom radii and those from mirror nuclei disappears when
they are compared with a suitable theory in the correct mass-number

region.

E. Coulomb Energy in the ’I‘rié.ds

»_F_‘!ollowing the method of \,’S/'ilkins_,mri21 we have constructed Table IX.
We have used his data for mass differences and T = 1 energy levels
for the triads and the data listed.in Table IV for mirror pair mass
differences. . The purpose of this table is to test our assumption of
the charge independence of nuclear forces. - _

In the language of isotoepic spin, 4 charge independence implies
that there is a state of the self-mirrored member of each triad that
has exactly the éame set of nuclear wave funcﬁons as the ground states
of the neutron- or proton-rich _menibers of the triad. That is, there

exists a state of T =1, T_ = 0 which is the "analogue state!' of the

Z

states T .= 1, 'TZ: 1. 1If this is so, then the Coulomb energy differ-
ence between analogue states is the total energy difference, aside

from the neutfonsproton mass difference. For example, we have

&lo(T:l) - 4BéIO(T:1ﬂ - &B9(T:1/2) -4'Bé‘9(T =1/2:l—) (1‘.:1/9)'1/3,_

where (a) the bracket on the left denotes the energy difference, cor-

rected for the n-p difference, of the T=1 analogue states for Blo and
10

Be 7y

the T=1/2 analogue states for B

(b) the bracket on the right is the corresponding difference for

9

and Be9 --i,e., the ground states
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Table IX., Coulemb energy in the triads. The first two columns
.gilve“the ‘e‘_nergy differences in Mev, corrected by the neutron-proton
energy difference, be,,tw'een,the ground statés of the listed pairs of
isobars. In Al26 and K38

level is given (see text). These energy differences and the Coulomb

the energy difference to the first T =1
energy diffgrences of the mirror pair listed under "Mirror Pair Amp”
are used to calculate expected positions of the analogue T =1 state

of the nuclides listed under ''nucleus. -"4 The calculated and observed
positions of these analogue states is given under E(T=1) - E(Gnd).

The difference between calculated .and,observed values is listed unde_r
8E. The entries under ''calculated" which have no entry under
"Mirror pair Am' " on the same line were calculated from theoretical -
formulae by use of both ground-state energy differences involving the

nucleus in question.
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es.

of the mirror pair; and (c) the factor (1-1/9)1/3 applies a first-order

correction to account for the generally larger size, and hence smaller

Coulomb energy, of the mass 10 nuclei over the mass 9 nuclei., Sub-
- tracting the ground-state energy, SBIO(T=O), from both sides and re-

arranging, we get

N

o 10 10,0
E apc (T51) = EB (T=1) - ;B (T—ﬂ

= EB"’(T:‘:l/z) - 4Be9(T='1/ZZ, (1-1/9)Y3 4 [;Bem(rr:l) - 5B10(T:(;E,,
~Similarly we can get |

» ‘, 10 ‘_‘ 10 ;s
Elarc{T=1) = EB (T=1) - ;B (T-(i,
) 'ECIOV(T:I) ) 5Blo(T:°] i ECII‘T“/Z) - 5B”(T=1/éz' (1+41/11) Y3,

It is from thése forfnulae, aﬁd the corresponding ones for other triads;
that the values E__; (T=1) in Table IX are obtained. For A = 26 and
A = 38 the energy difference between T = 1 analogue states is known
" directly and therefore the energy of the ground state is carried through -
just as E. '
For some triads all three members are known well enough for cal-
culation of E(T=1) from both the higher- and lower-A mirror pair.
In addition, we include {(on the middle line) values of E(T=1) for
A =10 and A = 14 which Wilkinson calculated from formulae of C-T.
.Wilkinson ascribed the dispérity between this value for B10 and the
one from the A = 9 mirror pair to the proton instability of Bg.. How-
ever, he did not go through the calculation for B10 based on the A = 11.
mirror pair. We find that this gives the same low result, 1.56, for
"E(T=1), but has no explanation in proton instability. At A = 14 the
three values are much closer together, but do not really agree.
These calculated values of E(T=1) are then compared with the ob-

served energy level of a state which has been identified as the analogue
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state (see Wilkinson for details of this -selection).

With the exception of the trouble at A = 10 and an apparently bad
experimental point at A = 38, the values of SE (calc-obs) are essen-
tially zero. This is really quite remarkable when one remembers that
SE involves subtraction of energies obtained from a wide variety of

experimental techniques. The average value of 6E is

+0.047 = 0,074 Mey if the 'starred.values are left out, and

SE = =
BE = +0.047 = 0.172 Mev for all values.

Wilkinson shows that §E = 0.047 implies that the n-p bond is 1.5%
+ 2.5% stronger than the n-n bond. He further compares this with
results of singlet-state scattering experiments which imply that the

n-p bond is ~3% stronger than the p-p bond. J. Schwinger has sug- |

- gested that small effects of this size may be due to the different inter-

actions of the nucleon's intrinsic magnetic moments.
Thus the available triad data support the assumption of nuclear

equivalence of the énalogue ground states of the mirror nuclei.

F. ft Values and Nuclear Matrix Elements

The transition probability of a B transition is given by Fermi's

'theory76 as

_1mnz [ 2. |2 20 |2]. SO
-t ol e n . oo

where f denotes an in{:egral over the spectra'l shape that depends on
the maximum energy, the charge of the daughter nucleus, and the sign

of the emitted B particle, is the partial-coupling constant for

&F
8G-T is the partial-coupling constant for Gamow-
Teller interaction, and the g's as written here both include a factor
2 : 212
and [Mqo

for Fermi and Gamow-Teller interactions respectively. Therefore,

denote the nuclear matrix elements

we might expect to put the relationship in the form

-1 2 2 z 2
S R



implies will be. a straight line with intercept

-70-

and proceed to evaluate the natural constants g from the experimental

ft values and theoretical matrix elements; attempts have been made

77,27

with great lack of success For mirror transitions we have

IMFI = 1 on the basis of any reasonable coupling scheme. If this is
so, we may construct a plot of (ft) versus | GT'Z’ which Eq. (25)
gFZ and slope g'GTZ"

Using the 2 deduced by ’I‘:x:'igg27 for LS coupling and the ft

Mot

~values from Table III, we obtain Fig. 25. The departures from a

straight line are no less extensive for jj coupling, in particular
MGTIZ = 3, for p?? zxgd 831 in both coup]l',i'n_gs.76
Jensen and Mayer™ " have noted that the daughter nuclei of both
these isotopes have magnetic moments that deviate considerably from
those predicted by strict jj coupling symndetry, i.e.,, the Schmidt .
model.. .They have gone on to show that for mirror nuclei there exists

a definite relationship between |M and the nuclear magnetic mo-

a1l

- ment,

Izp -=_u+o 88)!2

N 2 . J+1 L, .
|mgof? = BTy aeye ees
2 | J+1I2|‘L _-JT%I—(MO,JZ)l |
|MGT' - T7 T 3.70 - ¢ ' cj= 2= 12, (Zéb).

if the aséu_.mpttions are made that jj coupling is in operation for charge-
independent nuclear forces. |

The validity of these formulae rests on the fact that the theoretical
values for both M ¢ and the magnetic moment depends on the evalu-

GT 7 (78)
ation of the same expectation value,

<? 00“%2“)). .

Thus we have essentially evaluated this integral with the experimental

magnetic moment and then substituted into the formulae for MGTZ"

l from the experi-

Usmg these formulae we have computed

mental magnetlc moments and compared them w1th the. exper1menta]
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. l ¢
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Fig. 25. Experimental values of (ft)_1 versus values of the
Gamow-Teller matrix element computed on the basis of
LS coupling. Because the Fermi matrix element is almost
certainly equal to one, the plot should be a straight line.
Matrix elements from jj coupling fit no better.

_with Fig. 26.

Compare
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ft values by means of Eq. (25) in Fig. 26. The fit is relatively good

_and some of the deviation may be removed by the proper inclusion of

br'anching-rati.o corrections (see Section III-D). This analysis gives

the values

= 1.5 «10 " sec , (272a)

B ) ) ,
ggr = 2.1 107" sec (27 D) |
| 79

the former is in excellent agreement with that deduced by Gerhart

4 14% : . . ‘ _
2> N . An equally good fit to the same values

from the decay O1 .
of g'{with the exception of the point for He3) can be obtained from
semi-empirical matrix elements of Trigg, 21 who adjusted his LS
matrix el‘e.m'e.n’tsaccording'to deviations of the experimental magnetic
moment from éorresponding computed values. ‘

The value of the ratio gz F/gZGT is in good agreement with those

‘obtained by Gerhart, 79

| g?'F/gZGT 0.56 to 0.93;

Blatt, 80

g /8 qp = 0.29 to 1.04;

and Kofoed-Hansen, 81

gZF/gZGT = 0.82 to 1.22.

The first two analyses are based on data frorri'_014, H,’?’, Nl,A and

6 S _ 1 3-...15 17 39 41
He". The last one was_basedon N, H,O , F', Ca™’, and Sc .
Kofoed-Hansen also noted that the other mirror data could be put into

a pattern only by using matrix eleme_ﬁt‘s adjusted to magnetic moments.
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|

MGT

e OTHER DATA _
m THIS EXPERIMENT He %/

2|2 FROM MAGNETIC MOMENTS

INTERCEPT: 15 = g 2
SLOPE: 2.| =ggy2

1 L

20 - 30

MU-14399

Fig. 26, Experimental values of (ft)-1 versus values of the

Gamow-Teller matrix element calculated from experimental
nuclear magnetic moments for jj coupling. 26
Fermi matrix element is almost surely equal to 1, the plot

yields gFZ' and gGTZ for intercept and slope respectively.
. The fit to a straight line is noticeably better than Fig. 25.

Matrix elements for LS coupling adjusted for experimental
magnetic moments 7

~of g2,

fit almost as well to the same values

Because the
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V.. CONCLUSIONS

The data for this experiment show clearly that an even-odd alter -
nation (even Z — odd Z versus odd Z —.even Z) of the Coulomb energy
differences between mirror nuclei extends to. A = 41, It further shows
modifications of the basic alternation, jus'tv,as would be predicted by
a shell model wit‘hv strong spin-orbit coupling. The observed energy
differences can be -explained in detail by the symmetry propertie.sb of
shell model, using harmonic oscillator wave functions.and jj coupling
in the state of lowest seniority. Nuclear radii calculated on the basis
of this model form.a consistent picture. They agree with radii meas-
ured by high_-énergif electron scattering and p-meson x-rays except
in the region .around A = 24, Here it is proposed that nuclear defOrma -
tion effects render radii predicted from the model invalid. Values of
ft from this experiment, when combined with nuclear ma‘trix,elerrients

deduced from experimental magnetic moments, form a coherent set

‘A of data. ' They give values of the B-decay interaction constant for both

~the Fermi and Gamow-Teller interactions.
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