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ABSTRACT |
Bgta-delayed'pfoton studies of sdme-light A = kn+l, T, ;';3/2 nuclei
have beén.made. Supplementary Y-ray méasuremehts were made ﬁhere neéessafy,.
A fast gasFtransport system and particle-identification techniques combined

to prdduce brotbn spectra in ﬁhich the resolution was limited by the momen-

tum spread of the preceding beta-ray. The half-lives measured are: 9C,
lTNe, 109.0 £ 1.0 ms; and 33Ar,

173.0 £ 2.0 ms. Precise level energies in l7F and 3301 have been measured

126.5 + 1.0 ms; 13o, 8.95 + 0.20 ms;

and a discrepancy concerning levels-in lTF has been resolved. Absolute

17 33

log ft-values for the B-decay branches of 13O, Ne, and ~“Ar have been

obtained; these measuréments indicate violations of mirror symmetry in

17F has

33

beta-décay. They also indicate that the lowest T = 3/2 state in
an isospin purity of 2’95%, in contrast to the lowest T = 3/2 state in ~°Cl,
for which an impurity of v 10% is suggested. Circumstantial evidence indi-

cates that four T = 1/2 states within 350 keV of the analogue state cause the

impurity observed in 33Cl.
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'I. INTRODUCTION
‘Many of the levels fed by the B'-decay of the T = 3/2, T = -3/2
nuclei 90; 130,'17Ne, And 33Ar, lie ébove thé proton separationvenergy of
the daughter nucleus. Upon formation these levels decay virtually instan—‘
taneousiyvby emitting "delayed protons". The unifying theme of this research
is the detéétion'of these ?rbtons, although the typeé of information obtainéd
vary-frém casé to case. .Measurement of the energies of these proton
grdups detérminéS'the location of energy levels in the daughfer nucleus.
In some cases anﬁlyéis of the.infenSities of the groups yields absolute
ﬁzrvalués; from which certain conclusions concerning isospin purity, mir-
ror syﬁﬁetry in f-decay, and other interesting topics can be_deduced}
flf all the B+-transitions lead to proton-unstable states, absolute
gifvalﬁés can be determined from the relative intensities of the proton
groups;’ Thié is approximately true in.the decay of.lTNe because the two
beta transitions to states below the yrofon—sebaration energy in 17F are
firstffsfﬁidden. In other cases a combination of y-ray measurements and
calcuiations based on mirror Bf—transitions is required to obtain absolute
f}rvalues; The high sensitivity and efficiency of charged-particle detec-~
tors mekes it possible fo characterize very weak B+-decay branches with
high precision. Background:from other nuclei is rarely s problem, because
the combination of high B-decay energy and relatively low proton-separation
energy that allows delayed-proton emission does not occur often.
- A test of mirror.symmetry in B-decay is provided by comparing ft-
values fbr the decays of these neutron deficient nuclei with data from the

decay of their mirrors. Since mirror nuclei have virtually identical wave



~2-

functions, the ft-values for their decays should be equal. However, the
ngvalués for decay of the mirrof ﬁuclei 12N aﬁavl2B differ by about 10%
and calculations of.electromagnetic and other effects have failed to explain
this deviation from mirror symmetry.l

. The.existence of an induced.tensor term in beta-decay has been
suggested?’3 as a possible explanation forbthis phenomenon. Such a term
is expéétedh to. increase in effect as the decay energy incfeases. vThe
light delayed-proton emitters have high décay energies, making a study of
their beta-decays particularly interésting. - |

| The‘superallowed beta-decay from the T = 3/2 parent nucleus to its

known5 T = 3/2 analogue state in the daughter was observed for both 17Ne

and 33Ar._ Such superallowed transitions have low log ft-values and are
calculable--to a few percent--model independently. This calculation assumes
the wave functions of the initial and final states to be identical. Since
the anglogue state ih the Tz = -1/2 daughter nucleusvis surrounded by many
T = l/é stétes and the Coulomb force does not conserve isobaric spin, some
mixing must occur. Comparison of the observed ft-value for the super-
allowed transition to the calculated value should yield a measure of that
mixing;

" Table I lis‘l’.s6_._3)4 the known light delayed-particle emitters and
shows one bf.the problems associated with their study, short half-lives.

21,23-27,31,32 of the four nuclei

This property forced previous studies
described herein to use unshielded detectors, looking directly at the
target, and pulsed beams. The resulting spectra exhibited poor resolution,

substantial background, and a cutoff for low-energy (Elab < 2.5 MeV)

K

V'



Table I. Known delayed charged-particle emitters of mass < 60.2

Mass

, series T, Nucleus Half-life (ms) Activity Reference(s)
¢ b a Ou 850 + o 6,7
125 20.41 + 0.06 a 8,9
16y 7130 + 20 . o 10,11
: -1 8B TTh £ 4 a 6,12
12y 10.97 + 0.0k o 8,9
One 451+ 2P a 13,14,15
EhAl 2081 + 9 a £ 16,17
2k ym 129 + 5 a 16;18,19-
3201 298 + 1 p,0 16,17
40g, 182.7 + 0.8 p 16,20
bn+1 . o -3/2 9% 126.5 * 0.9 P 21,22,¢
13¢ 8.9 + 0.2 p 23,c
e 109 # 1;0d P 2l ,25,26,27 ,c
glMg | 121 = 5 P 26,28
2553 218 * 4 . 26,29
29 189 £ 7 P 25,28,30
3Bpr 173.0 £ 2.0% P 31,32,c
3Tca 174.6 * 3.1 p 31,33
‘ g hlmi | 88+ 1 P 31
i ‘ , the 75 %+ 10 P 3k

aThe nucleus 53Com is not tabulated since it has been found to exhibit true

proton radioactivity with a half-life of 243 + 15 ms.

K. P. Jackson, C. U.

(continued)
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Table I (continued)

Cardinal, H. C. Evans, N. A. Jelley, and J. Cerny, Phys. Letters 33B, 281
(l970),'and J. Cerny, J. E. Esterl, R. A. Gough, and R. G. Sextro, Phys.
Letters 33B, 284 (1970).

b v

Ref. 15 only.

®present work.

dPresent work only.

&
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protons. Tﬁo devices were designed that attempted to solve these problems.
The in%tial one, a rotating shield for the detectors, provided some improve-
ment but for the nuclei reported here was inferior to the second, a fast
gas—traﬁsport ;ystem. The latter transported the delayed-proton precursors
of interéét from the target position to a distant well-shielded counting
chamber.  Use of a cooled counter telescope and particle identification

produced high resolution proton spectra. From these spectra and from

~accompanying Y- and p-Y coincidence measurements, absolute ft values were

17

obtaihedffor many branches, including superallowed decays from *'Ne and

33Ar.
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II. THEORY: BETA-DECAY AND ISOSPIN PURITY

A. Superallowed and Allowed Beta—Decay

=

Beta-decay theory reiates the observed strength of a particular
B-tfansition to various profertieé of the states involved, such as spin, 3
parity;.and isospin purity. Theory also provides various selection rules
and, for a superallowed decay, provides a very simple way of predicting
the main part of its étrength.

The strength of any B-transition is usually expressed in terms of
its ft-value. The factor f takes account of the dependence of the transi-
tion strength on the energy release and on the nuclear charge. The partial
half—lifé t is determined experimentally from the measured half-life and
the fraction of all decays that proceed via the branch of interest. The

EE_value'for allowed decay can then be related to the nuclear matrix ele-

35

ments:

Ly - 2000 2) (T m’et) 6.15(10)> . (1)

82124+ g% (0% (1)% 4150007

In this eipression 8y and g, are fhevusual vectof.ghd akial vector coupling
constants. The symbols (1) and (o) represent the Fermi and Gamow-Teller

matrix élements, respectively. The coupling constants are primed to indi-

cate that electromagnetic radiative corrections renorﬁalize the coupling "
congtants. This correction is small and unimportant for comparison of
mirror decays where a ratio of ngvalues'is taken. However, in cases where v
one wishes to calculate the partial half-life of a particular transition,

use of the renormalized constants has a significant effect, particularly on

the ratio of the axial vector and vector coupling constants.
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The Fermi matrix element for a B -transition between an initial

state |¢i(Ji, Ti) ) with spin and isospin (Ji’ Ti) and a final state

[9(7» 7)) s given by:

W
L = (yalag, T Tl oy, 1)y, (2)
where T, is the isospin réising operator which changes a proton into a
neutron and the summation extends over all n nucleons. From this matrix
element the selection rules for superallowed decay are
Jf - Jl
T.=T, . | (3)
. In order to examine the effects of isospin mixing, consider the
isospin-mixed final-state wave function |xf(Jf) ) written:
X3 = alv¥ (I, T ) + bllpb(J T-1) ) (4)
O IAMPTE £1f° £ ?
where the coefficients must be normalized. Using this wave function and
Eq. (2), the Fermi matrix element squared is simply
, ' (1% = [M(1+1) -7 T la® (5)
> v z, "2
i "t
W 8 . A : |
where wf(Jf, T) is taken to be identical to wi(Ji, T). For the case of
17 33 _ _ ; s
Ne and “"Ar, T, = 3/2, and T, = -3/2, so Eq. (5) yields

i

(1)%=32 . | | (6)
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When xf is the wave function of the analogue state, a2 then répresents the
isospin purity of that state. This result requires the assumption that the
basis §§Ve function w? is identical to wi' This will be tfue pfovided all
charge;dépendent forces are small compared to the nuclear force, a reason- , V]
able aséﬁmption. | |

Ahalysis using the Fermi matrix element can bé model independeht
since tle transition operator doeé not alter the wavevfunction. This is

not the case for the Gamow—Tellerbmatrix element which isvgiven by

€0 = CUplag, T olmdr )]y (3, 7)) (7)
n :
where O(n)vis the Pauli spin vector. Evaluation of this matrix element
requires explicit knowledge of the wave functions. - Calculation of the
wave functions in turn-requires'a particular model of the nucleus.

‘The selection rules for allowed decay are

0, 1

‘lJf - Jil

T, - T,] =0,1

These selection rules are satisfied by the superallowed decay branches in
17 33

|
Ne and "“Ar. Therefore, an estimate of the contribution of the Gamow-

36

Teller matrix element must be made. Calculations™  of (g »@ using the
Nilsson model have been made and compared with experiment for eleven
T = 1/2 mirror transitions in the range 17 < A € 39. The agreement found

was quite good. Similar calculations36.for'the decays of intefest yield.



(¢)2 =0.12
Ar . | | (9)

*Since the Fermi matrix elgment is quite large for T = 3/2 super-
allowédiﬁfaﬁsitions,_a 10% error in (é Y2 will cohtributé only 1% to the
prediétéa.éﬁrvalue. Thué,'while the calculation of (o y2 requires a model
and ma&vtﬁéfefore be somewhat in error, the fesulting ft prediction should
be quité accurate. Finaslly, an uppér limit can be set on the ft-value for

the superallowed decay by assuming (o ?= 0. This prediction is

'ﬁ_s 2.05 x 10> sec (T, =3/2) , (10)

and any experimental violation of this limit must arise from isospin
impurities.
"Any isospin mixing in the analogue state will, of course, be

accompanied by isospin impurities in T states of the same spin and

lower
parity.. If the wave function of Eq. (4) is now taken to represent one of
these T = 1/2 states, i.e. a is small, then a2 is a measure of the T = 3/2
admixture‘in that state. If it is possible to estimate or measure a,

(vhich implies an estimate of or knowledge of b), second order perturbation

theory yields the following charge-dependent matrix element:

(T = 3/2, T, = -1/2|Hc|1/2, -1/2) = (E3/2-- El/g) a . (11)

Here Ei is the energy of the state of prédominant isospin T and Hc contains
the Coulomb potential and any other charge-dependent terms. Thus, if

evidence for the amount of T = 3/2 admixture into T = 1/2 states can be
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obtained, the magnitude of charge-depen&ent matrix elements will then be

available for comparison with future theoretical calculations.

B. First-Forbidden Beta-Decay

All of the nuclei studied have a sizeable number of allowed decay

branches, so that ordinarily any first-forbidden branches could be neglected.

1 .
However, TNe arises as a special case. The first decay branch with an

fgfvalué'in the usual allowed range is that to the state at 4.609 MeV in
17 | |

F. Thé'ground and first-excited state are fed by first-forbidden transi-
tions, the fourth excited state is fed by a second-forbidden transition,
and the third excited state is fed by an allowed transition which is strongly

37 The

inhibited due to cancellations in the relevant.lTF wave function.
strong energy dependence of beta-decay made it necessary to determine the
intensity of the weak first-forbidden branches in this case.

The two 17

F states involved are proton stable and are not charac-
terized’by proton emission, unlike the third and higher excited states.
Unfortunateiy it.is not correct to assume that the ft-values for these
transitioﬁs'are identical to those for the mirror decay538 from lTN, since
the shaée of the.B—particle energy spéctrum differs from that for allowed
decaj; |

39

The generalized statistical rate function is

WO

—-— 2 '

= f P (W-W )" F(Z, W) c @i, (12)
1

T
—rl

where n 1is the order of forbiddenness; Wo’is the total decay energy in

units of mc2; Pe and We are the momentum and energy of the beta-particle,
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respectively; F(Z, We) is the Fermi function that takes account of the
effects of'the nuclear charge and Cn is the apprbpriate shape factor. For

allowed;decay Co is a constant but for first-forbidaenvdecay39

o 2
+
cl_(we) <1+ aW, b/We + cW, > (;3)
where a; b, and ¢ depend on six nuclear matrix elements in a complicated
way. Fof unique first-forbidden transitions (A J = 2) five of the matrix
elements vanish and b = 0. The ratio fl/fo for this case has been calcu-
h .

lated o'as a function of Z and WO, as the only remaining matrix element

> 5/2+) in mass

factors out. Since the ground state transition (1/27
17 is first-forbidden unique, the intensity of this branch was calculated

- +

by assuming EIE to be identical for both B - and B -decay.
' 17 . . : 1T

The decay of Ne to the first excited state of F,

(172- : > l/2+), involves five of the six possible matrix elements and
in the ébsence'bf model calculations the exact relationship of the mirror
decays:cannot be determined. For the purpose of analysis, an ft-value
midway between those determined by usingFCo and Cl (unique) was assumed.
In view of the uncertainty in this procedure, errbr bars which overlapped

both values were assigned. An unusual amount of coherence among the matrix

elements would be required to cause this error to be exceeded.

C. Induced Tensor Coupling in Beta-Decay?l
The ft-values for the mirror B-decays,vlgB £ 12

12 gt 12 '
N > C (g.s.), are not identical. A detailed calculation of radia-

C (g.s.) and

tive and other effects failed to explain the observed asymmetry.l In order
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to explain this phenomenon, it has been suggested that an induced tensor

2,3 Since the induced terms are

term contributes to nuclear R-decay.
generally neglected a skefch of their origin is given below. Further
details are available in the.references cited.

_ By analogy wifh electromagnetism, nuclear beta-decay is often
‘ consideféd‘to result from two curreﬁts interacting with each other, the

nucleon (or hadronic) current and the lepton current. The product of these

currents describes the interaction and yields a Hamiltonian dehéity,

. G »
JC—/é_ I\IHlj)N+H.c. (14)

where G is a coupling constant. The first term of Eq. (1) gives rise to
B -decay while its Hermitian conjugate (H.c.) produces B+—decay. In the

absence of strong interactions, the universal vector-axial vector inter-

action says the operator H will have the formhl '

H"ba.re" = 'Yu(l."' YS) Lu ’ o ] (15)
where_Lu is the lepton;currént,
L, =¥, Yu(l +‘Y5)_¢v . | | (16)

The Yu and YS are the usual Dirac operators. When the strong interactions

‘are switched on H becomesh2

BE+ [y, (A +2Ayg) +i0,,(A+B YS)B/BXV + (Cc+ D’Ys)a/axv] L, » Q7
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. where A, B, C _and D are form. factors and A is the ratio gA/gV Time

reversal invariance requires the form factors to be resal.
, Conserved vector current (CVC) theory deals with the coefficients

" term--and

1, A and'C, predicting the magnitude of A--the "weak magnetism
the diséppearance of C. It has met with considerable success in explaining
experimental results, suéh as the f-spectrum shape for the decays of 12N '
and lzB;'and is generally accepted. The theoretical sitﬁation with regafd
to the other terms in Eq. (17) is not so clear. Partial conservation of
the axial vector current (PCAC) predicts the magﬁitude of X and D but
does noﬁ say anything about B, the induced tensor fcerm.)43 PCAC's pre-

diction for D is essentially.identical to a predictionhu based upon

dispersion theory which gave
D/A ~ -0.04 (18)

lénding support to PCAC theory. Such a weak component is virtually unde-
tectable in B-decay although u-capture measurements indicate this estimate
hes the correct order of magnitude (see Ref. 43).

The transformation G is defined as

. :'urT2 :
G=Ce . (19)

where C 1is the charge conjugation opéfator which changes a particle into
its entiparticle. The other factor rotates the isobaric spin ?ector by
180° about the 2-axis. Since strong interactions are charge symmetric

and charge conjugation invariant, they.are invariant ﬁnder G also. This

property allows the terms of Eg. (17) to be split into two groups according
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to their pfqperties under G transformation.he If weak interactions are
assumed to be invariant under G ‘then the "second-class" terms, B and C,
must vanish. CVC has alfeady eliminated C for other reasons so B is
the logical ﬁlﬁce to look for a second-class current.

"Whén aééount is taken of all terms possibly comparable. to those
causedvby B, the ratio of mirror beta decays, assuming identical Gamow-
Teller ﬁé£rix e1ementé; is given by

+
3

(&)"’/‘(ﬁ)f = (1 + 01 +AC,+BC,+D C,:)/(l + CI + A C; +BC

+
5 3 + D Ch)’ (20)

where Ci;;cg’ C3, and Ch are complicated functions depending on various
matrix elements and the energies involved. For small corrections Eq. (20)

can be written as

§ = (ﬁ)+/(£§)' -1 = (c] - CI) + AC; - C3) + B(C] - c;) + (¢ - ¢}) . (21)

It is clear from Eq. (21) that only those terms that change sign in going
from B*_ to B+—decay will contribute significantly. Portioné of the Cl’
C3, andTCh‘terms do this. However, Ch containsh a 1/M factor, where M
is the.ngclear mass, thus making the contribution due to D negligible
as mentioned previously. The C, term is quite complex and the difference

1

+
Cl) is also expected to be quite small. Therefore the deviation from

¢

(cl

mirror symmetry is given approximately by

8§ ~ 4/3 I.Ep-;l B(W + W) | : (22)
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where'Wi >> 1 and (a Z)2 << 1, both suitable assumptions for light nuclei,

and B represents the strength of the induéed‘tensor coupling.
45-60

Table II lists values of § and (w; + W_) for all mirror
pairs fbriwhich sufficient information is presehﬁly available to test
this relation. It is unlikely that there will be many immediate additions

to this 1list. Of the known T = 1 mirror pairs not listed, only the B-decay’

of the A # 2k metastable state was excluded due to a lack of experimental

data. Masses 26, 34, 38, and 42 were excluded because they undergo. pure
Fermi decay (07 — O+), masses 14 and 32 because their quite high ft-
values indicate extreme sensitivity to slight variations in‘the wave
functiOné, and masses 22,‘36, and L0 because the mirror decay is first;
(or gréater) forbidden. The situation is slightly better for T = 3/2
pairs since improved experiméntal datg would allow analyses of masses 33
and 37. 'Mgss'hl, howe&er, is not a useful case since the decay of tha
is firét;fbrbidden. Thus, with but thrée exceptions, additions to the
table reqpire the discovery and.éharacterization of unknown nuclei.

.-.Before proéeeding to use the data of Table II and Eq. (22) to
extract a value for B, it is necessary to consider any other effects which
may causé a nonzero §. Fbr the caée of mass 12, Blin-Stoyle and Rosina
have ¢ohsiderédl many pdSsible ¢ofrections including electromagnetic
effects, second—fbrbidden effécts, isospin mixing, and binding energy’
effectq. All of them were unable to explain the observed deviation from
mirrorvsyﬁmetry.

Unfortunately many of these corrections depend on the wave functibns

involved. In particular, determination of the binding energy effect, which



Table II. A comparison of mirror beta-decay rates.®

.633%1 109.8740.12 min 97.0+0.2

Parent Final : b + - 2.¢c d
,A nucleus  state(MeV) Egax(MeV t kev) : Ealfflife‘_ e Branch(%) [WofW6](mc ) 8
8B 17.052+2 774t ms
8 8 3.0 e 51.6 0.113%0.008
Li 16.097%2 850tk ms(T) 3
9% 15.46923(22,46) 126.5%0.9 ms(21,22,g) +0.100
9 9 £(45) _ f 55.3 0.179_5 022
Li 13.614+20 175.7+0.9 ms(45,47) .
12y  16.3202%5 10.97+0.04 ms(8) 9L .340.5(8)
12 12 0 60.1 0.103+0.009
B 13.370%1 20.41%0.06 ms(8) 97.1+0.3(8)
13, 16.738+10(46,49) 8.920.2 ms(23,g) |
13 13 h(L8) h 59.5 0.15+0.03
B - 13.4374h 17.33%0.17 ms(50)
17 -
Ne 13.534+23(49) 109+1 ms(g)
17 N i - i 24,9 0.148+0.024
Ty 8.679£15 4.16£0.01 sec(10)
18Ne 3.425+5 1.674#0.018 sec(51,52) 92.4+1.7
18 18 0 , 5.5(3) -0.003+0.015
F 0 _

(continued)

RS S
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Table II (continued)

Parent .

Final . b e : + -1, 2.C d
A nucleus: state(MéV)‘ .Emax(Mev i:keV) - Half-life ‘ Branch(%) y [W°+W6](mc.)_ A $
" — .
Na. _ 12.89+40 45142 ms(15) k
20 20 1.63 - 34.6 0.062+0.031
F 7.030£5 11.03+0.06 sec(53) 99.98
: Elmg 12.070+1T 1121+5 ms(26) k(28)
21 ~ k ‘ 35.1 0.75+0.37
F 5.684+T 4.32+0.04 sec(5L) k(55)
2hAl 12.862+7 2.081+0.009 sec(16) 8.00.5
24 ol, 4,12 ' . 21.8 -0.03+0.06
Na : 5.515+3 14.,981+0.011 h 99.92+0.02
221 | 11.688+42(49) 218+4 ms k(29)
25 o5 k 29,5 0.187+0.076
~“Na 3.835%9 59.610.7 sec k(56) e :
28
P 13.316%9 270.30.5 ms 5212
28 08 1.78 30.2 0.25%0.05.
Al L, 6354 2.246+0.004 min(5T7) 100
295 12.795+35(L49) 189+7 ms(25,30) k(28)
29 5 k 28.0 0.290.16
9Al "3.676xT 6.52+0.05 min(58) k{56,59) '
30 '
S _ 5.115+12(60) 1.27£0.02 sec(m) 201
30 50 0 . 3.7(j) 0.02+0.05
P 3.217+6(60) 2.497£0.005 min 99.50.1

(continued)
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Table II (continued)

&This table is an updated version of a similaer table in Ref. 3. The references cited here represent additions

;

or corrections to the éarlier‘tabie.
bEma# is the maxiﬁum B—particle energy for the ground state transition.

c(W:+W;) is the weighted average if more than one final state is involved in the comparison.
YYalues of f were calculated using the method given by J. N. Bachall in Nucl. Phys. 75, 10 (1966).
eIntegration was carried out over the entire range of 8Be excitation. See Ref. 3.

fThe decay rate of 9C was computed using the knownh5 rates for 9

Li decay. The upper-limit is derived from
theofetical»predictions for unobservéd branches. See Ref. 3. |

gPresent-work.

hThe half;life>of 13O was predicted from the ft-values kn‘ownb'8 frcm-the mirror.decay, taking into account the

additional branches to high lying states of 13N observed in this work, and the result was compared with the

experimental value.

17

1Ty . . ] ' o
7N¢ to.the two. lowest. states of ~'F were calculatediusing

iThe strengths of the first—forbidden-decays of
ft-values from the mirror decays. Then the decays to the remaining states were compared.

JSince both nuclel are positron emitters, this entry is the difference of the decay energies.

kThe strength of the superallowed'8+—decay branch wes calculatea assuming complete isobsric-spin purity. This
was used in conjunction with delayed-particle data to calculate the partial half-life for B+-decay to all the

perticle-emitting states. The decay rate to the remaining state (or states) was then compared to that of the

(continued)




Table II (continued)

mirror B -decaying nucleus.
~ "This lifetime was calculated assuming an ;};of'3120'sec for the Superallpwed transition.and'using,the known.

branching ratios. See Ref. 3.

_6T_
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resultsvfrom the distortion of identical single-particle states caused by
the Coulomb potential, requires knowledge of the wave functions. The most
recent'célcuiationél of this effect for mass 12, which also took account
of.relativity, predicted a 8§ ranging from 0.012 to 0.037, considerably
less than the experimental value. The initial sﬁudyl of mass 12 showed
this correétion to bevfhe dominant one.

This correction is not available for the other cases listed in
Table IVI. , Therefore, it was decided to neglect thé two small corrections
with oniy minor dependence on the wave function: the éffect of finite
nuclearJSize and those radiative effects that do not simply renormalize
the vector and axial vector coupling co_nstants. The latter, "outer" radia-

62

. + - )
tive effects are tabulated ™ and have the same sign for 8 - and B -decay.

They therefore tend to cancel out. For example, this correction would

reduce VG in the case of 17

Ne by 0.003. The approximate effects of finite
nuclear size are available63'in graphical form and except for low Z and
high.Wo have opposite signs for B+— and B--decay. For the case of mass 20
this correction increases & by about 0.013. These examples, plus the
observation that the binding energy effect and the finite nuclear size
effect havé opposite signs, Justify the negiect of these correcﬁions._ In
addition the errors on most values of § 1listed in Table II are con-
siderably larger than the corrections.

Figure 1 shows a plot of & versus (W; + W;) and a least-squares
fit to the data, similar tb that in Ref. 3. The line was required to go

through the origin. The mass-21 data have not been used due to the large

error bar on §. Use of Eq. (22) then gives
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’ Fig. 1. A plot of deviations from mirror symmetry in R-decay versus the
total decay energies. The line is a weighted least-squares fit to
y the data. The data points are labeled with the mass of the mirror
' pair.
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Br2x107 o (23)
However, itvhas been suggested6h that an equivalent form of Eq. (17) can
be writfeh that leads to a change in Eq. (22) such that B should be larger
by a factor of two. However if some assumptions afe made about meson
ekchangg‘effects this difference is essentially-éliminated;6h Since the
main-thrust.of this analysis is to determine'wﬁethef or not the induced
tensorvtenn B existé, such differences are not too important at this
stage.';v |

65'states that none of the_one—

In this conneétion, a recent paper
body operators in Eq. (17) can produce mirror asymmetries in decay rates.
The paper also states that multinucleon or meson-exchange effects cause the
observ¢d a$ymmetry. As mentioned above, however, cértaih mesoﬁ—exchange'
effects result in an effective one body opérator thaﬁ has the same form
as an induced-tensor interaction and is of many body origin.6l‘t Thus the
study of mirror asymmetriés may eventually yield information relevant to
the existence of both second class currents and meson exchange effects.

~ As can be seen from Fig. 1, the data for odd-mass nuclei lie above
the line and the opposite is true for the even-mass ﬁuclei; only twé
exceptions are noticeable. This apparent trend and the substantial scattér
of points indidate that, although whatever is causing deviations from mir-
ror symmetry seeﬁs to increase as (wz + W;) increases, there are still soﬁe
unexplained effects present. One possible explanation'for the high values

of & for odd-mass nuclei heavier than mass 17 would be the presence of

significant isospin impurity in the lowest T = 3/2 analogue state in the
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Tz = ~1/2 nuclei. The analysis of the data for these nuclei reguired the

assunption of pure isobaric spin for the analogue states. If some amount
of isospin impurity were assumed, the value obtained for § would decrease.
As will be apparent later there is substantial evidence for an impurity of

33

about 10% in the T = 3/2 state of Cl. Good calculations of the binding

energy effects might also help reduce the large scatter of the points.
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III.  EXPERIMENTAL METHODS

A. Cyclotron and Beam Transport

Allvthe experiments were performed in the Cave 2 external beam
facility of the 88-inch cyclotron. The beam transportvsystem has been
described66,in detail.previously. Since only.the reaction products were
of inte:est, the beam optics were adjusted for maximum beam transmission,
with the éonstraint that the Seam be focussed sufficiently to avoid hitting
the target holder q? scattering‘chaﬁber. This method tends'to produce a
larger béam spot, permitting higher beam intensities without burning out
the tafgqt. For both proton and 3He bombardments; typicai beam currents
on targef'ﬁere about 3'uA, limiféd in most cases by:subjective estimates

of the potential lifetime of the target or isolation foil.

B. The Pulsed~Beam, Shielded-Detector Method

Ji The main experimental difficulties in the study of delayed-proton
emitters arise as a result of the fairly low cfbsﬁ sections‘for their
formatién.v In order to achieve reasonable countiﬁg rates, it is necessary
to use.high beam intensities and good geometries; This reQuirement, along
with the fact that relatively high energy beams (v 35 MeV for‘3He'srand
N 45 MeV for protons) are needed, causes the two major problems: radia-
tion daﬁage of the detectors and enormous amounts of B- and y-background
' radiétibn. A great deal of experimental effort has been directed at
minimizing these two difficulties. An apprdach which consisted of pro-
viding better detector shielding produced improved spectra. This system

was used to investigate some (3He,2n) cross sections for light nuclei.
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The earliest work on delayed-proton emitters used a pulsed besm

~ and a single detector that viewed the target continuously.2h The scattered

‘bean produced radiation damege in thevdetector, resulting in rapid pro-

gressive deterioration of the energy resolution during the experiment.
Use of e single counter also resulted in high backgrounds at low energies,
< 3 MeV, dﬁé to multipiy—scattered.B-particles.

.'Préliminar& work attemptéd to deal with the latter difficulty. A
counter>£elescope consisting of a ﬁhin transmission AE detector followed
by a thick E detector was used. A fast coincidence requirement between
the two détectors eiiminated most of tﬁe B-particle induced baékgrqund.

Iﬁ add;ﬁidh'use of two detectors perﬁitted the application of particle
identification techniques (see Sec. IIT D) which further reduced the back-
ground}  | |

HoWever the problem of radiation damage remained, resulting in
detectqr iifetimes shorter than the planned duration of the experiments.
The pfeliminary experiments also uncovered another potential difficulty.
Aﬁout'once'every few hours the beum pulsing system would fail and the beam
would c§ntinue into the counting period, effectively eliminating all data
accumulated up to that point. The cause of this problem is not known, but
may be due in part to elements of the cyclotron radiofrequency system that
automatically produce recovery from tank sparks.

In ordef to deal with these difficulties, the apparatus shown in
Fig. 2 was constrﬁcﬁed. A remotely controlled rotating wheel of 3.2 mm

tantalum shielded the detectors during the beam-on periods. Provision was

*

made for the simultaneous use of two counter telescopes, at angles of 35.5°



26—

Lights

£1 gl

Rotating wheel
—

Beam

T ~ae-

R et
e
~ E '/

rej

v £

: Beam gater | AE™%

.. control
unit Time - router
Beam on

Cyclotron

e
Beam_ off voltage
mggul&orv

XBL711-2540

Fig. 2. A diagram of the beam-shielding apparatus used in the pulsed-beam,
shielded-detector method.
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and T0.5° to the beam. During counting periods the détecfors could view
the targe£ through the large slots in the wheel. The thin slots and the
two light-photodiode pairs provided positive control of the beam pulses
and provided'protection against failure of the beam-pulsing system.

Beam pulsing was controlled by the rightmost photodiode in Fig. 2.
When thié ﬁhotodiode received light, the beam was turned on. When the
wheel rotation shielded this photodiode from the light, the cyclotron dee
voltagg ﬁasAreduced by about 20 kV from the usual value of 40 to 50 kV.
Experimenfs with the wheel stopped in the "beam on" position proved that
this chanée was sufficiently drastic to completely elimihate the beam.

The "inspect™ pulse generated by the other photodiode provided
protection>against»the.occasional failures of the beam pulsing arrangement.
While the inspect pulse waé.present, circuits in the beam gater control
unit compared the count rate in one of the detectors, usually the forward
angle AE;'to a preset .level. If this levei was excéeded, the pulse‘which
started the time router was not generated and the data were not stored.
(See Sec.‘III D for details of the electronics.).

.This arrangement was used to study the delayed-proton emitters lTI\Ie,

2;Mg, 2581, and thi. The (3He,2n) reaction on v T0O pg foils of magnesium
and calciﬁmvwas used to produce 2581 and thi, respectively. The foils
were rotated 60° toward the detection systems to increase the effective
target tﬁiékness.r The nuclei lTNe and-glMg were produced by the

20Ne(3He,2n)21Mg reaction, respectively.

l60(3He,2n)171\1e reaction and the
The target for these reactions consisted of about 0.5 atm of the appropriate

gas in a 5 cm long cylindrical gas cell with 2.5 um Havar windows. The
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density'of the gas target was fairiy iow so the bulk of the product nuclei
lodged in the exit foil which was tilted 52.5° towaé;_l the detectors. With
this gedmetry only those decays occuring within the foil or within a rela-
tively small volume of.gas'immediately behind the foil could be observed.
“vThe spectra obtained for these four nuclei were marginally better
than those obtained previously, but not'sufficiently so as to yield
appreciéblevnew results. However these experiments did provide some cross
section measurements for the (3He,2n) reaction on light nuclei. The only
previous cross section datum for productioﬁ of delayed-proton precﬁrsors
a1 for o

via 3He'induced reactions was an excitation function Ne that only

extended to 5 MeV above threshold. The feéults of these cross section
measuremeﬁts, which took into accguht:the loss of activity due to recoil67
out of-thevtarget, are listed in'Tablé'iII. The method of computing the
cross éection is described in Appendix A. Due to the thick targets, some
of the beém was scattered enough to miss the Faraday cup. While expéri—
mental measurements of this effect were made, the possiﬁility of variations
in the beam optics during an experiment results in errors of about 50%

on the qbsélute cross sections. The relative érrors for a single target
are undoubtedly better. The 31 MeV datum for lTNe is in agreement with
the preQious result.27 Figure 3 shows an excitation function'for the

2hMg(3He,2n)258i reaction. It is noteworthy that the cross section

decreases quite slowly with increasing energy.
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‘Table III. Some cross sections for (3He,2n) reactions.

Product nucleus Beam energy Cross sectiéna
(MeV) (up)
‘l7Ne 31 36
| 80 5.6
g 31 230
80 66
25Si 32 120
38 150
L3 1ko
= 60 130
- 40 21

Ti

8he absolute error is sbout *50%.
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C. Gas-Sweeping System

The bulsed-beam, shielded-detector method did impfove the life
expectaﬁéytof the detectors; but itvfailed to produCe radicaily improved
spectra. - Two possible causés for this failure come to mind. First, the
buildup of'Backgrdund B- and Y-activitiés in the tafget may cause poor
resolufibh due to pileup or other processes. Secqnd, the proton emitters
are diéf?ibuted throughout some part of the target:(or exit foil) and
therefdré‘the emitted protons will exhibit an ehergy spread proportional
to the target thickness.

A system for gaseous activities that avoids the problems discussed
ébove was cbnstructed. (However, both solid.and gaseous targets can be
used.)  The activity of interest is swept from the target area by a blast
of some.carrier gas to a distant well-shielded counting chamber. The
resulténttdiffuse source is virtually weightless. The y- and B-backgrounds
are cbnsidérably reduced due to the shielding. Also, only gaseocus products
should/afrive in the counting chamber, which is evacuated at one point in
each cduﬁﬁing—bombardment cycle. This p:events thé gradual buildup of
long—li%éd background activities.

33

Figure 4 shows the apparatus used for the study of ~~Ar

(tl/2 = 173 ms) produced via the 32S(3He,2n)33Ar reaction. The study of

other nuclei required various modifications but the basic principles

remained the same.

The 20 cc, 10 cm long target chamber was filled when valve 1!

"operated. The target windows were 2.5 um Havar foils. The 1.5 liter 082

reservoir was heated to about 30°C by an electric mantle. Under the
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Fig. 4. A diagram of the gas-sweeping system used for the production of
33Ar ‘via the ° 28(3He,2n)33Ar reaction. The diagram at the bottom shows

the sequence of velve operation and typical "valve-on" times.
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conditions éénerally used, a single filling lasted about twelve hours.
While thé target filled,,valve 1 allowed helium'tS flow into a variable-~
volume ballast chember. The liquid nitrogen trap rémoved any condensable
impurities 'in the helium and also prechilled the gas. The yield improved
as the Eallast volume was decreased to its minimum size of % 10 cc while
the pressure was increased correspondingiybto 1.5 atm. 'The product of
volume.and pressure allowable wes defermined by the capacity of the vacuum
system. |

When valves 2 and 2' opgﬁed, the higﬁ pressure helium swept the
082 vapdr and the argon activity through a 60 cc dry ice-triéhlorethane

trap that removed about 80% of the CS, from the gas stream. The gas then

2

passed through a smallvglass wool trap'which-removed particulate sulfur

formed by radiation decomposition of CSQ. Finally the gas flowed via

6.4 mm i.d. teflon tubing to a shielded counting chamber about 5 meters

from the target. The total transit time was about 100 ms. At this point,
valve b closed and counting began. The "waste" gas left in the line was
then removed by opening valves 3 and 3'. The LN traﬁ prevénted contamina-
tion of the pump oil with CSQ. After counting was complete, valve 5 opened
and the'coﬁnting chamber was evacuated. The diagrém at the base of Fig.
4 shows typical durations and the order of valve operation.

| Figure 5 shows the counting chamber used. The bulk of the chamber
is aluminum, with stainless steél used as s standoff for the copper cold-

finger. The spacer, indicated by the diagonal lines, was made of laminated

fiberglass to reduce heat conduction from the chamber walls. Liquid nitro-

gen was used as a coolant to provide the high cooling capacity required

by the high gas flow rate. The gas inlet and outlet were both located at
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F_‘ig. 5. A schematic diasgram of the counting chamber used for the study
of gaseous, delayed-proton emitting sources.




-35-

the bas¢ ¢f the conical gas volume. A transducer was also mounted at the
base tthermit continuous monitoring of the shaﬁéland megnitude of the gas
pulses.'.fhé'end wall of tﬁe chamber was only 0.8 mm fhick, to réduce
attenuétién of y-rays. This problem was not too severe since it was not
necessai& to look for anyby-rays below 511 keV.

fThe use of 082 as avtarget was a distinct_advahtage in this case,

as it ié7unlikely that a solid sulfur target could have withstood the
3 , :

3 WA THe beams used for extended periods of time. However solid targets

17

were used for some other nuclei. The delayed—proton emitter = 'Ne was
16,3 17
produced via the ~ 0(”He,2n)” 'Ne reaction on a stack of six oxidized
titanium foils. The foils were held about 0.5 mm apart to allow helium
to sweep between them. In this case valve l', the dry ice trap and
assiciated IN trap, and valve 3 were no longer necessary. A small LN trap
was used to remove any condensable products. The use of O2 gas in place of
 the 032 flask in the apparstus of Fig; 4 provided an alternate means of

1k

producihg 17Ne. Similarly the N(p,2n)130 reaction on N2 gas was used

to produce 130.

Not all desired targets are available as strong foils or as gases,
SO an aitérnate technique is required. Boric acid enriched to 92.4% in
lOB was bfessed-into lOO-mésh tungsten screen at 1kl kg/cmz. Five such
screens were used as targets for the loB(p,2n)9C reaction. In this case
oxygenvgas was used as the éweeper. This technique allows any solid beam-
resistant material to be used as a target. Good yields were obtained for
all types of targets. Noteworthy are the good results for the solid tar-

get experiments which indicate that the recoil atoms must rapidly diffuse

out of thé foils or granules in which they stop.



-36-

.The speed of the system is iﬁnited by the speed of the valfes.

They take 10 to 15 ms to open, even when driven with twice their rated
voltage. The length of tubing used also affects the collection time. In
order to study 130(1:]./2 = 8.95 ms) the line length was shortened to one
meter, yielding a timevof 40 ms from the nominal opening of valve 2' to
full pulge height. The actual transit time may Be sbmewhat shorter, since
it is nof.known exactly when the valves opened. ‘The shortef length per-
mitted leés shiélding which in turn led.fo increased background problems.

A reasonable spectrum was obtained nevertheless. (See Sec. IV C.)

D. Electroniés'AndvCountiqg.Techniques

The electronics used in conjunction with the two methods described
in Secs:“III B and III C were quite similar. Since the most interesting
resultsvwére obtained with the lafter method, the bulk of this discussion
will rél&té to the gas-sweeping system. Areas in which the two methods
ﬁsed diffefent electronics will be pointéd out.

A simplified diagram of the electronics used in the gas-sweeping
system is shown in Fig. 6. The circuit shown perﬁits the simultaneous
accumulgtion of identified proton events, p-Y coincidences, and events
that éorreépond to particles stopping in the AE counter. The latter data
were taken to search for the presence of low energy proton groups or
alpha particles. The identified proton data were stored in up to eight
sequential time groups, providing simultanequs energy and lifetime infor-
mation. Signals from either the valve control unit or the time routér were
fed iﬁtorinhibit inputs (not shown in Fig. 6) on each amplifier gate. This

ensured that only data taken during desired counting periods were stored.
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Various counter telescopes were used to allow particle identification
to be pefformed. They cansisted of a phosphorus-diffused silicon AE detec-
tor rangingvin thickness from 14 ym to 50 ym and a lithium-drifted silicon
E counter of 0.5 mm to 1.5 mm thickness. (In the pulsed-beam, shielded
detector éysﬁem a 0.5 mm ERej detect?r was also used. If an event occurred
in this detector, simultaneous events in the other detectors were not
' stored.): The signals from the two detectors were required to be in fast
coincidéﬁcé (21 ® 15 ns) and were then fed tosa Goulding-Landis particle
identifiér:68 A sample particle-identifier spectrum is shown in Fig. 7.

The structure labeled "B" decreases in relative magnitude as the AE-counter
thickness is reduced. It.is probably eaused by multiply-scattered B-par-
ticles. Léw enérgy electronic cutoffs could convert the expected exponential
shape into something resembling a peak. Gating around the proton peak

improved the resultant spectrum.

3 9

. While investigating 1 c,

0 and the low energy proton spectrum of
it was necessary to use a 1k um AE counter and to require the energy loss
in that coﬁnter to be €1 MeV. This requirement éliminated coincidences
between alpha-particles and multiply-scattered beta—particlés following
8

the decay of 8B (or "Li). Without this requirement the particle-identifier
and enefgy’spectra were dominated by a broad smear that, in the former
case, cémpletely obscured the proton peak. The background was identified
by finding that the half-life of the particles stopping in the AE detec~-
tor was about 800 ms, consistent with the half-lives of either or both
8B('{"{h ms) and 8Li(850 ms). |

The counters were cooled to -30°C. They operated satisfactorily

in an environment where the pressure fluctuated from about 35 Torr

[ -

e e e e L
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Fig. 7. A particle identifier spectrum following 3He bombardment of Tiog.
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(counting) to 0.5 Torr (evacuated). No window was ‘placed between the

—— [P PP [ PR

counters and the extended source. As a result with & pulser resolution

e (%“11 wldt'h at halr maxmmn) of 35 keV, the observed proton pesk width

i a\» e, 2
for narrow states was U5 keV. ‘This additional width is due principally

«~v

L

4

to the energy spread caused by Qhe momentumgof thé positron. Figure 8
a e S
shows & graph of the energy spread induced Qy this effect for mass 33 as

a function of proton and'B-energy. The relevant formula is derived in

Appendix 2, from which it is appérent that’the ef%ect will be even more.

!
3

noticeable for lighterwnuclei. The relevant B- energy f use of the graph
‘e —"“f (Y

is the average B-energy for a particular“transitibn. 5
Gamma-ray studies were requ{yed in the cases of 17Ne and
. ';

For both nuclei a 2" x 2" NaI(Tl) crystal was used to conduct p-Y coinci-

334,

dence (21 = 50 ns) measurements. The detector was placed at the base of

the conical counting chember as shown in Fig. 5. }The p-Y data were recorded

. ,two—dimensionally,using a PDP-5 computer. éh {
A i e ) S
o A . e 4 i Ry e ® v he amtsrv et o r s doma r et s e "

.”?}4‘? - In addition some singles’ Y-ray data were taken with a 45 cc Ge(Li)

detector to, eluc1date the decay of 33Ar. This detector had a resolution

.....

- .of v U keV at 1 MeV, which vas sufficient for these purposes. Its absolute

efficiency was determined using International Atomic Energy Agency cali-

brated sources of 203Hg, 22Na, Sth, and 6000. The efficiency curve was

69

extended to higher energies by using the known ~ relative intensities of

5600 Y-rays. The 56

Co source was moved from place to place within the
counting chamber to allow an averaging of the efficiency over the entire
cactive volume’, SR P et Loy

The efficiency of the counter telescope was calculated by numerical

integration over the active volume and by use of a Monte Carlo program.
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The two calculations agreed and led to a value for the efficiency of the
telescope of (1.26 * 0.13) x 1073, This arranganentrwas efficient enough
so that about one proton per UC of beam was observed. The efficiency
calculations were checked by measuring the ratio of a-particles to 388-keV

249 71

Y-rays fbllowing the decay of Cf. The ratio agreed with the measured

value to within 2.

E. Half-Life Measurements

Two sources of data were used to determine half-lives: the time-
sorted ehergy spectra mentioned previously and multiscaled data. Time-
sorted éhergy spectra were used.to check the half-lives of all observed
peaks;; The half-lives of all the peaks in the spectra to be shown later
are consistent with the half-lives of fheir assigned precursors. Multi-
scaledbdaté weré obtained by setting gates around a selected protén peak.
Events féliing within these gates were stored in a L0OO-channel multiscaler
contr@lled by a quartz-crystal oscillator.

fhe half-life data were analyzed using least squares techniques72
and maﬁing provision for a possible longlivea_background. In only one

13O, was such a béckground required. In this case, varying

cése, that of
the bagkéround half-life from 150 ms to essentially infinity did not affect
the finaliresult. "The measured half-lives using both kinds of data men-
tioned above were always consistent.

Averaged results for each nucleus studied are presented in Table

IV, along with a comparison with earlier work. The agreement with the

9

9

equally precise previous2 results in the “C case is particularly

gratifying.
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Table IV. Healf-life measurements.

Parent Nucleus . Half-life (ms)

Present work Previous work(Ref.)
% o 126.5 + 1.0 127 + 3 (21)
’ 126.5 + 2 (22)
130 ' 8.95 + 0.20 8.7 + 0.4 (23)
_17Ne | _ . 109.0 + 1.0 105 + 5 (27)
103 £ 7 (26)
107 = 5 (25)

33
Ar 173.0 + 2.0 182 = 5 (31)
178 + 10 (32)
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IV. EXPERIMENTAL RESULTS

A. 33Ar Decay
,'1‘:';$ . 33
vThef&elayed—proton precursor ~““Ar was produced by the
32S(3He,2n)33Ar reaction on a 082 target. Measurements were made of the

delayed protons and y-rays ﬁhich followed its decay. By identifying some
peaks in the proton spectra with known levels, accurate locations for 22
levels in 33Cl were obtained. Analysis of the intensities of the proton
and yY-ray peaks led to ft-values for the B—trﬁnsitibns to 25 levels, pro-

viding information on their spin and parity. The proton groups were con-

33

nected to the decay of “~Ar by half-life measurements and by arguments

which eliminated all possible contaminants.
:Figures 9 and 10 show delayed-proton spectra produced by bombarding

Cs -with'SS—MeV and 35-MeV 3He beanms, respectiveiy. At 35 MeV the only

2
known deléyed—préton emitters that can be produced are 33Ar, 32Cl, and

13O. The'last has a very short half-life (v 9 ms) and therefore should

13

not contribute significantly. (No trace of the known 0 peaks was found.)

The known17 proton peaks following 3201 decay were not observed, nor were

32

the Cl delayed-alphas visible in the spectra of those events stopping in

17

the AE-detector. This is not surprising since only about™ ' 0.05% of the

3201 decays give rise to proton emission, in contrast to about 34% in the

33 17

Ar. Some Ne peaks, produced from an oxygen contaminant, are

case of
visible in Figs. 9 and 10 but are quite weak. The primary peak has been
previously;identifiéd as due to 33Ar by cross bombardments33 and by exci-
tation fﬁﬁgtion measurements.33’73

The relative intensities of the peaks in Figs. 9 and 10 were com-

pared, taking account of the additional 17Ne strength, All relative
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Fig. 9. Spectrum of delayed protonslobserved in a counter telescope fol-

lowing 3He bombardment of CS All numbered peaks except no. 11 follow

o
the B-decay of 33Ar. Table V gives the energies of numbered peaks.
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intensities were the same except peak 11 which was much weaker at the

higher bombarding energy. Its origin is unknown but it does not seem to

33

follow the decay of ~~Ar.

‘The spectrum in Fig. 9 was used to establish the energies of all
the fairly-strong peaks. Then fhey were used to'fii the energies of the
weaker'peéks using the data in Fig. 10. 'In Fig.‘9, peak 19 and the one

29

marked
33

S correspond to protons emitted from T = 3/2 analogue states in
Cl and 29P, respectively. Since these states have been observed in
proton'reéonance work, the laboratory energies of the corresponding pro-

Th and 5.437 * 0.005 Mev.75

ton groupé are known to be 3.170 * 0.004 MeV
Using fheée as initial calibration points, the energies of the other peaké
were determined. The energies of all the observed proton groups and the
deduced lével energies in 33Cl are listed in Table V.59’76’77

?article-y coincidences were recorded to see if any proton peaks
could be positively assigned as representing proton emission to the first
excited state of 528 (2.24 MeV) rather than to the ground state. No coinci-
dences wefe observed with 2.24 MeV y-rays, so all of the stronger peaks
(numbers 6, T, 10, 13, 18-21, and 25) must correspond to decay to the
ground state. The good energy resolution and the accurate internal energy
calibrafion make it possible to aséign some weak peaks to proton emission

32

to the 2.24-MeV level in S by energy balance considerations. Such assign-
ments ére_shown in Table V. Peak 8 is unassigned because if it goes to the
ground'Stéte of 328, a new level at fairly low excitation in 33Cl is .
required. But if it corresponds to emission to 328*, then the absence

of the ground state transition is unexplained. Nevertheless the peak
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Table V. Observed proton peaks following 3

deduced level energies in

3Ar decay and
3301.

Observed proton énergiesg corresponding to decay

Deduced level

. b
energies

to the following -°S states: in C1
 g.s. 2.237 MeV  3.7T80 MeV (MeV * keV)
6 1.69’.2 + 20 3.973 * 20
7 1.837T £ 20 4.118 + 20
10 2.17h ¢ 20 L.455 + 20
12 2.h3.9‘¢ 35 : - 4.720 + 35
13 2.566 * 15 - L.8LT + 16
15 2.835 + 25 - 5.116 + 25
18 3.165 + 30 - 5.446 + 30
19 - 3.269 * 4° - 5.550 + 6°
20 | 3.403 £+ 20 1 1.126 £ 35 5.675 + 17
21 3.469 +30 2 1.264 t 35 5.763 + 23
22 3.592 352 3 1.364 + 30 5.882 * 31
23 3.751 £35 4 1.519 % 35 6.034 + 25
2h 3.8v59 +35 5 1.587 £ ko | - 6.125 + 26
25 3.973 = 20 X S - 6.254 + 20
27  4.98% £ L0 14 2.687 t 30 X 7.228 + 25
28 5.189 + 20 16 2.975 + Lo X 7.475 + 18
29 5.342 + 30 17 3.048 + 30 | X 7.595 + 22
30 5.486 + Lo ' X X T.767 £ 4o
31 5.803+20 22 3.592 %357 9 2.022 %30 8.08L * 17
32 5.902 £ 25 22 3.592 * 35° X © 8.183 £ 25

(continued)
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Table V (continued)

Observed proton energiesa corresponding to decay Deduced level

to the following 328 states: ' _ energiesb in C1
© g.s. 2.237 MeV 3.780 MeV (MeV * keV)

33 6.029 * 30 X X 8.310 * 30

34 6.310 £ ko 26 14.106 * 35 | X 8.609 * 2T

32 t + 30

6,688 30 X X 8.969

- unassigned proton peakse: §_ 1.947 * 30, 11 2.303 % 35

a1 observed energies are quoted in the center-of-mass system as

(MeV * keV) and are preceded by under-lined numbers relating them to peaks
in the spectra of Figs. 9 and 10. Those spaces marked "X" correspond to
proton éféups predicted from the deduced energy levels to be within our
range of observation, but which were not in fact seen. Those marked "-"
repfesént groups predicted to be outsidevour range of observation

(i.e., $ 1.0 MeV).

bThe level energies were calculated using 21.005 * 0.004 MeV as the mass

33Cl; it is a weighted average of the results in Refs. 58, 76,

excess of

and TT.

®The energy of the lowest T = 3/2 state was taken from Ref. T4 and corrected
33 '

for the Cl mass excess.

dThe week proton peak at Ecm = 3.592 MeV is broad and could involve several

groups; it therefore appears morevthah once in the table.

®The possible origin of these peaks is discussed in the text.
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follows the decay of 33Ar and was included while calculating relative

intensities. The energy levels determined from the proton spectra are

compared'with previous work in Table VI. The agreement is excellent.

78

Table VII' = shows the particle branching ratios and reduced-width ratios

for ali 6bserved states in 3301.

Since one allowed B-decay branch was expected to feed an excited
33

state in C1l below the proton-separation energy, Y-spectra were taken

with a Ge(Li) detector. Figure 11 shows one of the four time-routed

56

spectra.‘ A “7Co source was used to establish the energy scale. With the

energy and life-time information, it was possible to identify the origin

79

of most of the peaks in Fig. 11. ‘Table VIII'” lists the Y;rays, gives

their énefgies, and compares them to previous results.

58,77

‘The 810 keV Y~ray corresponds to de-excitation of the first

3301 and was identified as following the decay of 33Ar

excited state of
by its half-life. As expected, no other y-rays that could be associated
with thé decay of 33Ar were identified in the spectra. The absclute
intensity of the 810 keV y-ray was determined by integrating the y-ray
peak héights; Dead fﬁne corrections were determihed from a pulser that
had béen running into the system throughout the experiment. Using the
counter efficiencies previously determined and a proton spectrum obtained
simultaneously, the y-ray intensity was found to be 1.42 * 0.24 times the
total delayed-proton intensity.

The y-ray and delayed-proton measurements combined do not account

+ :
for all possible B -decay branches. The intensity of the allowed transi-

tion to the ground state was calculated using the ngvalue58 for the mirror



Table VI. Comparison of observed levels below 6 MeV in 3301 with previous results.a

=

Present - Previous workb o 7 AX:ﬁ:ie

Results =~ Fndt et al.® ~ Gordon? - other . 1%% energy "

(MeV * keV) (MeV * keV) (MeV % keV) (MeV * keV) (MeV) (MeV)

3.973 + 20 3.984 £ 4 3.982 ¢ U 0.0015 3.983 3 3/2"

4,118 £ 20 123 + ) 4.123 £ L 4119 + 10° 0.0085 4.123 # 3 3/2"

4.455 + 20 I b huh1 o+ b < 0.002 h.hl2 + ) 3/2"

L.720 + 35 4,746 - k.51t k4 < 0.002 L.751 £ 4 5/2"
.84T + 16 4.831 4,837 + 4 < 0.002 4.838 + L 3/2"

5.116 * 25 5.110 + L 5.111 + b 0.0015 5.111 + b 372"

5.446 + 30 5.455 + 6 0.032  5.455 % 6 1/2*

5.550 + 67 0.0015°  s.550 + 6  1/2%,1 = 3/2

5.675 + 17 5.656 + 108 - 0.100 5.675 + 17 (1/2%,3/2%)

5.673 + 23 5.743 + 6 - 0.040 skt 6 12"

5.882 + 31 5.884 + 48 0.001 5.882 + 31 (1/2",3/2")

aOnly those levels below 6 MeV are shown since none above that energy have been reported previously with com-

parable error bars; our complete results appear in Table V.

b 33

All previous results have been corrected, where neceésary, to take account of the Cl mass excess being

21.005 * 0.004 MeV.

(continued)

...-[g..



.~ Table VI (continued)

®see Ref. 58.

19325(3,v)3301; see Rer. 7.

©325(3he,a)33c1; see Ref. T6.

f328(p,p)3283 see Ref. Th.

gThe spins and parities assigned these states in Ref. 58 are not consistent with their being fed by allowed
B+—decay from 33Ar. Nevertheless,'thé agreement in energies and in observed decay channels makes it appear
plausible that we are seeing the same states. Since the possibility of unresolved doublets canﬁot be ruled

out, the two energies were not aversged.

_ag_
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‘Table VII. Particle branching ratios from states in 33Cl.

Observed relative 12(2.2h)3. Observed relative 12(3-78)a

330 branching ratios ¥2(0.00) branching ratios Y2(O.OO)

(MeV) [328(2.2h)/3gs(0.00)] 1/2+  3/2+ [3%5(3.78)/%%s(0.00)] 1/2+ 3/2%
5.675 ‘,. 0.027 * 0.011 8L 0.1

5. 7hk 0.052 + 0.017 83  0.50

5.882 > 0.87 > 960 > 6.9

6.034 . - 2.7 1.7 1400 12.k

6.125 2.8 % 2.7 1180 11.8

6.254 < 0.028 < 8.3 < 0.09

T.228 2.1 £ 0.8 61 2.5

T.475 0.26 + 0.0k 5.9  0.27

7.595 5.7 + 0.8 121 5.6

T.761 b - -

8.08% < 1.6 < 19 < 1.k © 0.36 * 0.06 5.1 28
8.183 < 2.5 < 36 < 2.2

8.310 <0.15 < 1.3 < 0.13

8.609 0.48 £ 0.28 3.6 0.36

8.969 <20 < 13 <1.5

a_ 2 '

Y~ is the reduced width. This ratio is obtained from the observed value by
dividing each branching ratio by its respective penetratidn factor,78 assuming

33

+ . .
either 1/2+ or 3/2 as the JTT for the state in Cl. The interaction radius
was taken to be 5.2 fm.
bNo limit could be set on the intensity of this branch since it coincided

with another proton group.
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}

Table VIII. Y-rays observed following qubaramehﬁ Of CS, with 35-MeV 3ﬁe.
Observed y-rays Transition | Previously measured:
responsible Y Energy 8" nalf-life
(kev) (kevV) (sec)
665 + 2 B o™ (1) 664.6 + 0.3% b
‘677.:s2 - 305(8%)3%" (v)3% 677.8 + 0.9 1.4¢
717.3 # 0.8% 00(8%)1%" (1) 1% 717.3 + 0.8° 19.4°
810 * 2 Bpr(8*33c1* ()38 810 + 3f 0.1738
1042 + 2 18y (8) 18" () 10p 10k1.7 ¢ 0.6° 1.67
17T * 2 3herm(gt)3hs™ (1) 34" 1177.0 * 1.2° 1.57°
1267 + 3 3Lg(6*)31p" (v)31p 1266.1 + 0.2° 2.61°
1290.79 * 0.065  o(gty ¥ (yp.E. ) 4N 1290.79 + 0.064 71.09
1801.80 + 0.06%  o(g") " (ys.5. )y 1801.80 + 0.067 71.09

25, D. Gfaber and G. J. Harris, Phys. Rev. 188, 1685 (1969).

bValués quoted in Ref. 58 are 1.2 * 0.3 sec and 0.85 * 0.10 sec.

indicate & half-life of 0.91 * 0.05 sec.

“see Ref.‘58.

dUsed as ¢alibration.

®See Ref. 6.

fA‘vera.ge of results quoted in Refs. 58 and 77;

gObtained from the present delayed-proton results.

Our results

hE. K. Warburton, J. W. Olness, and A. R. Poletti, Phys. Rev. 155, 116k

(1967).
iSee Réff 51.

JSee Ref. T9.
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decay, 33P B > 333, and increasing it by 6% to take account of the

trend of known deviations from mirror symmetry. (See Sec. II C.) Then the
relative intensities and ft-values for all significant B-branches from

33Ar could be calculated. These results are listed in Table IX. The cor-

respondihg decay scheme is shown in Fig. 12.

335r is expected to be 1/2%, like its mirror 3P,

‘_SinCe the spin of
all states fed by B-branches whose log ft is < 6.0 probabiy have
3" = (1/2,3/2)*. The B-transition toithe 4,751-MeV state has a log ft
of 6.39ra#d‘has previouély been assigned J = 5/2. This ft-value is in the
firstfféfﬁidden range, but not in the second-forbidden range. Thué the
state probably has negative parity. Table VI contaips the spin and parity

33

assignments of states below 6 MeV in “~Cl. Unique assignments result from

previoué work.
e . . .. 33 80
* Shell model calculations of the levels in ““Cl have been made.
' 3 + +
They predict sixteen 1/2 or 3/2 levels below 9 MeV, whereas the experi-
mentbindicates twenty-two allowed transitions. The discrepancy is doubtless
due to the limited space considered in the calculation; only 251/2 and

14 shells were allowed. Since other orbitals are probably required,

3/2

quantitative comparison of theory and experiment is not justifiable.

B. 17Ne Decay

Ne required a combination of delayed-proton and

The study of 17

P~-Y coincidence measurements. The latter measurements assisted in deter-
mining the proper decay scheme. As in the previous section, the delayed-'

' proton data allowed the determination of level energies and ft-values.



Table IX. B+ branching ratios and ft values for

Ar > T7Cl.

Energy level® Proportion of Branéhing ratio - . £t° . log ft

in 33¢1 "pfofon emissions - - : .frcm 33Ar,_5 4_ S

(ev) RS ) Cw (sec) © (sec)
0.000 - 18.1 + 1;9°A (1.06 + 0.11)x10° 5.03 * 0.05
0.810 - 418.1 + 3.6 (2.7h % o.21)x10§ L.k + 0.03
3.983 1.19 £ 0.05 0.40 * 0.04 (5.14 * 0.55)%10° 5.71L * 0.05
L.123 1.26 % 0.05 0.43 * 0.05 (h.32 £ 0.53)x10° 5.64 * 0.05
b2 T.hlvt .13 2.50 * 0.26 (5.75 * 0.64)x10" 4.76 * 0.05
k.751 0.14 + 0.02 | 0.047 * 0.008 (2.45 % o.h3)x1o§ 6.39 * 0.08
4.838 0.92 * 0.05 0.31 * 0.0L4 (3.46 * 0.43)x10° 5.54 * 0,05
5.111 0.2k * 0.03 10.081 * 0.013 (1.06 % 0.17)X106 6.03 i 0.07
5.155 1.68 * 0.06 0.57 * 0.06 (1.11 * 0.13)x10° 5.05 * 0.05
5.550 78.9 + 0.8 26.7 + 2.7 (2.18 + 0.24)x103 3.34 + 0.05
5.675 1.63 + 0.06 0.55 + 0.06 (9.4 ¢ 1.1)x10h 4.97 + 0.05
5.Thb 1.09 * 0.0k 0.37 * 0.0k (1.31 * 0.16)x10° 5.12 * 0.05
5.882 0.68 * :ig 0.23 7 o0 (r.8y * 92Ty 10° 5.26 * 0.18
6.03k 0.08 * 0.02 0.027 % 0.007 (1.35 * o.36)x106 6.13 + 0.12

(continued)v

_Lg-.



Table IX (continued)

' Enérgy'levéla ' Proportion of . ~ Branching ratio = ;' . _23? ' _  log ft
 in 3301 proton emissions | ‘ - from 33Ar e R . :
(MeV) (%) . (%) 7 (sec) -~ (sec)
6.125 ' 0.05 + 0.02 ~ 0.017 * 0.007 (1.96 ¢ o.92)x106 6.29 * 0.22
6.254 1.73 + 0.06 0.58 + 0.06 (5.01 + o.6o)x10h 4.70 £+ 0.05
- 7.228 0.12 £ 0.02 ” 0.041 *+ 0.008 (2.23 + o.h'r)xlo5 5.35 + 0.09
7.475 0.86 + 0.0k 0.29 *+ 0.03 (2.24 + o.29)x10h 4.35 + 0,06
7.595 0.74 + 0.0L 0.25 £ 0.03 . (2.17 * o.31)x1oh 4.3k + 0.06
7.767 0.03 * 0.01 ‘ 0.010 + 0.003 . (b2 % 1.3)x105 5,62 + 0.1
' + 0.38 + 0.13 + 0.37 4
.8508h 0.6T _ 5’1 0f23 - 0.0 (1.07 _ g.g7)x10 4.05 % 0.20
| | +0.38 ¥ 0.13 + 0.75,.. 4
8.183 0.b1 ~ 0.19 0.1k ~ 0.07 (147 l.3,{)><10 4 }7 +0.30
8.310 - 0.05 £ 0.01 0.017 * 0.00L (9.5 % 2.2)x10h 4,98 + 0.10
. 8.609 0.05 + 0.01 0.017 * 0.00k4 (5.2 + 1.h)><1oh L.71 + 0.12
8.969 , 0.01 + 0.005 d.oo3=t 0.0015 (1.22 + o.6h)x105 5.09 + 0.25
(e, = 1.9471% 0.07 * 0.02 0.024 * 0.007

-Q5-

“(continued)



Table IX (continued)

®The values below 6 MeV are averages taken from Table VI. Above that energy they are from the present
work oﬁly. . | | . ‘, | | |
bThe'ﬁ}_values are calculated using (-9.400 % 0.050)MeV as the mass excess of 33Ar and (lT3.0.i 2.0)mé
as its half-life. The mass was calgulated using the isobaric mass formula and the results in Refs. 5
and Th.

®This ratio is calculated by comparison with the mirror.33P decay.

dThe center-of-mass energy of this proton group is listed since the level from which it originates is

uncertain.

-6g_
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Fig. 12. Proposed decay scheme of 33Ar.

The decay of the 8.084-MeV state

to the second excited state of 328 has not been indicated for the sake

of clarity. The 33

Cl level energies are taken from Table VI for those

levels below 6 MeV and from the present work for lévels above 6 MeV.

“~




-61-
. 1T,
The large energy range (1 to ll MeV) spanned by the ~'Ne proton groups
made it négessary to investigate the upper and lower portions of the
delayed;prbton spectrum separately.

3He

~ Figures 13 and 14 show delayed-proton spectra following 45-MeV
bombardment - of TiO2 using different counter telescopes. The spectrum in
.Fig. lB_Was acquired using a 50 um AE deteétor while that in Fig. 14 was
obtainéd with a 1k um detector. The formervspectrum only extends down to
2.5 MeV.because less energetic protons could not penetrate the 50 um AE
detectdr;' On fhe other hand, the peak intensities above 8 MeV in the lat-
ter speétrum are unreliable because the higher enefgy protons lose very
little energy in the 14 um AE counter. |

At this bombarding energy, th§ only two known delayed-pfoton emit-

13 17

ters that'can be produced from titanium or oxygen are 0 and Ne. As

was‘argﬁéd in the previous section, l30 does not contribute to the spectra,

O:L7

Ne must be the source of the proton groups. Additionally the main

17

S

peaks in the spectra have been identified as following the decay of ~ 'Ne

by cross bombardments and excitation functions.26’27

Because peak 10, the most intense 17Ne proton group, appeared in

33

the Ar spectra shown in Figs. 9 and 10, its energy was known. (See

Sec. IV A.) Peak 17 corresponds to decay of the lowest T = 3/2 analogue
17 >

state in 7' F. Since the excitation energy of this state is well known,

peak 17 provides a second energy calibration point. Additionally, when

oxygen gas was bombarded in a target chamber that had been left uncleaned

33

after a bombardment of CS2, a lTNe spectrum contaminated with ~~Ar was

33 Th

obtained. Since the main ~~Ar group arises from the decay of a known
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Fig. 13. Spectrum of delayed protons observed in a counter telescope containing a 50 um AE counter

following 35-MeV 3He bombardment of oxidized titanium foils. The energies of all numbered peaks

are given in Table X.
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Fig. 1k. The upper portion of the figure is a proton spectrum taken under similar conditions to those
of Fig. 13 except a 14 um AE counter was used. The lower spectrum shows those protons which were
in coincidence with a 511-keV y-ray and was taken simultaneously with the upper spectrum.
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T = 3/2 analogue state, it provides an excellent calibration point. Table
X contains the energies of all the observed protop'peaks.

17

‘"In the case of Ne decay, proton groups can result from proton
emissidn to several states in l60. The measured energies of the groups
are usually sufficient to solve this problem, but the first two excited
states of 160 are separated by only 80 keV, creating some difficulty.
Fortunately the first excitéd state of l60 has a special property; it
decays bybinternal pair conversion because ot to o' Y-transitions are for-
biddenﬁ Thus proton decays to thé first excited state of l60 are accompanied
by two ﬁoéitrbns, one from internal pair conversion and one from the pre-
cedingvéf;décay. All other proton groups are associéted-with a single |
positrbﬂ. Thus, & proton group which decays via the 160 first excited
state should be associated with twice as much 511-keV annihilation radia-
tion aé'the other proton groups.

The histogram at the base of Fig. 14, obtained simultaneously with
the spéétrum above it, contains those protons thét were in coincidence with
annihilafion radiation. The percentage of coincidence protons for peaks
1, 2, 3, and 10 are compared in Table XI. The results indicate that the
former three pesks probably correspond to proton decays to the first excited
state of 16O. The measured energies for these groups are also consistent
with this assignment.

The final l7F energy levels derived from analysis of the proton

groups are listed in Table XII,81"85

and the accompanying decay scheme is
shown in Fig. 15. The present results resolve the discrepancy between
Salisbury gﬁ_gl,81 and Harris gﬁ_g;.Be in favor of the latter. .While

momentum broadening makes it difficult to extract level widths from




Table X. Observed proton peaks following

17

17

Ne decay and deduced energies in = 'F.

Observed proton energies,a corfesponding to decay

Deduced level

unassigned proton

peak®: 5 2.825 % 30

to the following ~00 states: _, o  energies in *'F
g.s. ' 6.052 MeV 6.131 MeV 6.916 MeV 7.115 MeV (MeV * keV)
4 2.484 £ 30 3.084 % 30
8 L.009 + 15 4.609 + 15
10 L4.880 £ 10 5.480 + 10
11 5.437 + 10 6.037 + 10
12 5.806 * 30 6.406 * 30
13 7.108 % 30 X - - 7.708 + 30
;5 7.&7& +10 1 1.u3k+ 25 x - 8.075 % 10
15 7.837 £10 2 1.771 * 30 X - 8.436 * 10
16 8.232 30 3 2.163 t 35 o x X 8.825 25
17 10.597 * 4P X 9 kL.hks58 £ 10 1  3.658 £ 30 6 3.481 £ 20 11.197 + 4° _

aAll observed energies are quoted in the center-of-mass system as (MeV
lined numbers relating them to peaks in the spectra of Figs. 13 and 1h.

to proton groups predicted from the deduced energy levels to be within

+ keV) and are preceded by under-

Those spaces marked "X" correspond

our range of observation, but which

- {continued)
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Table X (continued)

were not in fact seen. Those marked "-" represent groups predicted to be outside our range of observation

(S1Mev)., - .
The energy of this level was taken from Ref. 5 and the_proton peak corresponding to ‘its ground-state

decay was used in part to establish the calibration.

_cThe possible origin of this peak is discussed in the text.
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Table XI. Results of proton-y (511 keV).coincidence

measurements for 17Ne decay.

Proton Proton-singles Proton-y(511 keV) coin?idgnces

energy s . a singles

(MeV) counts coincidence counts (%)
1 1.h3h 289 + 20 12.1 £ 5.3 ' h.2 £1.9
2 LT 638 + 28 ©39.7T £ 7.1 6.2+ 1.1
3 2.163. 177 % 15 7.3 = 3.3 b1z+1.9
10 + 95 266.4 + 16.8 2.5 £ 0.2

}.880 8889

®These numbers have been corrected for the change- and background-coinci-

dence counting rate.




Table XII.

Comparison of observed energy levels in

7

F with previous results.

Present

Previous work

® o o -

Reants  Selistury et sl ”:3é;ris et sl  ,bangl?:§§-El:c other. R "
(MeV % keV) (MeV + kev)d (Mev * kev)d  (Mev £ keV)?  (MeV % keV) - (MeV) B
3.084 * 30 3.10 * 20 3.106 + 7° 0.020 1/2”
4,609 * 15 4.698 + 10 4.60 + 20 0.240 3/27
5.480 £ 10 5.526 * .10 5.47 % 20 0.073 3/2”
6.037 *+ 10 6.0L6 * 10 | 0.030 1/2”
6.406 + 30 | 6.43 + 80f (1/2.3/2)"
.708 % 30 T.75 + 108 0.190 (1/2,3/2)"
.075 * 10 8.09 + 10% 0.110 (1/2,3/2)"
436 £ 10 8.45 + 108 0.045 (1/2,3/2)
.825 t 25 (1/2,3/2)"
11.197 + 4P 0.00051  1/27,1=3/2

®160(p,p)160; see Rer. 81.

bl60(p,p)l60; see Ref. 82,

€164(p,p) 00, 100(p,p' )60, 160(p,a)13N; see Ref. 83.

dThe uncertainty quoted with these results includes only the uncertainty in the incident proton energy. The

discrepancy between references 81 and 82 indicates that the errors in determining some resonance energies are

(continued)




Table XII (continued)

considerably larger.

el60(p,p)l60_; seé Ref. 8.

fDelayed proton emission; see Ref. 27.

EThe spins and parities assigned these states in Ref. 83 are not consistent with their being fed by allowed
'8+-decay from 17Ne. Nevertheless, the agréement in energies aﬁd in observed decay channels makes it appear
piausible that we are observing the same state. The possibility of unresolved doublets cannot, of course,
be ruled out.

hSee Ref. 5.

1see Ref. 85.
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Fig. 15. Proposed decay scheme of ~ Ne. Except for the T = 3/2 state,
the 17F level energies above 4 MeV result from the present work.
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observed'pfoton peak widths, the widths of the peaks in Figs. 13 and 1k
are in roﬁgh_agreement with the level widths listed in Table XII.

This agreement is useful since pesks 6 and 9 are quite narrow,

and can bé assigned to result from decay of the T = 3/2 state based on

17F is

their widths as well as on their energies. The T =.3/2 state in

at ll.1§7:MeV and therefore has many available decay channels, all listed
in TaleFXiIi.86 The table also contains calcﬁlated penetrétion factors
for eaéh branch and intensities and brénching ratios for all observed
brancheé:'.The limits on the a—pérficle branches were set from spectra of
all eveﬁts stopping in the AE counter. 1In the case of the predicted
5.379-MeV a-group, the limit was obtained by searching for identified
a—partiéles using the 14 um AE counter. Of those unobserved decays for
which no @pper limit could be set, only that to the 1~ state at 9.614 MeV
is prediéted to be significant. Table XIV contains similar branching and
'reduéedéﬁidth ratios for the T = 1/2 states.

deble XV contains the relativé B-transition intensities to all

17

observed proton-emitting states in F. The errors on the value for the
11.197-MeV state include the effect of the liﬁits listed in Table XIV as
well as a limit of < 0.05 for the unobserved decay branch to the 9.61Lk-MeV
state. This 1limit is based on the calculated penetration factor and the
obserVed intensity of'proton emission to the 1~ state ét T.115 MeV.

Values of ilE from the decay of the mirror nucleus, 17N, were used
to predict the strength of the first-forbidden decays to the ground and

1T

first-excited states of F. (See Sec. II B.) Then ft-values were calcu-

lated for all observed levels. The results are compiled in Table XV. The



17

SThe energy levels of

0 are taken from Browne and Michael,

‘those

Table XIII. FEnergetically-allowed particle decays of the 11.197-MeV, T = 3/2 state in " 'F.
Finai étateé _Energy_?f b . Penetration _. Obsefved | I/Pe’ : i:;gi;i:g
: : decay partlcle Fgctor,‘Pc__ .1nten51ty, I ratiof
(MeV) J" (MeV) (%) %
D+ 16, 0.000 o' 10.597 2.3 d.o7h + 0.016 0.032 10 + 28
6.052 o’ 4,545 1.0 < 0.02 < 0.02
6.131 3" L4.466 0.4 0.160 + 0.015 0.40 22 + 28
6.916 o* 3.681 0.8 0.174 + 0.0kO 0.22 2k 6
C7.115 17 3.482 1.1 0.313 * 0.025 0.28 Ly +
8.870 2" 1.727 0.02 h
9.61k4 1 0.983 0.10 -
9.847 ot 0.750 0.009 -
10.353 y* 0.2kk <107 -
a+ B3y 0.00 i/2” 5.379 2.3 < 0.05 < 0.022
2.366 1/2% 3.013 0.k < 0.05 < 0.125
- 3.509 3/2” - 1.870 0.008 -
3,547 5/2% 1.832 0.001 -
16 86

in 13N come from the review of

[

(continued)
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Table XIII (continued)

Ajzenberg—Selove.79

These energies are expressed in the center-of—mass system.

P = kR/(FL + GL) evaluated at a radius of 1.25(Ai/3 1/3 ) fm, where FL and GL are the regular and

irregular Coulomb functions, respectively, taken from Ref. 78, and L is the lowest allowed angular-momentum
transfer.

17

drpese intensities are expressed as percentages of the total proton-decay of ~ 'Ne. Spaces marked "-" cor-
respond to predicted energies outside the range of observation.
°I/P is the % intensity (column 6) divided by the penetration factor (column 5).

17F.

fThis branching refers only to the particle decay of the 11.197-MeV state in
g . 15,3 17 16 .

These numbers agree well with results from the ~“N( He,n)  'F(11.20)(p) O reaction [A. B. MacDonald,
E. G. Adelberger, H. B. Mak, D. Ashery, A. P. Shukla, C. L. Cocke, and C. N. Davids, Phys. Letters 31B,
119 (1970)] where the branching ratio to the 160 ground state is determined to be 9 * 2% and to the
unresolved 6.05-MeV and 6.13-MeV states, 23 * 5%.

hNo limit could be set on the intensity of this branch since it coincided with another proton group.

_EL_
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Table XIV. Particle branching ratios from T = 1/2 states in lTF.
17 . .

F State . Observei6relat1ve12ranch1ng Y2(6-05)/Y2(0-00)
(Mev) " ratio [70(6.05)/770(0.00)]

7.708 < 5.0 < 2ko

8.075 . 0.49 + 0.02 7.9

8.436 6.0 + 0.5 o7

8.825 8.2 + 1.2 52

&Y2 is the reduced width. This ratio is obtained from column 2 by

dividing the branching ratios by their respective penetration factors.

a




Table XV. 8% brenching ratios and £t values for »/Ne ——> *TF,

Energj level B Proport%on.of ‘Branching.ratio ‘ N P 3 S log £t

in 17F | proton‘emlss1ops _ from 17Ne T - e =
(MeV) .(%) (%) | o (éec) . (sec)
0.000 - 0.53 # 0.16° (8.85 + 2.70)><106 6.95 + 0.13
0.500 - 1.1+ 0.5° : (3.56 * 1.6o)x106 6.55 + 0.21
3.105° 0.49 + 0.07 0.48 + o0.07 (2.78 ¢ o.hl)xlo6 6.4 + 0.06
4.609 16.5 £ 0.7 16.2 + 0.7 (3.91 = o.18)><10h L.59 + 0.02
5.480 5k.9 + 0.5 54.0 + 0.7 (1.19 = 0.16)x10> 3.86 + 0.01
6.037 10.8 £ 0.2 10.6 + 0.2 (2.61 £ 0.07)x10"  L.k2 £ 0.01
6.406 0.36  0.10 0.35 t 0.10 (6.24 + 1.62)x10° 5.80 + 0.13
,7.708 0.18‘t 0.05 ~0.18 + 0.05 (h.70 % 1.3o)x105. 5.67 + 0.12
8.075 6.9% + 0.1 6.83 + 0.11 (9.19 + 0.29)x10> 3.96 * 0.01
8.436 . 6.61 + 0.26 6.51 * 0.26 (1.02 ¢ o.3h)x103, 3.85 £ 0.02
18.825 1.93 £ 0.06 1.90 * 0.06 (1.68 + 0.08)x10" 4.23 £ 0.02
11.197 | 0.12 ¥ 5 0.11 ¥ oo (1.93 * 0200 3.29 * 8:8$
(£ = 2.8251%  o0.55 ¢ 0.05- - 0.54 £ 0.05

...g L-

(continued)



Table XV. (continued)

& The ft values are calculated using (l6,058 1,0,026) MeV as the mass excesshg of 1TNe and (109.0 *+ 1.0) ms
as its ﬂalf;life. o o B o | |
bThese ratioé‘are calculated by comparison with tﬁe mirror 17N decay.

CThis energy is the average of our present result with those listed in Table XII.

dThe center-of-mass energy of this proton group is listed since the level from which it originates is

uncertain.

._9L_
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17 kg

mass of _ 'Ne used was calculated ° from the_isobaric multiplet mass for-

mula, siﬁce-éomparably accurate experimental measﬁfements do not yet exist.
Avlég ft of < 6.0 genérally indiéates an allowed transition, which

in this case requires Jn = (1/2, 3/2)" for ail lTF states observed above

4 MeV. When unique spin and parity values are indicated in Fig. 15, they

resﬁlt frqm earlier work. One proton group associated with the decay of

17 17

Ne (th€t at 2.825 MeV) was not assigned to.any level in ~'F but was used
in detennining the proton iﬁtensities of Table XV. If this group were
assumed to feed the ground state of 16O, a new level at low excitation in
lTF must ﬁe broposed. On the other hand, the absence of the ground state
transition must be explained if decay to an excited state is assumed.
Caiéulations of.lTF levels which allowed up to two particles in.
the (25,1d)—shell and one hole in the lp-shell have been performed.87
Ten 1/2° 6r 3/27 ievels are predicted below 10 MeV énd nine such levels
were observed. Since levels above 8 MeV to which'the B—décay log ft-values
were > 5.5 éould not have been observed, the agreement is excellent. The

37,87 .

success of these calculations in predicting the weak allowed decay
to the'3.105-MeV state will be treated later in the discussion of anti-

analogue states.

C. '130 Decay

In contrast to the two previous cases, 13O was produced by a proton-
induced reaction, lhl\l(p,2n)l30. The results of the delayed-proton measure-
13

ments were compared with the knownh8 decay of the mirror nucleus, B,

indicating a sizeable deviation from mirror symmetry in B-decay. The
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short (9 ms) half-life of 13O provided the main experimental difficulty.
In order 1o reduce decay in transit, it was necesséry to use less detector

17Ne and 33Ar.

shielding than vas used in the study of
A delayed-proton spectrum resulting from 43-MeV proton bombardment
of nitrogen is shown in Fig. 16. A1l the peaks possessed half-lives of
less thanvSO ms, eliminating all known delayed-proton emitters except 13O
as the 36urée of the activity. A second spectrﬁm containing seven times
fewer counts exhibited all the peaks shown except those at 3.4k and 6.38 MeV.
Due to'fhe poor statistics in the second experiment, the existence of these
two peaké has been léft an open quéstion. For the purpose of subsequent
analysis, they have been assumed to e#ist, but they are éo weak that any
error from this source would be small.
An eneréy scale was established by assuming'that those peaks with
unbracketed energies in Fig. 16 correspond to decays from known?g states
in 13N. With this assumption, all the observed proton groups, with the
exception of the two discussed above, were founa to correspond to other

13

known "N levels. In addition the widths of the proton groups, after cor-

79

rection for B-recoil broadening effects, were compatible with known ~ level
widths. The proton peak energies and intensities are listed in Table XvVi
and the prbposed decay scheme is shown in Fig. 1T.

The proton branching ratios can be compared with protbn resonance
data in this case. The fraction of decays of the 8.92- and 9.52-MeV states
that g0 to the ground state of 120 is 0.70 £ 0.07 and 0.65 * 0.12, respec-

tively. This is in excellent agreement with the results from elastic and

inelastic proton scattering88 on 120 where Pel/F was found to be 0.66 and
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Fig. 16. Delayed proton spectrum following L3-MeV pfoton bombardment of
nitrogen. The arrows indicate allowed but unobserved decays The
unbracketed energies were used to ca.llbrate the spectrum.
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Table XVI. Beta-decay of 1_30 and a comparison with its mirror, 13B.
N State . : Ep(c.m.) 5 Rélative_ ' £of a1 - 13, 13y
(Mev)® I (MeV) ‘Inten31ty_ B—decayéb log QEPt' - log gﬁ?
g.s 1/2 - - 88.1 + 3.k 4.10 £ 0.02 Lok + 0.01
3.509 3/2 1.565d 100 10.7 + 3.1 h.52 £ 0.13 L.45 + 0.05
- 1.010° 3.4 + 1.7 '
7.387 5/2 “0.L40 * 0.19 5.22 + 0.23 5.33 £ 0,09
5.48 £ 0.05 0.33 *+ 0.10 :
_ | 2.56 £ 0.05 1.5 + 0.3 |
8.92 1/2 a 0.54 * 0.16 4.73 £ 0.1k 4.59 + 0,08
6.98 3.5 + 0.38 : , \
S
3.12 *+ 0.05 0.43 * 0.15 !
9.52 3/2 d 0.13 + 0.0k 5.18 *+ 0.1k > 5.0
' 7.58 0.8  0.18 B
, | 3.97 + 0.05 0.13 * 0.07 :
10.35 5/2° R , ¢ 0.019 * 0.012 5.8 + 0.3 -
8.1 0.05 * 0.03
3.4k + o.o5h‘ 0.3 + 0.1 0.030 + 0.016
6.38 o.osh 0.46 + 0.10 0.050 + 0.018

(continued)



3

Table XVI (continued)

aEnergies, spins, :a.'nd \pa.riti_es taken i‘rom Ref_., ‘79,.. : . -
The ground state ﬁ ;Jasb-t‘a:ken to bé 1.15 tinie’s‘f thé.t _."-o'f_'l_3B an(.i"the 'mga.sé'v ’eié.eés. of 13_0 .ﬁgs vtakejr_xj fto, ;be
23.105 MeV (Refs. 46 and 49). " |
‘cCalcu_la.ted from the data of Ref. 48 usiné a l?’B half-life of 17.33 £ 0.17 ms.
dUsed to .determine the eﬁ,ergy calibration. '

‘eCalculat‘ed vé.lue, unobserved in this ekperimen_t.
fCalculated using the known ratio of the elastic and inelastic widths.
€These relative intensities agree with those of Ref. 23 for the two peaks observed in that work.
130 decay.

1’)Wea.k proton groups observed in this work, but not positively attributed to
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135 and 130, The half-life of 150 and its B-decay

properties result from this work, while the remainder of the figure represents the work of others.
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0.58, reépectively. This agreement justifies the use of,Tel/F values from
such_expériments to renormalize the data in those cases where only one of
two poséiﬂle‘decay branches was observed. Invpartiéﬁlar, the protons
following depay of the T7.39-MeV state in 13N to the first_excited state

of 12Cvaré not energétic enough to peneﬁrate the 14 um AE detector. How-

88,89 I /T of 0.09  0.02 suffices to determine the total

190,91

ever, the known
number of protons de-exciting that stgﬁe. Similarly the Fel/ of
0.27 + 0;02 for the ld.3S-MeV le#el was used to renormalize the observed
proton iﬁtensity. In this case only the decay to the first excited state
was obSered. Arrow B in Fig. 16 marks the predicted location of the
ground-?tate branch. Its:apparenf absenée is consistent with the known
proton branching and the weakness of the B-decay branch. Arrows A and C
mark the predicted locations of ﬁhe unobserved protons from the JTr =1/2",
10.78«MeV state.

33Ar in that the experimental

This case is similar to that of
observatiéhs include -all significant B-transitions except that to the
ground Siate. In this case however, as can be seen from Fig. 17, the
availablé data from the decay of the mirror nucleus provide ft-values for
all except two very weak decay branches. The relative intensities of

50

Jones gﬁ‘gi.hSAand a recent half-life measurement were used to calcu-

3

late gﬁrfélues for the decay of 1 B. Thése’results, listed in Table XVI,
were then used to predict an 130 nalf-1ife of 7.74 * 0.16 ms. This is
not in agréement with the measured half-life of.8.9vi 0.2 ms. (See Table
IT.)

This disagreement indicates a large violation of mirror symmetry

in B-decay. Therefore, since Eq. (22) indicates that the possible cause
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of mirror ééymmetry is state independent, all thé predicted ft-values
should bé increased by thevratio of the true to prediéted half-lives, or
by a factof‘of 1.15 £ 0.03. This was done for the ground state transition
and then fzfvalues were calculated for the remaining decays. The results
are listed ih Table XVI. All the remaining transitions have log fi's that
coﬁpare'well with their mirrors, thus lending credence to the entire pro-
cedure.

‘Table XVI shows that allowed log ft's have been attributed to the

79

B -transitions to all known ~ states in l3N through 10.35 MeV which have

3

J" = 5/2-, 3/27, or 1/27. This fixes the 3" or 130 as 3/27, in agreement

with the simple shell model. Intennediate coupling calculations do not
92

Jts existence has been ascribed

93

predict the J" = 5/27, 10.35-MeV state.
to the excitation of two nucleons from the lp—sheli into the ld-shell.
‘The high log zzfvalue for the B-transition to this state lends support to

this supposition.

D. 9C Decay

Figures 18 and 19 show the proton spectra obtained after L43-MeV
proton bombardment of targets made by pressing lOB—enriched boric acid into
tungsten screens. Neither spectrum resembles any of the pnes.shown pre-
viously. Since all the other spectra had very low backgrounds, thg con-
tinuum must be composed almost entirely of protons.' 13O could have béen
produqed on a possible nitrogen contaminant in the oxygen sweeping gas,
but its short half-life makes any contribution to the spectra from that

source unlikely.
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Fig. 18. Speétrum of identified delayed-protons observed following a
P 1 . . .
h3-MeV proton bombardment of OB-enriched boric acid. ‘The line is an
empirical smooth curve fitting the continuum and is to guide the eye

bnly.
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Fig. 19. Spectrum of identified delayed-protons taken under similar conditions to those of Fig. 18
except that a 1llum AE counter was used.
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A 17Ne spectrum taken just previously to the data in Fig. 18 cali-

brated théfthree peaké shown. Those peaks were then used to provide an
internﬁl ehérgy scale for the daté of Fig. 19. Thé line on both figures
represeﬁﬁg én attempt to draw 'a smooth curve that fits the continuum. The
energiés.éf all préton peaks are listéd in Table"XVII;

Table XVII also tentétively correlateé the observed protonvpeaks

ok 9 9

with known” levels in “B. Figure 20 shows the known levels of “B and the

many possible decay channels. The L4.97-MeV proton group has been assigned
to a étate that would be fed by a first-forbidden B-transition. This cer-
tainly seems unlikely. However the log ft-values for allowed decays in

9 ks

the mirror nucleus, “Li, range from 5 to 6 while first-forbidden transi-

tions,in'llBe and lsC exhibit comparable log ft's, ranging from 6 to 6.8.
Wilkinéén EE.QL.QS populated levels in 9B via the lQB(He3,a)9B reaction and
observédfd4p.coincidenées. Théy found that the 2.80-MeV state'(J7T =.3/2+,
: 5/2+) iﬁ 9B decays almbsﬁ ehtirely via proton emission to the ground state
of 8Be, while the 2.3u-Mev state (3" = 5/27, 1/27) decays t;his way < 0.5%
of the time. If this selectivity in decay channel were characteristic of
all loﬁ‘lying states, it would be much easier to detect protons from the
positive parity levels, even if'they were fed via first—forbidden B-decay.
Similarly, an unknown positive parity state may be the origin of fhe
6.10-MeV proton group; |

It should be notéd that virtually all the states shown %n Fig. 20
have sizeable widths; in particular, both levels in 5Li and the’excited'
statesipf 8Be are very broad. The strong continuum has two probable

9

sources. The levels in “B are quite broad and so is the first excited
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Table XViI. Delayed protons following the beta-decay of 9C(J1T = 3/27).

Proton.Ehergya Fb Corresponding state in 9B Known state
(MéV) A (keV)® if decaying to:'(MeV) (MeV) ' 77
8pe(g.s.) 85e(2.9 Mev)

3.45 + 0.25 200 * 100 3.26 % 0.25 c (3.2)  (3/27)
bh.23 £0.25 1000 + 200 4.0h * 0.25 6.95 + 0.25 4.05 (5/27)

4.97 + 0.15 400 * 150  L.78 * 0.15 c 4.85 (3/2,5/2)%

6.10 * 0.10 500 * 100  5.91 * 0.10 c |

9.28 t'o.éhd" 1800 £ 200 9.09 * 0.2k 11.99 * 0.2k 12.06 (1/2,3/2)"
12.30 o.'lod 450 + 100 12.11 * 0.10 c 12.06 . (1/2,3/2)"

aEnergies'and widths are given in the center-of-mass

Prne width given is the full width at half maximum.

system.

“The relatively narrow width indicates that the proton-group does not lead

to the first excited state of 8Be(l" = 1.4 MeV).

dThe ratio of the intensities of the 9.28- and 12.30-MeV groups is

1.0 £ 0.2.
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Fig. 20. A level diagram showing the complex decay channels available

- to states in 9B.

The level information comes from Refs. 6 and 93.
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state of 8Be (1.4 MeV). The resulting combination of broad peaks of

varying amplitude could produce a featureless spectrum. Also, if a sig-

9

nificant ffé¢tidn of the levels in “B decay by o-emission, the proton

spectrum'following 5Li breakup will be extremely wide. 1In any event

9

singles delayed-proton measurements following “C decay are unable to
determine ft-values end energy levels, in contrast to the other reported

decays.
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V. CONCLUSIONS

A. Isospin Purity

" In Sec. II A, the relationship between ;uperallowed fzfvalues and
isospin purity was discussed. It was pointed out that a comparison between
calculatedvénd experihental values is a good method for determining isospin
impuritiéé. The results presented in Sec. IV contain expefimental ft-values

17 33

for superallowed transitions to T = 3/2 states in 7'F and Cl. They are

listed in Table XVIII along with experimental ft-values derived from the

29

work of others for superallowed decays to 21Na and “P.

29

:Thé ft-values for the superallowed transitions to 21Na and P were
obtained'in similar ways. Both.of.these-transiﬁions are followed by pro-
ton emiésion, and have been observed in this wéy.28 The only difficulty
in determining the ft-values lies in calculating the strength of the decays
to thoée sfates below the proton separation energy. Fortunatély the mirror

decays bfss 21F and56’58’59 29

Al are knoﬁn.' These mirror fi-values were

corregted for the mirror asymmetry in B-decay by using the line in Fig. 1.

They were then used to estimate the B-decay strengﬁh to proton-stable

étates iﬁ 2lNa and 29P. The remainder of the strength for each nucleus

- was thén assumed to go to proton-emitting states.'.The gﬁfvalﬁes for the

superallowed transitions could then be detefmined from the relative intensi-

ties in the delayed proton spectra.28 The fesults are shown in Table XVIII.
The isospin purity of each analogue state listed in Table XVIII

was then calculated using Egs. (5) and (1). The calculations were done

using two different assumptions: 1) the Gamow-Teller matrix elements were

taken to be those of Ref. 36, and 2) the (o y2 were taken to be zero. The
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. Table XVIII. Isospin purity of T = 3/2 states populafed

in superallowed B-decay.

ft-value to state (103 sec)

Nucleus Exp. Calc.? LimitP? Isospin purity(%)©
17 + 0.17 <
F 193 7 55 1.94 . 2.05 > 92
2l Na, 3.3+ 1.09 1.83 <2.05 50 + 19[62 *+ 19]
2% 216t 0.21° 1.83 <2.05 83+ 9 95" g]
301 2.18 £ 0.24 1.80 <2.05 80 + 10[94 * io]

8The calculated values follow from use of Eq. (1) and the Gamow-Teller
matrix elgménts of Ref. 36.

Prhe 1imit is arrived at by using Eq. (1) and assuming (62 < 0.

. ®The bracketed value applies for (6% = o.

dThis valﬁe was computed from the delayed-proton data of Ref. 28 using the
21Mg half-life éf Ref. 26. The strength of the B-transitions to those
statés in 21Na below the proton separation energy was computed using the

25

known fﬁfvalues for the mirror decay and correcting for the energy
dependence of the B-decay asymmetry as shown in Fig. 1.
eThié_va.iue was computed using Refs. 28, 56, 58, and 59 in a similar way

to that described in footnote 4.
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results are listed in Table XVIII. For all cases considered, except that

of 17

F,.there is an indication of significant isospin mixing if the Nilsson
model valﬁes36 of (o )2 are used. FEven for the other--unrealistic--
assumption, (o >2 = 0, there is a mild indication of isospin impurity in

29P and 33

the analogue states of Cl, and considerable isospin mixing is
still indicated for the lowest T = 3/2 state in glNa.

 fThe calculation of the experimental i};vaiués in the cases of 2lNa,
29P and 33Cl contained the assumption that the.line in Fig. 1l gives the
proper amduht of mirror asymmetryvin B;decay.l If larger violafions of
mirror symnetry were assumed, the calculated isospin purity would increase.
Table II contains the values ofjé,‘fhe aé&mmetrj parameter, that result
from aééuming thét isospin mixing does not.occur. (If such a calculation
were performed for mass 33, the resﬁltant value of § would be 10 % 50, a
meaningiess number.) As a consequence of this assumption, the mirror
asymméfries in the cases of mass 21 and mass 29 are the two largest listed
in Tablé iI and deviate coﬁsidefably from the general trend of the data
shown iﬁ Fig.-l.' Thus, it is doubtful that mirror asymmetry in B-decay
can be usedvto explain the entire discrepancy between the experimental and
calculated vélues in Table XVIII. |

Exémination of the expanded section in Fig. 12 réveals another

indication of isospin mixing in 33Cl. There is a smooth progression from
high ft-values for the states farthest away from the analogue state to
lower ft-values for the ﬂearby states. This phendmenon may be fortuitous,
but it at least deserves further consideration. If B-decay to the four

nearest states proceeds only via the T = 3/2 component (again using

(6)% = 0), then the amplitude of that component can be calculated. The
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resulting T = 3/2 strength is about 1% to 2% fof each level, just about
enough to explain the amount missing from the analogue state. Using

Eq. (11), the charge-dependent matrix elements are found to range from

13 to.35‘kéV. This result is . in agreement with thé work of Bloom96 in
which the haiority of charge-dependent matrix elements for 0+ states were
found toilie between 1 and 40 keV. Thus the proximity of these four levels
to the analogue state may account for the observed isospin mixing. It must
be notéd, however, that two of the nearby states have unknown spin and
parity,L@nd mixing can only occur with 1/2+ states. Also the observed
clustering of ft-values about the analogue state may be due to the presence
of & T ="l/é configuration at that energy which is simply related to the

33Ar groﬁnd-state wave function.g7

B. Antianalogue States

”l The state which has.the same spatial configuration as a T = 3/2
analogﬁe state, but which is coupled to T = 1/2, is called an antianalogue

87 by a

state. qu‘example, the analogue state in lTF is well described
(lpl/z) hole coupled to the o ground state of l8Ne to give a final Jﬂ, T
of 1/2-,,3/2.v The antianalogue state consists of the same configuration
couplgd'tolT = 1/2. Since the antianalogue state has T = 1/2, it readily
mixes_with other T = 1/2 states of the same spin and parity. Thus, the

antianalbgue strength may be distributed among several levels.

For the case of 17F, the antianalogue strength is expected37 to

be concentrated in the 1/2° state at 3.105 MeV, a state fed surprisingly

weakly in B-decay. This effect has been attributed to cancellations in
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_the B-decay matrix elements and a graph relating the,f&rvalue-for decay

to this»state to the percentage of antianaloguevconfiguration therein has

been obtainéd.37 .Using the graph and the ft-value from Table XV, the
3.105-MeV state contains between 80 and 85% of the antianalogue strength.

The remainder is predicted to lie in a state at 687vor 837 Mev fed by a

B—tranéiﬁipn with a log ft-value of * 3.5. The levels at 8.075, 8.L437,
and 8.825'afe all possible candidates for this state, since they have log
ft's of 3.96, 3.85, and L.23 respectively.

Whiie the data of Table XVIII do not indicate that the lowest 17

F,
T = B/ézétafé has any isospin impurity, it must have some impurities in its
wave funétibn to allow it to decay via proton emission. (Deéay to 16O +p
is fdrbidden by isospin conservation, assuming the l60 ground state ié
purely.T = 0.) The antianalogue state is by definition very similar to

the aﬁaiogue state. The possible existence of some portion of its strength
vnear the analogue state, as discussed above, suggésts a possible source of
the reqﬁired mixing.

37,87

| The wave function for the antianalogue state consists of

terms of the form l(sd)g(pl/z)3 ). Proton emission via antianalogue com-

16

ponents mixed into the analogue state would then lead to states in ~ 0

with configurations f(sd)2(pl/2)2 ) or |(sd)(pl/2)3 ) . Theoretical calcu-
98 ‘

indicate that the lowest 01, 17, 2*

lations , and 3~ states in 16O have
strong components of this type, while the first-excited O+ does not. Going
farther, the total strength of these configurations for the first five
states in 16O-is, in order, 34%, 0%, 66%, 29%, and 48%. The values of

I/P in Table XIII reflect the reduced widths for the various proton decays
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and areiin reasonable agreement with the values predicted theoretically.
Since the:aetails of the wave functions have been neglected, any closer
agreemeni cénnot really be expected.

'Thié indication of the strong role of the antianalogue configuration

99

is corroborated by calculations”” which predict the amount of T = 1/2

.admixtUre ih the T = 3/2 analogue state of l7F. This calculation also
predicted é.< 1% fotal isospin impurity, in agreemént with the present
results. .

Auerbach and Lev100 considered only the effect of mixing with the
antianalégue state in a calcﬁlation of proton widths of T = 3/2 analogue
states in:nuclei ranging from'l3N to hlSc. They achieved rough
agréement'with experiment, again illustrating the importance of the anti-
analogue”state.

Even in the case of 3301, for which the available wave functions8O
do not pfedict sufficient states, (see Sec. IV A), the antianalogue state
may provide the observed mixing. About 23% of the antianalogue strength
is predictedSO to lie at v 8 MeV. While this is.not very close in energy
to the 5.550-MeV, T = 3/2 state, this strength might move closer to the
analogué state if the configurations that cause the additional levels were
considéred. In Sec. V A it was pointed out that the charge-dependent matrix

3301 analogue state agree

elements calculated for those states near the
well with those tabulated by Bloom.96 Since many of the states Bloom
considers are themselves antianalogue states, this agreement may be taken

to indicate the presence of the antianalogue configuration in these nearby

states.
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VI. SUMMARY

A novel gas-sweeping system has beén used to study various decay

9C, 130,217Ne, and 33Ar. From these properﬁies an indication

of substéntial isospin impurity in the T = 3/2 analogue state of 3301 was

properties of

obtained.J'The antianalogue configurationbmay beﬁréépohsible for this
impurit&;l While no sﬁch large impurity ﬁﬁs observed in lTF, there are
indicatiohs that the antianalogue configuration was responsible for the
mixing which did occur.

:Ahalysis of the decays'Of 9C, 130, and lTNé provided évidenée for
mirrorbasymmetry in B-decay that corroborated severél other bbserﬁations'
of asymmetry. As discuséed in Sec. II.C, explanations of this effect
postulate an induced tensor component in nuclear beta decay or the existence
of meson.éxchange effécfs, or both.

:Qiearly further theoretical and experimental study of mirror asym-

metry iévwarranted. In particular, additional study of the decay of 21Mg

is especially needed. At present the data indicate either a very large

"mirror asymmetry or a large isospin impurity in the analogue state. An

imprdved delayed-proton spectruh and;a’concomitant improved half-life would
reducé the error bars on the two derived quantitiés. Further, y-ray
measurements could yield information concerning the state-dependence of
the mirréfvasymmetry and possibly absolute zgrvalueé.

| Eath counting sysﬁems discuéséd in Sec; III have potential appli-
cations to different problems thap thdse considered here. For example,
the slotted-wheel system could be used to seafch for delayed-proton emis-

sion in the T = 3/2, A = Un+3 series. The lightést knownlOl member of
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this unexplored series is 23Al. An exsmple of a possible use of the gas—

sweeping system would be a detailed study of 3hAr, which should decay
: + +
primarily via a pure Fermi transition (0 - O ). Undoubtedly many other

such possibilities exist.
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APPENDIX A

Cross Section Formuls

“It‘is pdésible to extract absolute cross sections from the data
obtaineavwith the system in which a slotted rotating wheel protects the
detectors during beam bﬁrsts. To do this it is necessary to correct for
the fact that some of the activity recoils out of fhe target and is lost.
Also cofréctions must be made that take account of decay during periods
in whiéhlthe target is not observed.

- For each cycle of the rotating wheel, the number of nuclei produced,

P, is giveh by
P=No¢ , (A-1)

where Nfis the number of target nuclei per cm2, o is thevcross section,
and ¢ is £he number of beam particles per cycle. Taking account of the -
fact thafvsomé of the activity will recoil out of the target and be lost,
N is giVen by

¥ (10)73F

M s (A—2)

N = (t/cos® - R)

where t is the target’thickneés in mg/cme, 8 is the angle of target rota-
tion, R is the recoil rénge_of the acti&ity, N° is the Avogadro's number,
M is the'mblecular weigﬁt.of the target material, and F takes account of
the number of target nuclei per molecule and Qf the isotope ratio. The
recoil energy was calculgted by assuming that the compound nucleus emitted

the neutrons with zero energy in the center of mass system. Then recoil
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ranges were interpolated from published tables¢67v Fof the gas targets,
the effeétive target thickness was taken té be the recoil range plus a
small cprrecﬁion for the amount of gas the countefs could see behind the
exit windowfv | |

v?ﬁe_flux of.beam particles per éyclevis given by

¢ =TZ;—§_N;' , N (A-3)

where Q'is the integrated qharge for the entire run, Zp is the atomic
numﬁer 6f the projectile, e 1is the electron charge and Nc is the total
number of wheel revolutions.

>The wheel cycle consists of a bombarding time tl, a delay and
inspecﬁ:tﬁne t2, a counting time t3,,and another short delay to avoid
cognting when the bé&m reappears, th' At equilibrium the number of nuclei
produéed per cycle equals the_nuﬁber that decay. If N' is the equilibrium‘

number of nuclei at the end of the bombardment time t,, the equilibrium

l!

condition yields
P=N(1- e'AT) + [P - P/Atl (1 - e‘xtl)] . (A-=k)

where T is the total wheei revolution time and X.is the.appropriaté decay
constant. The term in the,brackets>represents the decay of those nuclei
formed during the cjcie,-uhder the assumption that ﬁhe beam intensity does
not vary during the bombarding time.

The number, I, of nuclei observed during a counting period, t2,

is given, after solving Eq. (A-4) for N', as
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1= GER (1 o oMyt | A(tatts)y o ATy ()

Atl

where G is.the geometry factor and f is the fraction of B-decays that go
to a pafticular peak or peaks. Values of f were taken from the literature

25 17

for Si'and thi, from the present work for Ne and from a calculation
; » ' » s . leg
for the ft-value of the superallowed transition in .

Since the number of counts given by Eq. (A-5) is seen for each
cycle, the final expression for the cross section obtained by combining

Egs. (A-1, A-2, A-3, A-5) is

o=CA\ ti(i - e'AT) M Zpe/Q(t/cosG - R) N°(10)'3F f

:G(l _ e-xtl)(e-xtg _ e-A(t2+t3)) ’ (A-6)

where C is the number of observed events.

36

29,31
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APPENDIX B

Beta-Broadening of the Delayed—Protcn'Peaks

" In-examining the influence of the initial B on the energy of the

delayedvproton, the motion of the nucleus and the proton may be treated

classically;~while the electron must be treated relativiétically. The
applicatioh of conservation of momehtum at the instant”before'proton emis—

. + ‘
sion, but after B -decay, gives the velocity of the recoiling nucleus as

'

5 1/2 -
Vg = w(1 + 2me /W)  JAc (B-1)

where W.is.the average B—particlé energy for the transition of interest,

m is the rest mass of the electron, and A is the mass of the recoiling

nucleus. - Equation (B-1) represents an estimate of the recoil velocity
because the neutrino has been neglected, eliminating the complication
introduced by the B-v correlation. In the system consisting of the

recoiling nucleus, the velocity of the emitted proton is

v =i‘; Janp(é—:\—l)E , (B-2)

where mp is the rest mass of a proton and E is its center=of-mass energy.
Adding the two velocity vectors, with 8 as the angle between thenm, the
energy of:the proton in the laboratory system is

_ 2 2 )
EL = mPVp /2 + mpVR /2 - mpVRVp cosh . | (B=3)

The first term in Eq. (B-3) is the uncorrected proton energy, the second

term would increase the observed energy but is negligibly small, and the
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third term is the only one that will contribute additional width to the
observed peak. Assuming an infinitely narrow natural line width, the full

width at half maximum is given by

" FWHM = m'pv-pvR ’ ‘ . v (B-k)
or

W 2mc2 A-1 '

"FWHM = s (1 + = ) anp(T)E . (B-5)

As can be seen from Eq. (B-5), the line width spreading is greatest for

light mass_nuclei and high energy decays--just those nuclei studied.




2.

10.

11.
1.
13.
1k,

15.
16.

7.

-105-

REFERENCES AND FOOTNOTES
R. J. Blin-Stoyle and M. Rosina, Nucl. Phys. ZQ,V321 (1965).

R. J.fBlin—Stoyle in Isospin ih Nuclear Physics, ed. by D. H. Wilkinson,

(NOfﬁhQﬁolland, Amsterdam, 1969) p. 115.

D. H.‘Wilkinson, Phys. Letters 31B, LuUT (1970).

J. N. Huffaker and E. Greuling, Phys. Rev. 132, 738 (1963).

J._cérny, Ann. Rev. Nucl. séi,'i§,'27 (i§68).

T. Léﬁfitsen and F. Ajzenberg-Selove, Nucl. Phys. 78, 1 (1966)..
H.vbéniel, W. Collin, M. Kunﬁze, S. Margulies, B. Martin, 0. Mehling,
P.,séﬁmidlin, and H. Schmitt, Nucl. Phys. Al18, 689 (1968).
F,iAJienberg—Selove and T.vLauritsen, Nucl. Phys. Allk, 1 (1968).
D.:Schyahm‘and B. Povh, Nucl. Phys. 89, 401 (1966).

F. Ajzénberg-Selove, Nucl. Phys. (to be published).

‘H.'Hattig, K. Hinchen, P. Roth, and H. Waffler, Nucl. Phys. A137, 1kk
(1969).

‘G; J. Clark, P. B. Treacy,'and S. N. Tucker, Australian J. Phys. 22,

663'(1969).

R. M. Policher, J. E. Steigerwalt, J. W. Sunier, and J. R. Richardson,

Phys. Rev. 163, 1084 (1967).

J..W. Sunier, A. J. Armini, R. M. PQliCher, and J. R. Richardson, Phys.
Rev. 163, 1091 (1967). | | |

N. S. Oakey and R. D. Macfarlan‘e,A Phys. Rev. Letters 25, 170 (1970).
A.vJ. Armini, J. W. Sunier, and J. R. Richafdson, Phys. Rev. 165, 119k
(1968).

J. E. Steigerwalt, J. W. Sunier, and J. R. Richardson, Nucl. Phys. Al37T,

585 (1969).



18.

19.

20.

21.

22.

23-

24,
25.
| 26.

27.

28.

29.

30.
31.

32.

33.

-106-

A. J. Armini, J. W. Sunier, R. M. Polichef; and J. R. Richardson,

Phys. Letters 21, 335 (1966).

D. F. Torgerson, N. S. Oskey, and R. D. Macfaflane, Bull. Am. Phys.

Soc. 15, 30 (1970).

R. I. Verrall and R. E. Bell, Nuel. Phys. A127, 635 (1969).

J. C. Hardy, R. I. Verrall, R. Barton, and R. E. Bell, Phys. Rev.
Letters 14, 376 (1965). -

J; M. Mosher, R. W. Kavanagh, and T. A. Tombrello, Phys. Rev. C 3,

- 1438 (£971);

R. McPherson, R. A. Esterlund, A. M. Poskanzer, and P. L, Reeder,

Phys. Rev. 140, B1513 (1965).

R. McPherson, J. C. Hardy, and R. E. Bell, Phys. Letters 11, 65 (196k).

R. W. Fink, T. H. Braid, and A. M. Friedman, Arkiv Fysik gé, 471

(1967).

~J. C. Hardy and R. E. Bell, Can. J. Phys. 43, 1671 (1965).

R. A. Esterlund, R. McPherson, A. M. Poskanzer, and P. L. Reeder,

Phys. Rev. 156, 1094 (1967).

R. I. Verrall, Ph.D. thesis, McGill University (1968), (unpublished).

P; L. Reeder, A. M. Poskanzer, R. A. Esterlund, and R. McPherson,
Phys. Rev. 1T, 781 (1966).

J. C. Hardy and R. I. Verrall, Phys. Letters 13, 148 (1964).

A. M. Poskanzer, R. McPherson, R. A. Esterlund, and P. L. Reeder,
Phys. Rev. 152, 995 (1966). | | .
J. C. Hardy and R. I. Verrall, Can. J. Phys. 43, L18 (1965).

J. C. Hardy and R. I. Verrall, Phys. Rev. Letters 13, 764 (1964).

»




3k,

35.

36.
37.
38.
39.

4o.
b,
Lo,
43.
Lk,
. ks,

L6.

b7,

L8

k9.

50.

-107-

J. Cérny, C. U. Cardinal, H. C. Evans, K. P. Jackson, and N. A. Jelley,

Phys. Rev. Letters 24, 1128 (1970).

R. J. Blin-Stoyle and J. M. Freeman, Nucl. Phys. A150, 369 (1970),

and references therein.

J; c; Herdy amd B. Margolis, Phys. Letters 15, 276 (1965).
B. Margolis and N. de Takacsy, Phys. Letters 15, 329 (1965).
M;;G;'Silbert and J. C. Hopkins, Phys. Rev} 134, B16 (196h4).

H.'F{ Schopper, Weak Interactions and Nuclear Beta-Decay, (North-

‘Holland, Amsterdam, 1966).

3. P. Davidson, Jr., Phys. Rev. 82, 48 (1951).

R,‘P}iFeynman and M. Gell-Mann, Phys. Rev. 109, 193 (1958).

S. Weinberg, Phys. Rev. 112, 1375 (1958).

R; J. Blin-Stoyle and S. C. K. Nair, Advan. Phys. 15, 493 (1966).
MfJéOldberger and S. Treiman, Phys. Rev. 111, 354 (1958).

Y. S.'Chen, T..A. Tombrello, and R. M. Kavanagh, Nucl. Phys. é;&é,
136 (1970). |

G; F. Trentelman, B. M.‘Preedom, and E. Kashy, Phys. Rey. Letters 25,

530 (1970).

I, DoStrovsky, R. Davis, Jr., A. M. Poskanzer, and P. L. Reeder, Phys.

Rev. 139, B1513 (1965).

. K. W. Jones, W. R. Harris, M. T. McEllistrem, and D. E. Alburger,

Phys. Rev. 186, 978 (1969).

R. Mendelson, G. J. Wozniak, A. D. Bacher, J. M. Loiseaux, and J.
Cerny, Phys. Rev. Letters 25, 533 (1970).

D. E. Alburger and D. H. Wilkinson, private communication.



51.
52.
53,
54,

55.
56.

5T.

58.

59.

60.
61.
62.
63.
6k.
65.
66.

6T.

-108-

D. E. Alburger and D. H. Wilkinson, Phys. Letters 32B, 190 (1970).

E._Aslanides, F. Jundt, and A. Gallman, Nucl. Phys. Al152, 251 (1970).

D. H. Wilkinson and D. E. Alburger, Phys. Rev. Letters 24, 1134 (1970).

J. L. C. Ford, Jr., J. K. Bair, C. M. Jones, and H. B. Willard,

Nucl. Phys. 63, 588 (1965); P. Kienle and K. W. Wien, Nucl. Phys. b,
608 (1963); and M. E. Bunker, M. G. Silbert, J. W. Starner, R. K.
Sheline, and N. Jarmie, Bull. Am. Phys. Soc. 8, 317 (1963).

W. R; Harris and D. E. Alburger, Phys. Rev. C 1, 180 (1970).

A. ﬁ; W. Jones, J. A. Becker, R. E. McDonald, and A. R. Poletti,

Phys. Rev. C 1,71000 (1970).

D. E. Alburger and G. A. P. Engelbertink, Phys. Rev. C 2, 1594 (1970),

and references therein; A. Wyttenbach and H. Dulakas, J. Radioanal.

Chem. 2, 287 (1969).

P. M. Endt and C. Van der Leun, Nucl. Phys. A105, 1 (1967).

W.7R. Harris, K. Nagatani, and D. E. Alburger, Phys.'Rev. 187, 1Lks5
(1969). '

G. I. Harris and A. K. Hyder, Jr., Phys: Rev. 157, 958 (1967).

H. J. Strubbe and D. K. Callebaut, Nucl. Phys. AlL3, 537 (1970).

D. H. Wilkinson and B. E. F. Macefield, Nucl. Phys. A158, 110 (1970).

D. H. Wilkinson, Nucl. Phys. A158, 476 (1970).
J. Delorme and M. Rho, Phys. Letters 34B, 238 (1971).
H. J. Lipkin, Phys. Letters 34B, 202 (1971).

G. W. Butler, J. Cerny, S. W. Cosper, and R. L. McGrath, Phys. Rev.

166, 1096 (1968).

L. C. Northcliffe and R. F. Schilling, Nucl. Data A7, 233 (1970).




68.
69.
T0.

T1.

T2,

73.

Th,
75.
T6.
7.

78.

79.
80.

81.

_109_

F. S: Goulding, D. A. Landis, J. Cerny, and R. H. Pehl, Nucl. Instr.
Méﬁhoqs 31, 1 (1964).

H;:L..Scott and D. M. Van Patter, Phys. Rev. 184, 1111 (1969).
I,ﬁould like to thank John Hafdy for doing those calculations.

C. M Lederer, J. M Hollander and I. Perlman, Table of Isotopes,

(John Wiley and Sons, Inc., New York, 1967)

J B Cummlng, in Applications of Computers to Nuclear and Radiochemistry,

ed. by G. D. O'Kelley (Office of Technical Services, Washington, D. C.
1963), NAS-NS 3107.

P. LQ Reeder, A. M. Poskanzer, and R. A. Esterlund, Phys. Rev. Letters
13, 767 (1964).

R. van Bree, H. Ogata, and G. M. Temmer, Bull. Am. Phys. Soc. 13,

1402 (1968).

D:uH.'Youngblood; G. C. Morrison, and R. E. Segel, Phys. Letters 22,
625»(1966); B. Teitelman ano G. M. Temmer, Phys. Letters 26B, 371
(1968). |

c. E. Moss, Nucl. Phys. A1L5, 423 (1970).

J.VW{ Gordon, Thesis, University of Kansas (unpublished).

‘W. T. Sharp, H. E. Gove, and E. B. Paul, Atomic Energy of Canada Ltd.,

AECL-268 (unpubllshed)
F. AJzenberg-Selove Nucl Phys. A152 1 (1970).
P;_W. M. Glaudemans,'G. W1echers, and P. J. Brussard, Nucl. Phys.'éé,

548 (1964).

S. R. Salisbury and H. T. Richards, Phys. Rev. 126, 2147 (1962). A

correction for errors in the calibration of the analysis magnet used

vby the above authors has been applied to the energiés they originally

reported. (J. C. Davis, private communication. )



-110-

82. R. W. Harris, G. C. Phillips, and C. M. Jones, Nucl. Phys. §§, 259
(1962). |

83. R. L. Dangle, L. D. Opplinger, and G. Hardie, Phys. Rev. 133B, 64T
(1964). The correction mentioned for Ref. 81 applies here as well.

8h. V;vGoﬁes, R. A.'Douglas, T. Polga, and O. Sala, Nucl. Phys. 68, 417
(1965).

85. J. R. Patterson, H. Winklér, and C. S. Zaidins, Phys. Rev. ;ég; 1051
(1967). |

86. C. P. Browne and I. Michael, Phys. Rev. 1348, 133 (196L).

87. B. Margolis and N. deTakacsy, Can. J. Phys. 4L, 1431 (1966).

88. A. C. L. Barnard, J. B. Swint, and T. B. Clegg, Nucl. Phys. 86, 130
(1966).

89. G..G. Shute, D. Robson, V. R. McKenna, and A. T. Berztiss, Nucl. Phys.
;13 535 (1962); F. C. Barker, G. D. Symons, N. W. Tanner, and P. B.
Treacy, Nucl. Phys. 45, 449 (1963); and N. Nikolic, L. J. Lidofsky,
and T. H. .Kruse, Phys. Rev. 132, 2212 (1963).

90. E. M. Bernstein and G. E. Terrell, Phys. Rev. 173, 937 (1968).

91. J.VB. Swint, J. S. Duval, Jr., A. C. L. Barnard, and T. B. Clegg,
Nucl. Phys. A93, 177 (1967).

92. S.‘Cohen and D. Kurath, Nucl. Phys. 73, 1 (1965).

93. b; Kurath, private communication referred to in Ref. 91.

94, K. Gul, B. H Armitage, and B. W. Hooton, Nucl. Phys. Al53, 39'0 (1970);
A. S. Clough, C. J. Batty, B. E. Bonner, and L. E. Williams, Nucl.
Phys. A1lL3, 385 (1970); and references therein.

95. D. H. Wilkinson, J. T. Sample, and D. E. Alburger; Phys. Rev. EEQ,

662 (1966).




a4

-111-~

96. S D. Bloom in Isobaric Spin in Nuclear Physics, ed. by J. D. Fox ahd
D. Robson, (Academic Press Inc., New York,'l.9.66') p. 123.

97. V. A. Karnaukhov, Yad. Fiz. 10, 450 (1969); translation Sov. J. Nucl.
Phys. 10, 257 (1970). . |

»98. A; f, Zuker, B. Bugk, and J. B.-McGrory, Phyé. Rev. Letfers 21, 39
(19618-). |

99. :G;_E.:Walker and D. Schlobolm, Nucl. Phys. Alko, k9 (1970).

100. N.J.h.lerbach apd A. Lev, Phys. Letteré 34B, 13~ (l97i.). |

101. J. Cerny, R. A. Mendelson, Jr., G. J. Wo'znvia.k, J. E. Esterl? and J. C.

Hardy, Phys. Rev. Letters 22, 612 (1969).



i,
<

LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
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.




wr -

TECHNICAL INFORMATION DIVISION

LAWRENCE RADIATION LABORATORY

UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720

o L.
e



