-\?o:‘ UCRL 3888 Rev

UNIVERSITY OF
CALIFORNIA

Ernest Of gwrence
"Radiation
Laborator

4 )
TWO-WEEK LOAN COPY
This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call
Tech. Info. Division, Ext. 5545
\— J

BERKELEY, CALIFORNIA



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



«i N "»7«'@‘ e 3" 5 ﬂw&é’t 54‘,:*"#?4:; ;
, ﬂ;\ iy ~for pub in' hys qut*‘ A
N O N ‘ *’:.gms_-
LY w..;ﬁ_..‘};!;,, e

By
~r

K

UNIVERSITY OF CALIFORNIA

Lawrence Radiation Laboratory
Berkeley, California

“

Contract No, W-7405-eng-48

BETA SPECTRA OF THE MIRROR NUCLE]
Roger W. Wallace and Jasper A. Welch, Jr.
April 28, 1959

Printed for the U. S. Atomic Energy Commisgsion

UCRL.-3888 Rev



-2- UCRL-3888 Rev

BETA SPECTRA OF THE MIRROR NUCLEL
Roger W. Wallace and Jasper A. Welch, Jr.
Lawrence Radiation Laboratory

Univeraity of California
Berkeley, California

’

April 28, 1959

ABSTRACT
The positron epeara and half lives of all the mirror nuclei

(2Z = A £ 1) with 19 < A €39 have been systematically measured with a

- 180°-deflection uniform-magnetic-field spectrometer. The ground-state

trangition énergies were used to compute Coulomb—enargy diiferencea be-
tween mirror pairs. Deviations of these Coulomb-energy differences from
a smooth‘vafiation with A are explained in great detail by a nuclear shell
model using the potential well of an isotropic harmonic oscillator. The

data support a symmetry for the proton wave functions characteristic of jj

| coupling in the state of lowest seniority, with magic-number effects at

Z = 14 and 16 as well as Z = 8 and 20. Comparison of the ft values obtained
with experimental nuclear ma.ghetic moments gives the following values for

the partial coupling constants for the Fermi and Gamow-Teller g interactions:

gi;.z = I.SXIO‘?’ sec”!, gGTz = 2.1x10™% gec”l.
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BETA SPECTRA OF THE MIRROR NUCLEI

Roger W. Wallace and Jasper A. Welch, Jr. §
Lawrence Radiation Laboratory
University of California
Berkeley, California

I. INTRODUCTION

’I‘he total binding-energy difference between isoba.rs is composed of
_ contributions from nuclear forces, repulaive Coulomb £orces between protone.
and the neutron—prot_on mase difference. The nuclear Coulomb energy depends
'upon the spatial correlations of the several protons in 'thé nucléué. and its
value is indicative not only of the general size of nnclei but also of the spatial
‘ symmetry of the proton wave functions. 1,2

In the nuclear shell model with charge-independent nuclear forcea.
the apeciﬁc nuclear contribution: to the binding energy s the san_w for pairs
of isobars characterized by 2Z=A#l, 2Z=A% 2, etc. Thus in these cases
we may obtain the Coulomb energy difference by simply correcting the total
binding-energy.diﬁerence for the neutron-proton mass ratio. Experimental
total binding-energy diﬁerances are obtained from meagurements of reaction

energy and beta-disintegration energy. In very light nuclei the pertukbation

of the Coulomb forces somewhat disturbs this ngcleér equivalence.

" ‘ :
Work performed under the auspices of the U. §. Atomic Energy Commission.

"Based on a dissertation submitted by Captain Welch to the Graduate Division
of the University of California in partial fulfillment of the degree of Doctor of
Philosophy in Physics.

§Captai.n. USAF, presently at the Air Force Special Weapons Center,

Albuquerque, New Mexico.
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The'nuciear species 2Z = A% ] are called mirror nuclei and have
been the objeéts of considerable theoretical3'.7 and experimentals-u attention.
Very accurate experimental 4binding~énergy déta are available for A < 21 from
reaction-energy me;a.suremenzs. This experiment hat.s obtained, from positron-

decay disintegration energies, a systematic, accurate set of binding -energy

| difference,e throughout the region 195 A ( 39. 12 The earlier experimental '

situation was characterized by much disagreemeﬁt. although several experi-
ments of high precision have been performed receatly.

Because nuclear Coulomb enérg‘ies depend not only upon the size of
the nucleus but also upon the overlap of the éxfotc_m wave fuhctione.. nuclear
radii dedﬁced from data on mirror nuclei are highly dependent on the model
uéed. Radii obtained from this experiment using a nuclegf shell model will
be compéred with radii from high-energy electron écattéring and pomeaonic )
aﬁ:ome. | |

| Values of ft were determined and will be compared. Qith theoretical
matrix elements and matrix elements based on measﬁr_ed magnetic moments

4,13

of the daughter isobars. The latter comparison gives values for both

the Fermi and Gamow-~Teller p-decay interaction constaats.
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II. EXPERIMENTAL PROCEDURE

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 Lawrence Radiation Laboratory 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 uniform-field 180°%-deflec-
tion single-focusing spectrometer (Fig. 1). The design was carried out along

14,15 Gho developed formulae for

the lines suggested by Geoffrion and Persico
maximizing transmission for a given resolution. The magnetic field was
carefully mapped and calibrated to 0.1% against magnet current with commercial
nﬁclear -magnetic -resonance equipment.

Because of the short half lives encountered, the spectrometer was
positioned so that the accelerator's external beamn struck a target placed at
the entrance of the orbit. To reduce background, everything that would be
exposed to direct or scattered beam was fashioned of carbon. The width of
the source was determined by beam collimation. Compensation for the de-
flection of the beam by the spectrometer field was made with a lead-screw
traverse for the whole magnet assembly. 'fhe bombarding particle's energy
was controlled by a movable carbon degrader interposed just ahead of the
target to reduce the beam spread due to multiple scattering in the degrader.

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 allowing t he benzene to evaporate. The beam
current was collected in a carbon Faraday cup just behind the target. The
beam current was fed into an RC circuit whose decay constant equaled that
of the activity being investigated. This innovation by Professor W. K. H. Panofsky
produces a voltage across the condenser which is at all times proportional to

the activity of the target.
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The beta particles were detected by two thin-walled gas proportional
tubes in coincidence. Sca;ttering (in the counter walls) causes a droop in the

coincidéuce/ front-singles ratio below 1 Mev. We took the front-singles rate

_ as true and corrected the coincidence rate by an-empli'icauy determined

function. '

With the degrader in‘pogition the beam wag turned on and the target
bombarded fO't three half lives. At this time the beafn was abruptly shut off,
and simultaneously the movable degrader was ﬂippea out of the 6~particie
orbit.. | The counts were recorded as a fnnétion of time after cessation of
bombardment with a mechanical tandem-gate apparatus. The first few gates
were get at half a half life, and succeeding ones set longe_x" and longer to en-
compass é total recb:ding time of about twelve half lives. '_l’his bombarding
and counting routine was repeated one to ten times at each spectrometer energy
(a fixed number for each isotope) t§ gather 104 counts at mid-energy. It was

neceagary to carry through the routine on a very regular basis in order t

. maintain good knowledge of the bé.ckground.

A carbon plunger 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 nonorbit background. Runs were also made with a
blank target. In all cases subtraction of these background data resulted in a

pure activity, and a sum of counts in the first four gates was weed as the

relative spectral intensity. Unique identification of the observed éctivity was

made from reaction'kinetics and approximate knowledge of half life and end-

point energy.
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I, EXPERIMENTAL RESULTS |
‘The end-point energies of the spectra were determined by the usual
Fermi-Kurie function analysis for aliowed-spectra. éxc'ept that, for our low
values of Z, the Coulomb-répulaion co‘rrection factor changed by at most 2%
in the range 1 to 6 Mev and was omitted from the Kurie function as plotted
in F;gs. 2 through 12. 16
The raw Kurie plots exhibited a long tail on the high-energy end

extending well beyond what could be _é,ccounted for by epectromeater resolution.

A review of the data convinced us that it was not due to improper interpretation

-of the background. From our efficiency-versus-energy da.ta. we determined

that the points that correspond to this tail have an efficiency that is characteristic
of energiea less than 1 Mev, thus lndicating that they must have been ecatteged
off the apeétrometer walls into the detector. Wong has observed a similar
effect. 17 From the shape of the tail, we deduced a tail correction that had the
effect of lowering 'tb.e Kurie plot intercept 1% to 2% and added no xi;ore than 0.1%
error to the intercept.

. A folded integral over an allowed spectrum with ﬁnite resolution
and finite source thickness & revealed that distortion of the Kurie plot is con-
fined to the lower fourth of the energy ra.nge and within one base resolution
width of the intercept. In addition, the apparent intercept lay, at most, §/2
too low. The experimental results in Fig. 13 indicate a correction of §/4.
We compromised on 6/3, which introduces an error in the intercept of no more
than 6/10 ¥ 0.01 Mev. All corractions have been applied to Figs. 2 through
12, .

The unfolding of branching tra.n;sitions in these Kurie plots ie really
somewhat tenuéus. owing to counting statistics and our-uuc'ertainty in the
detection-efficiency correction. Only transitions obeying allo;:ved selection

rules (4J=0, 1; no parity change) will have a large enough branching ratio
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to be observed. In most cases correlation can be found with positions of known

18 For Flg

daughter levels and their gpin-parity assignments. ~ we gee evidence

21

for a transition to a hitherto unreported state at 0.520.2 Mev '(cf. Ne~"). For

Neu we do not see a branch to the 0.35-Mev level. Our measurements of

19 Fm a1, Neu were taken with comparable source thicknesaeas,

Ne and Na

~ and thus it is hard to see why the Fw level i not real; howevar.A it was not

25

19 20

observed by either Freeman or Seale. For Mg~ "~ we see no bra.x'xch to

the 0.98-Mev level, and no vy rays have been observed from this level. 6 The

epin-parity assignment is not absolutely clear-cut but does look_reaaonable. 21

For 333 neither we nor Meyerhof found a branch to the'0.84«'-M‘ev level. 22
- From our energy and half-life measurements we have computed ft

va.lues according to the formulas of Feenberg and Trigg. 23 The correction
for branching to excited levels should be less than 5% and has not been made,

"I‘he basic magnetié;ﬁeld measurerﬁents are accurate to 0.1%
absolutely; corrections foi- deviations from a uniform field push the absolute
error for the effective field to 0.4% and thé relative error to 0.2%. Variations
in the position and épatia.l uniformity of the beam introduce an absolute error
no longer than 0.2% in the effective orbit radius.' Thus the basic accuracy in
the Hp of the instrument ie 0. 5% absolutely and 0.3% relatively.

The inte rnal accuracy of individual z(urie plots varied from 0.3%
to 1 5% for the ground-state transitions. This is compatible with counting-
statistics errors, indicating no appreciable contribution from beam monitoring.
Every isotope waé measured at least twice, and from two to ei’gﬂat spectra
were determined during ep,cﬁ of nine runs performéd over a 10-month period.

Many cross checks are thus available, and all detefminations are in agreement.

The combined relative error from internal fit, source thickness, and Hp is

given in Table 1. The entire error in the half life comes frofn uncertainty in

®

the correct background-counting rate. Our half-life determinations agree

with those from other experiments as reported by King. 8 The error in ft values
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was compounded from absolute energy and half-life errors. based on ft
~ Est for this region of energies, |

_ Table IiI presents some Q-vaiue measux?ementsvtoge,ther with previous
f-spectra measurements and the results of this éxperimeixt. ‘We have chosen
to use the Coulomb-energy differonces for comparison., These are obtained

from f decay as Al = Emax’* 1.804 Mev for'ﬁ+. from {p. n) thresholds as

-Q(p» n); énd from difference of (d, n) and (d, p).reac'tiqn energies as.

i}

A

Al = Q(d, p) ~ Q(d, n), whére the two reactions ;ead from a common nucleus

to the members of a mirror pair. We agree with all the values from (p, n)
reactions except at A = 25 and 27, where our values are too high for the quoted
- errors.to overlap. YFor the deuteron-reaction differences, our‘ values are

_ higher than 2 and below 2, \nluch is beyond the reported experimental errors
in all cases. However, we should point out the excellent agreeme nt of this

method and the B-energy deto;vrmination for Sc“.
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‘ IV. DISCUSSION
The classical formula for the Coulomb snergy of Z protons
distributed uniformly throughout a spherical volume of radius R is

E, = (3/5) 2(2-1) ¢¥/R, o
and the Coulomb .energy difference between the mirror pair (Z+1), Z is
a,(2)= E_(z+1) - E_(2) = (6/5) e®2/R. (2)

Assuming further that R = yoAl/s. we find that AZ(Z) = A(2+1) °A1(Z)
will be a smoothljr varying function of Z. |

One defect in this model is the tacit assumption that the protonic
charge carried away in the § 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. If the charge density remains constant so that the charge contained
in the outermost spherical shell ia carried away, we calculate a reduction in‘
A, of 15% over that of Eq. (2). Because of the excl\;sion principle, the total
proton wave function must be antisymmetric in the 6xchange of two particles,
i.e., the protons appear to avoid one aﬁothor. Simply placing the protons in
a cubic lattice leads to a 15% reduction in the Céulomb energy over that given
by Eq. (1). Cooper and Henly obtain a 12% reduction for the Hartree approxi-
mation to antisymmetrization. 25 The grouping of protons into apace-symmetfic.
spin-antisymmetric pairs implies that the A1 fér odd Z ~ even Z should be
relatively smaller than for even Z - odd Z; hence 4, should be an alternating
function of Z.

'Following the work of Feenberg and Goertzel, ‘Carlson and Talmi?
(henceforth denoted by C-T) have developed a detailed theory of Coulomb energies
with a nuclear shell model. . On the basis of lowest seniority for mirror-nuclei

Z'+1

ground states, they obtain A,=a+ (-1) b, where Z' is the number of



%

-15- | | UCRL-3888 Rev
protons outside a closed shell. Now a and b do not depend on 2'; they do
depend upon the choice of jj or LS coupling. the £ or § of the level being
filled, and the radial form of the wave functions. The Coulomb energy is
calculated ag a pei'tnrbation.to first order by the use of jj coupling and. single -
particle wave functiona that are stationary states of the well of an isotropic

harmonic osciuator. They find Al = £(A) e, where - §{(A) can be evaluated

analytxcally and ¢ is an energy chara.cteristic of the oscmator force constant.

This force constant represents the average nuclear force on the Z' protons

. outgide closed shells.

From Fig. 14 we see that, outside the Op, /2 shell, experimental

_values of ¢ are remarkably uniform within shells. Furthermore the values

are in good agreement with those obtained by Talmi and Theiberger (henceforth

denoted'by T-T) when they fit a five-parameter .theoretical,binding-energy_

iormula to all known light nuclei. 26 . -
The uniformity of alternation of 4, in the d 5/2 shell and the in-

terruption of the quantitative uniformity at the beginning of each sheil above

P3/2 is shown in Fig. 15. In Table III are presented the average experimaental

values of the alternation parameter (a-b)/ (a+hb) together with the computed
values (by C»T) for jj and LS coupling for the state of lowest seniority, as

well as for an average over all states in LS coupling havixig the same spin.
The. d8 /2 data definitely single out the. Jj echeme, while the d3 /2 data are
really too inaccurate to discriminate. It is not clear from C-T whether these °
values £9r (a-b)/(a+b) would change radica’l.ly‘ for another type of potential

well, although the work of .Iaw.'m:mdm‘:i27 suggests they would not.

The C-T model also gives a relationship between the radius

~constant of the charge distribntion and the Coulomb-energy differ’em:e.

Ay oy = O(A) where r, is defined for the equivalent uniform distribution ae

ro AV/3 . (5/3)1/2' <rz> 1/2.. and 0(A) can be evaluated analytically.” It should
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Values of the alternation 'parameter obtained from exp_eri;néntal values of.

Az compared with theoretical values based on various céupllng schemes
in the C-T model.

Orbital for Alternation parameter, (a_-b)] {a+b)

odd nucleon LS in state of jj in state of LS averaged this
lowest senlority lowest eeniority over spin experiment

°d5/2 0.44 | 0.55 0.83 : 0.»55&297.

OdS/Z' 0.4¢ ' 0.40 . ' 0.83 . 0.624.25
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be pointed out that the model itself implies that ¥y decreases uniformly through-
out a shell if ¢ is constant. The experimental values of *o (see Fig. 16) are

28 except for

subsgtantially in agreement with electron-scattering experimentes
the point at A = 24. This is 2 region where evidences for nonspherical nuclei
have been found. Now, the electron-scattering experiments are very sensitive
to the shape of the charge distribution near the surface, aﬁd any deformation
would enter into the average fuzzinese of the surface to first order. The
Coulomb energy necessarily dependes on deformation to second order. Thus
we might expect the model to give detailed explanation of energies while being
ingeensitive to actual departures from sphericity. |

The radii from p-meson x-ray determinations are consistent with
a constant value for Tg of 1.2 fermis, but accurate measurements are confined
to the ‘regio'n above A =z 51. The C-T model, when normalized either to the
mirror difference at A = 41 or the fit of T-T, predicts Ty = 1.2 for A = 51,
Thus the stated duagreemem3 between the p.-sm.osonic atom radii and those
from mirror nuclei disappears whea they are compared with a suitable theory
in the correct mass-number region.

Following the method of WilkinsonZ?

we have calculated the position
of the T = 1 energy levels in the nuclei 2Z = A from our mirror pair maes
differences. With the exception of the level for A = 38, the agreement with
observation is excellent. The average from A = 22 to 34 of (E cale” Eobs’

is +0.053+£0.074 Mev. Wilkinson shows that this implies that the n-p bond

is 1.5% % 2.5% stronger than the n-a bond.

The comparative half life ft can be expressed as
@ = g1 M2+ gl l Mgl ®] L (3)

where ng and gGTz are the natural constants for the Fermi and Gamow-Teller

couplings and IMpl 2 and IMGTI 2 dgnbte the respective matrix elements. For
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mirror transitions we have l'Mrl 22 léa‘the basis of any reasonable coupling
echerne. Thus a plot of (ft)° versus . ’MGT' should be a straight line with
intercept ng and slope gG’I‘Z Theoretical values of IMGTi do not produce

i3 If the agsumptions are made that 3§ coupung is in operation

such a reasult.
for chﬁrge -independent nuclear fprcea. Jensen and Maygr4 have shown that
for mirror nucl%fi theré exists a definite relationship between '“Gl" 2 and the
nuclear magnetic moment,

for j= 2+ 1/2,

* iz J¢1 | 2p- 2 (2+0.88) |2
i Mor) = 7 |—2To71
for § = 1.+ 1/2,
|2 31| 2p-gi (240 l?.)
_ Mm‘ A | o § .

Using these £ormulae we have computed IMGTI from the experimental magnetic
'moments and compared them with the experimental ft values by means of Eq. (3)
! and

30 Bast, 3!

in Fig. 17. This analysis gives the values ng_ = 1.5% 10'4 sec

2
EgT .

and Kofoed'—Haxiaen. 32 An equally good fit to'ﬁthe same values of gz (with the -

= 2.1x10"%4 gec™d, in good agreement with the work of Gerhart,

exception of the point for He ) can be obtained from the semiempirical matrix

13 who adjusted his LS matrix elements ‘according to

elements of Trigg,
~ deviations of the experimental magnetic moment from corresponding computed

values.
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FIGURE LEGENDS

Fig. 1. Schematic cm? section through the spectrometer perpendicular
to the magnetic field,

Fig. 2; Kurie plot for the iiotope Nelg. The experimental decomposition
into branching_t’ra‘naitioha is shown. Arrows indicate posiiioxu of posesible
branching transitions; YES above arrow denotes that the spin-partly
agsignment predicts an ;sllowed transition; NO indicates & forbidden
transition. (These remarks apply also to Figs. 3 through 12.)

Fig. 3. Kurie plot for Na?l,

Fig. 4. Kurie plot for Mg,

Fig. 5. Kurie plot for 125,

Fig. 6. Kurle plot for Si 7.
Fig. 7. Kurie plot for P27,

Fig. 8. Kurie plot for s3!,

Fig. 9. Kurie plot for C13°.

Fig. 10.Kurie plot for A>5,

Fig. 11l. Kurie plot for K37.

Fig. 12. Kurie plot for ca¥?,

Fig. 13. Source thickness effect. Experimentally observed intercepts for
three source thicknesses are shown together with the ma:dmum calculated
thickness effect (dashed line) and the adopted correction (solid line).

Fig.. 14. Characteristic Coulomb energy of the harmonic-oscillator weu. €
versus A and orbital of the odd nucleon. This energy is defined by
€ze (7/“’1/2. V(r) =5 w rr2, Note the large alternations in the OPS/Z
shell, indicating break-down of the model for extremely small A. The
value of ¢ i8 remarkably constant within higher shells, however. Values
of ¢ deduced from a fit of the total binding energies of all known isotopes

are shown for comparison, 26
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Fig.' l 5. Second difference§ with respect to z of the Coulomb-energy con-
tribution to the total binding energjr. The ordinate is d'eﬁx'xed‘aa ‘
8,(2) = A)(Z+1) - A,(2), where &,(2) = E_(Z+1) - E_(Z). Note the odd-
even éffect-throughout and the quantitative iﬁterruptlons’of this effect
after 2 =8, 14, 16, and 20. | | |
Fig. 16 Rms radius constant versus A and orbital of odd nucleon. V#lueé :
" shown are based on a nuclear éheil model @hg harmonic-oscillator
wave functions. 2 Electron-gcattering resulte are shown for ;:ombariépm' ‘
I-"ig.'- 17. 'Experhental values of (t't;)°l versus values of the Gamow-Teller

matrix element calculated from experimental nuclear magnetic moments.
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