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SEMINAR IN HIGH ENERGY PHYSICS

Isotopic Spin, Isotopic Parity, and Charge Dependence of Nuclear Forces

Edward Vaughan

Introduction

The problem of distinguishing consequences of'charge independence of
nuclear forces from consequences of the weaker condition of charge symmetry
‘has arisen.recently in this laboratory in connection with the study of the
related reactions

D+ D——p+t
D+ D—n+ H33

D+ D—D+ D .

1
This problem has been considered in a paper by Kroll and Foldy .

Phys. Rev. 88, 1177 (1952).

These authors point out that certain selection rules obtained by Adair? from

Phys. Rev. 87, 1041 (1952),

the hypothesis of charge independence also follow from the hypothesis of charge
symmetry. Their method is to introduce an "isotopic parity" operator, Ii7a s
which replaces protons by neutrons and neutrons by protons, and so must commute

with the nuclear Hamiltonian if the latter is charge symmetric.

Review of Isotopic Spin

Let us begin by reviewing the theory of isotopic multiplets based on

the charge independence hypothesis.
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The isotopic spin“"’éperators for a single nmucleon are 7'/, 7;, 75 o

They obey the commutatlon rule [7’1, T ] i 73 and its cyclic
permutations. Also, 7’1 = '/i = 3 k , ’]’2 ’)’2-|-—72 + = 3/4,

and [’]‘19 ' 7’2 = 0, et¢c, The Pauli matrices provide a represent.atio;n of.
these operators, provided they are multiplied by one-half. The convention
will be ad;ptegi: that 73 is 44 for a proton, -3 for a neutron, as

this is more convenient than the opposite convention when nucleon-meson
couplings aré in\_('_olvedo |

For a nucleus,

v[Tl’ Tz] = i T3 and cyclic permutations
T:Ls =z O

2 2
= T + T + T3 .

. . 2
Eigenvaluesr; of T3 will be cailled tB.; of T ,t(t+1). In
analogy with angular momentum or ordinary spin ,v the levels will occur in é_ets

such that all members of a set have the same value 6f t, while the values: of

-

t3 differ among themselves in integer steps, and lie between =t and t. 'I;hus,

there are 2t + 1 members of such a charge multiplet. Since t.3 varies,

: they all belong to dlfferent nuclei. However, they are degenerate except

for chargeadependent perturbations, such as the n-p mass difference and the
Coulomb effect.
These perturbations are, in the main, linear-in t3 , so that the

low_esﬁ level will have t3 =t or t3 =.2t. Now the possibility of

F«processes ensures that the ground state of a stable nucleus must be
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the lowest member of its charge multiplet, from which it follows that all

such states have t = t3 Io This is the primary method of assigning values

of t. An additional condition, holding for all levels, stable or not, is
tZ ‘tB,e
'Present ideas of nuclear structure would strongly suggest that

be |

Adair's idea was to note that the ground state of any stable nucleus

~ for the ground state of any nucleus; whether f? =stable or not.

having t3 = 0 (equal numbers of neutrons and protons) must be a charge
singlet (have t = 0)0{ Moreover, the deuteron and d( ~particle are thought
to be djnamically unstable excépt in their ground states, so that three

of the four particles involved in (d,.d"), &, q"), (d,y oA ); and (o , d)
reactions must be in their ground states--since the target nucleus clearly
can't be in an.excited state--and must therefore be in t = O states. From
this it follows that the fourth particle--namely, the residual nucleus,
which may be in an excited state--must alsé be ina t = 0 state. The same
holds for any resonant state of the compound nucleus that may be observed

in the reaction.

Properties of Isotopic Parity

The conéequences of adbpting the hypothesis of charge symmetry,
instead of the stfonger one of charge independence, may be investigated by
considering the operatioh of replacing all neutrons by protons and all protons
by neutrons. This process is an operator on isotopic spin, and will be
dénéted R7,olThe charge symmetry hypothesis asserts that the operator R7,

commutes with the nuclear Hamiltonian, provided Coulomb forces and neutron-

proton mass difference are ignored,
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The effect-of this operation is té reping a nucleus by its "mirror
image", Because it commutes with the Hamiltoniaﬁg it cannot change the
energy, so that for every state in a nucleus there is a corresponding state
in its mirror nucleus, having thg same energy except for neutron-proton
mass difference and,Coulomb energy. In this-way,'the.present method of
discussion leads to the well-known properties of mirror nuclei.

‘Although R"f’ since it commutes with the Hamiltonian, is a constan£
of the motion, it is nevertheless not a good quantum number in general,
because it transforms a nucleus into a different nucleus. This ceases to be
the case, however, if the.ﬁucleus is its own mirror image--that is, if it
has the same number of neutrons as protons. :The states of such nuclei must’
be eigenstates of R7,, and the eigenvalues §f Rjyvyield an additional
meansiof classifying these states, provided R7,commutes with all other
operators whose eigenvalues are being so used.. Pariﬁy and angular momentum
are such operators; and certainly.commute with R7,, since they do not operate
on isotopic spin at all. 7

Doubie apélication of R, is equivalent to the identity operatiqn,
so that 'RgJ = 1, and the possible eigenvalues of R;; are .ztlo The
- eigenstates are said to have even or odd isoﬁopic parity, or to be charge
even or chargeodd°

Isotopic parity, like isotopic spin, implies sélection‘rules of the'
Adair type. Thése are weaker than the éorresponding selection rules for
isotopic spin,; for two reésonso In the firét place, ﬁhey apply only to
nuclei having zéro neutron excess. In the second place, the isotopic parity
separates nucléar.levels into only t&o groﬁgé,'whereaé isbtopicISpin separaﬁes

- them into an infinite number of groups.
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These differences have not yet been of practical importance. The
reason is that applications have been made so far only to light nuclei of
neutron excess zero. It may be possible to look experimentally for selection
rules in nuclei having an odd neutron, and thus to distinguish t = 3/2 1évels
from t = 1/2 levels. Such selection rules would follow only from charge
independence.

On the other hand, the restriction to light nuclei is essential
because of the large Coulomb effects in heavy nuclei. Now it is shown in the
formal appendix that, if T2 is a good quantum numﬁer, then the t3 =0
member of a charge multipletvof multiplicity 2t+ 1 has I17/ = (-l)t.

That is, charge singlets are chargé even, triplets odd, etc. But since
there seem to be no stable states having t+ 2> 2 among the light nuclei
(say 2 £ 25), it is clear that there is an exact identity between isotopic
spin selection rules and isotopic parity selection rules, when applied to
self-mirror nuclei,

Since pairing of levels in mirror nuclei, and selection rules of
Adair type in self-mirror nuclei, are consequences of charge symmetry as well
as of charge independence, experiments on these facts are unable to distinguish
between the hypotheses, To do so, it is necessary either to demonstrate the
operation of selection.rules in nuclei having non-zero neutron excess, or
else to show that correspondence of levels is not confined to mirror nuclei,
but includes other members of isotopic multiplets. Evidence of the former
sort is not available, but evidence of.the latter sort will be presented
below.

The isotopic parity also has a selection rule in 7Y~ -processes,

provided they are electric dipole transitions. The reason is that the mass
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centers of the neutrons and protons lie at the same distance from the nuclear
mass center, but in opposite.directions, if the neutron and proton numbers

are equal. The operator R7/ will thus reverse the direction of the electric
dipole moment, without changing its magnitude. Now, this is exactly what hapbens
in a space reflection, so that isotppic périty has the same selection rule

in electric dipole transitions as does ordinary parity--that is? it must

change. In case of charge independence, this implies the selection rule

At 79— 0, which, together with the usual At = 0, £1, leads to At = £1.

This rule applies only if t5 = 0, of course.

Application of the Electric Dipole Selection Rule

The lowest five levels of O16 are shown, together: ‘ ‘ ‘
' X . 1'= 7 ol Mev
with their angular momenta and parities as 2+ 6.9 Mev

determined by étﬁdies of angular correlations

of Wf;rays, and other means. Our interest : 3- 661 Mev
0t 6.0 Mev

is in the state at 7.1 Mev. The selection
rule for 2)2

As <« féﬁJ, and requires A -1 for

=pole radiation is that

-the 3/;ray emitted by this state. The

parity change ﬁakes it electric dipole. -

Now, the groﬁnd state of N16 on this
Y Y Y ¥ o

o6

member of the lowest charge tripletougt to lie still highéf because of the

figure is at 1603 Mev, and the t3 = O

Coulomb effect. This case therefore appears to contradict charge independence,
and for this reason attracted considerable attention at the recent Rochester

conference. The explénation appears to be that the charges on protons are
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not the only source of electric dipole moment. In fact, in addition to the

-t .
A°j term coupling the nucleons to the electromagnetic field, there is also the

magnetic moment coupling térm_/zz;ﬁi, and the multipole expansion of this
term contains an electric dipole contribuﬁiono This contribution satisfies
the same selection rule as to angular momentum and parity that the usual
electric dipole does, and so can't usually be detected in its presence, but
it does not satisfy the isotopic parity selection rule, and so can contribute
when the larger term canft. =
Thus, the selection rule requiring change éf isotopic parity in electric
dipole X/;processes is not rigorous, but reduces to a question of width.
That is, it merely predicts that ¥ -widths of levels decaying without
change of Rjy cannot be as great as expectgd for electric dipole trangitions.
The R7; selection rule for Y 's can be applied to Be8, some of

whose levels are indicated. The application was made by Gell-Mann and

TelegdiBa The experimental basis is the stﬁdy of the photodisintegration of

Phys. Rev. 91, 169 (1953).

. 12
'012 by Wilkins and Gowardho The reaction involved is ¢ (¥ ,of ) Be8—9>20{ .

L _
Proc. Phys. Soc. (London) 6LA, 1056 (1951).

17.6 Mev
Their method was to observe, in emulsion exposed — 16,9 Mev

)

to 70 Mev bremsstrahlung, stars consisting of "
three e{ -particles. It was found that (1) ::::::::::::::::i”’—‘——_5\\\

the number of stars, as function of the total " | : 3 Mev

energy in the star, increases above 26 Mev, ‘ ' _ ¢

and (2) nearly every star having energy greater

than 26 Mev contains a pair of ©f 's, the sum Be
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of whose energies ié 16.9 Mev. This is the evidence fgr the level shown at
16,9 Mev in the diagram. The.threshold for exciting this level is 16.9 + 7.2
= 24.1 Mev, and with the Coulomb barrier of 2 or 3 Mev, it seems likely that
the availability of this level is the explanation for the increase in cross-
section, But there>are other levels in Be8 nearby, notably that at 17.6 Mev
which emits the_famous hard }’Lrayso The most obvious explanation for the
favoring of the 16.9 Mev level is.that it can be reached by an electric dipole
transiﬁion° This would require it to have odd Rjr’ﬁ since R;P’ of C12

- ground state is evén, by previous arguments.

Estimating-the t3 = 0 member of the triplet, whose other two members
are the ground states of L18 and B8, puts éhis 1eve1 at 16.7 Mev, which is
-pretty good agreement. This is our first piece of evidence for charge
independence,

It wiil be noted that the level decays into 2 9{ 's, Each <y has
Ii7/ even, so the fact that the level of Qdd R74 can so decay must be
explained by the Coﬁlombic‘perturbatioﬁo Moreover, there must be some
selection rule inhibiting ¥ -emission., The experiment of Wilkins and
Goward was not designed to detect \fﬁs, so it is unkﬁown whether this
level can emit a ¥, But in any case; the ¥ -emission must take long
enough for the ©f -decay to compete, desﬁite being forbidden. Now in fact,
it is probable that the parity of this levél is even, preventing electric
dipolé transitions to lower states (whose parity is also probably even)-

va, in addition, the angular momentum of the level should be an even
multiple of ﬁf, then, since lower levels are like 2 CY 's in having only
even angular momenta, it would follow that  £3J': 1 would be impossible,
and the lowest order radiation possible would be electric quadrupole. Even

if the angular momentum were odd, theiparity would require the lowest order

possible to be magnetic dipdle.
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~Application to Charge Doublets of Odd-Mass Nuclei

The diagram indicates all the levels of Gl below the proton threshold
at 8.70 Mev. There are ten of thém, found largely és neutron groups in the
stripping reaction Blo(d, n)Cll° As the neutron threshold of Bll is much
higher, at 11.46 Mev, not all its levels are shown; but only the lowest
twelve. The levels of B11 near 6.8 and 9.2 Mev are resolved into doublets,
while the corresponding levels of Cll are not. This is no doubt because
better energy resolution is possible for charged particles than for neutral

ones,
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9.28 :
9.18 ! TN
. ~
8.92 SO '
~_ ~._ Proton Threshold 8.70 Mev
8.57 ~_ TNl T s&
- . ,
7‘99 . - \\ 8008
,’ ‘ \\\ ’
. 4 \ -~

7.30 — T~ 7.39
R = S~ " 6.71

\\\ ‘ 60)40
5003 - ——

= : ho??
b6 — , : ‘

‘ T - ‘ L.23
201,4 Mev e —— - .
i ‘\\\ 1485 MeV
pll cll
t, = -1 t, = 3
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The energy scales have been adjusted arbitrarily_to make the ground
states degenerate. Then it is seen that corresponding low levels fail to
coincide by 0.2 or 0.3 Mev, while corresponding levels near the C1l pfoton
threshold fail to coincide by 0.5 to 0.7 Mev. Moreover, the levéls are more
closely spaced in the nucleus (Cll) having greater charge. The reason for
this is presumably that the greater Goulomb forces tend to make the nuclear
volume larger, and thus; by the uncertainty principle, to make the momentum
uncertainty smaller, thus allowing the levels to crowd closer £ogether°

The discrepency of 0.6 or 0.7 Mev at the top of the diagram is not
caused by the high excitation of about 9 Mev, but by the proton threshold in

1
Cc lo This is shown by the case of 013

- N13, in which the proton thresﬁold
of the latter is at 1,95 liiev° The first excited state of Nl3 is at 2.37 Mev,
while that of 013 is at 3.08 Mev, and ﬁhe discrepency is again seen to be
about 0.7 Mev, although the excitation energy is so ﬁuch less.

It is true in general that the particle thresholds of A = 4n <4 1 nuclei
(He5 - Li5 unstable; Be9 barely sg;ble, B9 unstable; 013 and N13 as seen) tend
to be much lower than in the A = 4n - 1 nuclei (A = 7, 11, 15,‘etc°)° The

latter accordingly show the mirror structure more convincingly.

Nuclei Having A = in4 2

These nuclei are convenient because.they have low-lying charge
triplets which are readily accessible to experiment.

We begin with the case A = 10, part of whose level diagram is shown.
The lower levels of B10 have been excited by inelastic scattering of protons
and deuterons, with the results shown in the table. It appears that the 1.74
Mev level cannot be excited by the deuterons. The natural explanation is that
the deuteron hag even isotopic parity, and so is unable to change the isotopic

parity of the target nucleus. This would not be trwe of the proton, which
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has t3 = % #O s, and so can have no definite isotopic parity. Thus, the

1.74 Mev level must'bé charge even.

7.56
7.48
’ 6.8
6.76 4
3,93 (24) 3.94 (04)
: 3.58 (2)+
8", log ft. = 3.85
2,1 1)+ -
> (1) (5’*, log ft. = 3,31
1.7k (0) +
56 (0+) ey y (e
SN 3+
10 . 10 . 10 o
B2 ty = -1 B by = 0 c ty =1
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Comparison of (p, p') and (d, d') reactions in B
10 o
B™" level Relative Yields
Mev
(ps p') (d, %)
0 1100 | 100
0.72 , 6.5 4 10
1:74 1.0 £ 0.2
2,15 5 , 5
3.58 5 5

10 and Glo gives

" Linear interpolation betweeh the ground states of Be
%(556 + 3.94) = 2,25 Mev, Thisvrequires éorrection to aboﬁt 2 Mev (because the
interpolation shouldn't be linear) as the predicted position of the t3 =0
member of the lowest charge triplet for A = 10. This agrees well enough with
both the 1.74 Mev and the 2.15 Mev levels, but the selection rule evidence
shoﬁs that the 1.74 Mev level is correct. Moreover; the agreemént is good
evidence for charge independence; while the mere existence of a level with
a selection rule is evidence only for charge symmetry.

.The parities of the low levels of Blo have been determined by
application of Butier”s method to the results of the'stripping.reaction
Beg(d, n)Bloo The angular momentum of the ground state of BlO has been
measured., Other angular momenta and parities are not certain, However, the

10 .
10 and C probably belong to the same

.fact that the ground states of Be
charge multiplet as the 1.74 Mev state of B10 suggests that these ground
states have even parity. Moreover, the rule that ground states of even-even

nuclei have zero angular momentum would lead to the assignment J = O for the
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charge multiplet. Finally, we may takéAthis mulgiﬁlet as a triplet, because
the /8 -decay o ™0 shows that allowed /3 ~transitions can occur between
levels of the multiplet, and so could occur to a tg = -2 level if there were
one; moreover, the /lg-decay of Belo as observed is highly forbidden, and
| would be unable to compete with sﬁch a process,,
There is some evidence for the tg = -1 and t3 = Ovmembers of an

‘ 10
excited charge multiplet. The diagram shows three excited states of B

9

which have beéen obéerved as resonances in bombardment of Be’ with pfotons°
The levels at 6.89 and 7.48 Mev are seen as (p, p'),. (p, d), and (p, o )
resonances, while that at 7.56 Mev is seen as (p, p') and (p, ¥) res§nances°
The fact thatbthe 3’=transition leads to the 0,72 level, rather than to the
J = 3 ground state, suggesﬁs low angular momentum, so that the failure of the
7.56 level to emit deuterons or alphas cannot well be ascribed to a centrifugal
barrier. The Coulomb barrier is eliminated by the lower-lying levels which
are able to emit alphas and deuterons, While it is impossible to eliminate all
alternatives, the'eésiest explanation of the anomaly is that the 7.56 Mev
state has odd isotopic parity, and so would have to leave the residual Be8 or
Li in a chafge-odd state in emitting d or O{ .. Such étates are excited,
however, so less energy is available for the process, and consequently, the
Cqulomb barrier is effective. v

The corresponding level in Bel® would be at 7.56 - 1. 74 .56 = 6.38
Mev. A doubtful protén group in Be9(d, p)Belo indicates a level at 6.76 Mev,
which would be just right if it could be confirmed, sinqe it is too high, as
expected for the nucleus of‘smaller charge.

After this exhaustive discussion of A = 10, we can be satisfied with

a briefer treatment of other cases. In the case of Lié, the reaction

6 ,
Li7(p, d)Li  yields deuteron groups corresponding to levels at 2,19 and
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3.58 Mev, as well as the ground state° The reaction Be (p,O()L16 ‘is similar,
except that the 3,58 Mev level has been detected by its emlttlng a ¥ -ray,
rather than by an alpha group. The scattering of deuterons from helium, or of
alphas from deuterium, shew some resonance for the 2,19 Mev level of Lié, but
none fof the.3 58 Mev level, |

The fallure of the 3,58 Mev level to 1nfluence the <# ~-d scattering
can be explained 1f its 1sotoplc parity is odd, 51nce both d ‘and % have
even isotopic parity. However, if the level has even parity and J = O, the
experiment would be explained Jjust as well. The reason is that an even parity
state of (Y - d) would have ! =0, 2, L, eoo 5 and ?- /Zz.gz with
S = lo Thus, if A?— 0, J =1, whlle 1f /6721 2, J 21, so that d = O
is never possible. Since the ground state of Heé_probably has even parity
and J = O, it is most probable that both types of selection rules are active
in the Li6 3.58 Mev level. The U/Fray.from the 3.58 Mev level is further
evidence of a selection rule against its decay into d-+4f o

In the case of Nlh, levels have been observed at 0, 2.3, 3.96, 4.85,
4,97, and 5.78 Mev, espeeially as neutron'groups in the reaction'C13(d, n)Nlh.
In the reaction Olé(d, g )Nlh, the & -groups observed correspond to levels
.at 0, 3.98 £ .04, 5.06 £ .05, and 5.7 Mev, Since the two.levels near 5 Mev
mey not be resolved, the main feature is the absence of the 2.3 Mev level from
the (d, of )reaction. frelimieary results show that the inelastie scattering
of deuterons is also unable to excite this level, thought it excites the level
at 3.9 Mev. The conclusion is that the 2.3 Mev level has opposite isotopic
parity from the ether low levels,

. 1 '
Calculation from the ground states of C b and Olh puts the t3 =0

member of their charge multiplet at 2.3 Mev, so the confirmation of charge’

independence is excellent. Forbidden character of the Cll+ /K? -decay shows
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that the multiplet has no t3 = =2 meﬁber, for ﬁﬁe /é?'-transition to it would

be éilowed, as:shbwn by the value log ft = 3.52 for the /é?-transition of
Olh to the 2.3 Mev level of Nu’° Thus; the levels form a charge triplet,

-This charge tfipiet;is even better'knowh ihan the one at A = 10,
because tﬁe parityyahd angular'momentum of Clh haﬁe been measured, and found
to be J = O, even, These assignments should apply to the entire triplet.

’ Hiéhefimeﬁbers’of the series A = 4n4 2 havé not ﬁeen studied enough

to produce any states of odd isdtopic parity. For example, the principle

8

reactions used to in&estigate F18 have been NezO(d,_?f)F:L R Nlhﬁ-cf reéon;nces,

and 0 4 d resoﬂances, The onl& other reaction which has, so far, been

. , 1
applied to any state other than the ground state is F 9(d, t)F~°, which

gives a triténzgrbup corrésponding to a 1lvel at 1.05 Mev, Since this level
‘ 8

has also been observed in Nezo(d, q’)Flv, it cannot be a state of odd isotopic

parity.

Nuclei Having A = 4n .

Be8 hés already been discussed. In Clz, 016, and Nezo, evidence of a
somewhat different type exists. Each of these nuclei.has a rather high—lying
level which.decays by both 'U' -emission and of -emission. It appears.

- -likely that~s;me speciai suépression of c{ wemission’or favoring of .
?fﬁ —emiésion is necessary to enable these processes to compete, as the
levels all lié above the barrier against ©f -emission. Since X -deé;y
can oceur, a figorous selection rule based on the rotation group cannot be
invoked,v Thus, the most likely explanations are that the emission of alpgés
is suppressed‘by eonservation of isotopic parity, or that the Y -process

is electric dipole. Either explanation would result in odd isotopic parity

for these levels; for the ©f -emission leads to low-lying levels of Be8,‘
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12 16 : e .
C", or 0 , all having (presumably) even R,fs while the B/-emlssmn leads

to low-lying lévels of 012, 016, or Nezo, which also have even'Rj,.°

| The argument is not perfect, because there may be other approximate
selection rules based on the o =partiéle model of these nuclei, and also
because, at leést for Nezo, the level is just barely above the barrier
against c{ -emission. Compariéon with levels of neighbor isobars is some-
what unsatisfactory. In the case of Blz, the levels are dense and so unable
to select a level in 012° No suitable level is found in N16° In the case of
A = 20, the ground states of F20 and Nazo suggest that the lowest charge-odd
level of Ne20 should be at 10.7 Mev or a bit lower. The relevant level in

Nezo is at 11.85 Mev, which is not good agreement.

Charge Quartets in Odd-=Mass Nuclei

After doublets and triplets, the next subject is naturally quartets.
Since these have no t3 =>0 members, selection rules otherwise,unaccounted
for must be selection rules on t, rather than on R7y° It is perfectly possible
to conceive reactions which would distinguish between doublets and quartets.
Thus, assuming the target nucleus to be in its (doublet) ground state, such
reactions as (d,of ), (9, d), or inelastic scattering of d or of would all
lead to resonahces and particle groups correSpohding to charge doﬁblet states.
On the other hand, such reactions as inelastic proton scattering, (t, n) or
(n, t), (p,AHeB) or (He3, p) could excite charge quartets as well. Also, such
reactions as (d, p), (p, d), (d, n), or (n, d), applied to target nuclei in
charge triplet states, such as Belo, Clh, 018, or Ne22, would lead to charge
doublet and quartet states of the residual.nuclei°

15

17
s N

The existence of the dynamically stable nuclei Li9, c s and

19 _
0 ', having neutron excess 3, suggests the existence of stable charge quartet
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states in Be?, N15, 017, and Flg, which could be investigated by the above

methods. However, very little work of this kind has been done yet, so that
definite evidence for charge quartets from isotopic spin selection rules is

not available,

Application to ﬁg =Decay

One of the most important problems in the theory of‘/é? -decay has
‘been ‘whiether Fermi or Gamow-Teller selection rules are followed by allowed -
< %9“*—tranSitiohs; The principal difficulty has been that the initial state
of an allowed tranSition doesn't usualiy live long enough to permit a
measurement of its angular momentum. The exceptions, such as the neutron and
triton,, are ‘transitions which do not permit a decision between the selection
rules, being allowed by both of them. As a fesult, the decision depends on
angular momenta_assigned by extrapolation to unmeasured‘cases of rules found
to apply in measured cases. That this process is dangerous is seen in the
cases of BelO and Nazz, whose large ft values were considered anomalous
until measurement showed that the angular momenta of Blo and Na22 are 3,
rather than 1 as h;d been guessed by extrapolation. |
In this situation, the additional information obtained from the use
of selection rules‘on isotopic spin has been very valuable. At the same time,
knowledge of these rules will provide means for assigning the isotopic spins
‘ of ground stapes of many /é? -active nuclei, in addition to the stable
nuclei for which rules havé already been found.
The yost oﬁvious selection rule is .gﬂ t3 = 231? This fule forbids
1 = Ot =’O transitions. Since R, can be diagonal only if t3 = 0, and
. t3 can't be zero fgr both initial_and final states, it also follows that there

is no useful selection rule for Res. Nevertheless, consideration of isotopic

parity will be of value in certain later arguments.
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The terms in the Hamiltonian which bring about f9 -transitions must
change neutrons into protons or protons into neutrons, and so must have the

form

A
S A A
=1 o

where _[1(-_%) and .fl-z)

are operators on the space and spin coordinates
of the v/('th particle, and are Hermitian conjugates in order to make the term
Hermitian, This expression is a vector in isotopic space. Just as electro-
magnétic dipble transitions obey the selection rule DI = 0, £1, because

the dipole is a wvector, so thié isotopic vector results in the selection rule
Dt - 0, 1 for /G-transitionsg |

The most stringent selection rule is the Fermi selection rule for

allowed transitions. In this casé, the coupling is independent of spin and
space variables, so that the -fle are constants, and the coupling operator

reduces to

| A A
ey D> 77:6@-/-.0_._ Z(’O_,__ N, T+ T
}?=// :=//
This operatér commutes with ’I‘2n It follows that the selection rule is
At -0, In fact, I+ and T_ are able to produce transitionvonly between
states which all belong to the same isotopic multiplet.
This selection rule.probably explains why unambiguous évidence for
Fermi-type coupling has been so difficult to obtain. In the first place,
because of the Coulomb energy, only positron emission aﬁd K-capture can be

allowed, with the exception of the neutron and triton fg -decays. In the
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_second place, because nuclear ground states generally have t =

't3 l, and
/é? —decay génerally takes place from the ground state, it is usually
impossible for a nucleus with a neutron excess to make a /ﬁ?+;transition
without increasing t, so that positron emitters with proton excess are
required. Finally, there is the well-known fact that, except for

Jd = 0—>J = 0 transitions, Fermi-allowed decays are also allowed by Gamow-
..Teller selection rules. The result is that only nuclei having A = 4n+ 2,
Wﬂ~t3 = 1. are probable candidates. Nuclei having A = i4n, t3 = 1, such as B8
and Alzh, are useless because the t = 1—>t = 1 transition cannot bompete with
transitions to much lower-lying levels having t = 0. It follows that,Glo .
-and Oll+ are almost the only known nuclei capable of deciding whether a Fermi
coupling exists. The best chance for an addition to this short list would

be for the lowest 't = 1 state of a t3 =0 nucleus to be an isomer?A The shell
model suggests that this is possible in the case of A126, but no experimental
.test has been made,

In the case of C-0, the transition to the t = 1 state of BLC at

1.74 Mev has log ft = 3.85, and thus is a.llowédo This establishes. the
existence of a Fermi coupling, provided the assignment J = O is accepted.

This assignment not only follows from the rule for even-even nuclei; but is

confirmed by the shape and ft value of the BelO /é?-»decay° These imply

Z}J - 3, and since Blo'has J =3, Belo must have J = O or 6, of which -

possibilities the latter is somewhat fantastic.

1
In the case of O h, the transition to the t = 1 state of Nlh at 2.3

‘Mev has log ft = 3:52, which is allowed, In this case, the aﬁgular momentum
of Clh has been m@aSured and found to vanish, thus establishing J = O for the
whole charge triplét° It was Adair who pointed out that the failure of the

16 1/
2.3 Mev level to appear in the O (d, Cf)N b reaction established its J
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as 0O by certifying its membership in the charge tripleﬁ with the ground states
of ¢ and Olho:

| The Fermi selection rule on t can also be used to show the existence
of Gamow-Teller coupling, by finding cases in‘which it is violated. This
procedure has the advantage of being independent of the J = 0 rule for
even-even nuclei, In Heé, for example, log ft = 2.91, which is allowed.
d =1 for Lié, but cannot be measured’for Heé° However, t = tBLé 0 for 1Li
because it is stable, whereas t > \tB | = 1 for Heé, so that the Fermi
selection rule At = 0 is violated, This argument also applies to the

10

decay of C™ to the 0,72 Mev level of Bloe Since this level can be produced

by inelastic deuteron scattering,.it has t = O, while the states of Clo

must have 't;B]Q The value log ft = 3.31 establishes the Gamow-Teller

coupling, without the necessity of knowing fhe value of J for the Blo level.
These arguments are based on charge independence, but can be made to

follow nearly as conclusively from charge symmetry. The part of the Hamiltonian

which is charge-dependent can be considered as mixing the charge multiplets,

but the necessity for preserving charge parity keeps the multiplets of even

t separate from those of odd t, when t3 = 0. Thus, only the 't = 2, 4, ...

impurity in the ground states t = 1 6f He6 andvclo, and in the t = O ground
states of Li6 and Blo, can bring about transitions. It would be unlikelj
that such impuriﬁy'would be great enough to account for the small ft values
observed. Similarly, it would be unlikely that such mixing would change the
value of the angular momentum of the lowest charge-odd sﬁate of B1O or Nlﬁ;
thus, the J = O assignments would continue to hold. The J = O'assigﬁment for

Clo and Olh

1 .
would follow from those for BelO and C h, since they are respective
mirror images. Accordingly, the transitions must be J = 0—>»J = O transitions,

even if At = O loses its meaning.
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. Isotopic Spinswdfgﬂ? -Unstable Levels

So far, our isotopic spin gésignmentéﬁﬁavé been based on the rule that
t ;,-|t3, fdr ground states of stable nuclei. The selection rules have
merely: provided a means of comparing excited states to the ground states. The
selection rules-fgr‘ /9 —transitions, however, permit,additional'assignments
by comparing states:of isobars.

The basic general relation is -t € ty £ t, which can be written
ot = It , - The selection ruie for /ég ~processes is At = 0, £1. First,
conslder .}E?frdecay, in which |t3 l alwéys decreases (except in the cases
of neutron and triton, which can be handled as mirror images of stable nuclei).
If ﬂhe final state has ,tf = |t3f I ; then it is easy to show thétlthe

initial state must have ti = | tBi to The reason is that
by > ,tBiI = lth'-l—l = bt 1,

- but t; cannot be greater than tg-+ 1 because of the selection rule, so that

tet 1=

ty

31
l t3¢ | , provided the iniﬁial state is the ground state of its nucleus,

» Now, the final state of a vfganprocess must have

te
For if tf>'t3f, then \t.31| =

~t3fl + 1 £ t; , so that there is
a state in the initial nucleus belonging to thé same charge multiplet as the
final state; and lying lower because of the G@uiomb energy, and therefore,
contrary to hypothesis, lying lower than the initial state.

Thus, t =. |.t3 not only for stable states, but for all initial and

final states of '/9 “-processes whose initial states are the ground states of
their nuclei. .
a - |
In the case of /é? -activity or K-capture, a different approach is
necessary., These transitions can always take place between states belonging

to the same charge multiplet, and will do so if no lower<lying staté is
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available in either nucleus. When a new lower charge multiplet becomes
available (or ceases to be available), the state satisfies t = | t3l » Thus,

cases in which t > | t3 are associated with transitions within a single

multiplet. This often makes it possible to show that t = l t3 , by showing
that the energy of the process is quite different from the charge multiplet

splitting, so that it cannot be a transition between states of a single charge

multiplet. i
Examples of the first rule are Heé, Belo, Clh, etc., which have
‘ t3‘ =1, and so t2 1, In order to decay into Lié, Blo, and Nlh,vwhich

are stable and so must have t = O, these nuclei must all have t = 1 in their
ground states.

18 +
An example of positron emission is F© . It emits a 0.64 Mev /f? s

so that the energy difference between the levels of F18 and O18 is

2

0.64 Mev 4+ 2 m¢™ = 1.66 Mev., An estimate of the multiplet splitting is given

by the ﬁr* from Fl7, of 1,72‘Mev energy, giving 1,72 Mev 4 2 m02 = 2,74 Mev,
The correction for the volume difference between A = 17 and A = 18 is very
small, so that the large difference between 1.66 Mev and 2.7, Mev shows at once
that the ground states of O18 and F18 cannot belong to the same charge -
multiplét, This means that a level is available to F18 which is not
available to 018, so that the ground state of Fl8 must have t - ‘tB ‘ = 0.
Then the selection rule At = 0, £ 1 forces the g‘round ‘state of O]‘8 to have
t = 1. This transition is allowed (log ft = 3.62), so that the change in t is
another proof of Gamow-Teller selection rules.

Another means of dealing with positron emission is to use the fact

+

that transitions within a charge multiplet are allowed. Then if a %? -process

is forbidden between ground states of neighbor isobars, they must both have
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t = |t3| » An example iS'Nazz, which decays primarily to an excited state

of Ne22° The conclusion t = lt3 | can be confirmed by the energy method
18

used for F .,

These methods permit the assignment of t-values to a great many nuclear

ground states,‘and in all such cases, it appears that t = I t3 . This accqrds
_ with our conceptions of nuclear structure, which require ground stateé'to be

as symmetrical as possible in the spatial coordinates and spins of thebnuclei,
and therefore as anti-symmetrical as possible in the charges. Just as anti-
symmetrizing spins leads to low values of S, so anti-symmetrizing charges

leads to low values of t. Subject to t = ‘ tg | , the lowest value of t is

t = ltBI°

Applications to High-Energy Experiments

The preceding developments provide the means for discussing the

reactions mentioned in the introduction. These are:
D+ D—D+1D

—n + He3 |

Q—ap-ﬁ-t.

3

It iéiapparent-at once that n<+ He” and p<+t are mirror systems,
and should be produced with equalvcross~sections provided charge symmetry
holds. It waé suggested that the fact that D+ D has t = O would prevent
t = 1 states of z14-He3 or p<4t from appearing, and that the consequent
reduction of their production cross-section, relative to elastic scattering,
might give some information on charge iﬁdependence, Aside from other
difficulties with ﬁhis program,'it }s clear that the suppression of charge-

odd states, arising from the fact that D4 D is charge even, would accomplish all

that suppression of t = 1 states could. In fact, one can construct the two
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linear combinations (n,'HeS) + (p, t), and find that they have opposite charge
parities, so that one of them is suppressed. Sinc; n, p; t, and He3 all
have ¢t = %,‘it follows that only states having t = O and t = 1 are possible,
and since these two states have opposite charge parities, they must correspond
to the same two linear combinations already constructed. Thus,ino stfonger
rééults follow from charge independence than from charge symmetry.

The reéson the states given have opposite charge parity is that (n, He3)
and (p, t) are interchanged by R7z° Which of them is charge-éven, and which

charge-odd, is not material.

A more informative experiment is that of Hildebrand on the reaction

p+n —->d'+'77°f

He finds the angular distribution of deuterons to be the same as in the reaction

’

p+p—ad +77 .

This is taken.as strong evidence for charge independence. In order
to appreciate the strength of this evidence, let us consider the experiment
from the standpoint of charge symmetry. To do so, it is simplest to consider
the reverse reaction. In the center of gravity, the angular distribution of
direct and reverse reactions is the same, since there is really only one
angle—»naﬁely, that between the relative momentum of the neutron and prdton
and the relative momentum of the meson and deuteron,

The consequence of charge symmetry is that the neutrons and protons
have the same angular distribution. A proﬁon detector wéuld give the same
reading as a neutron detector in the same place. However, a proton détector
at angle © would read the same as a neutron detector at 180° - ©, because
every proton is accompanied by a neutron in the opposite direction. It

follows that a proton detector at © and a proton detector at 180o -8,
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would read the same. It is evident, therefore, that charge symmetry requires
the angular disfributioﬂ %q be symmetric about 90O iﬁ the center of gravity
system. | |

} Now, thé idéntity qf the two pro@qns réquires“the same fore-and-aft
sym@etry in theréonérison rgaction. This common feature.of the two reactions,
predicted by charge symmetry, is clearly mﬁéh weaker than the identity actually
- .. observed, Mpreove;, no stronger prediption can be made from charge symmetry,
because the Pperat?r Rq, is unablé to transform any of the states of one
reaction into a stéte of the other.

The experiment, therefore, really constitutes evidence for charge

independence. As.éhe result of a single experiment might conceivably be
accidental, it would be desirable to confirm the chargé independence by studying

other high-energy reactions.
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Appendix--Formalism of Isotopic Parity

The process of replacing all protons by neutrons and ail neutrons
by protons e_hangeé the sign of T3,, In order to preserve the commutation rules
(such as [_Tls T2 ] = i T3 ) it is necessary to change the sign of either

Ty or Ty, also. If the signs of T2 and T3 .are both changed, then the

N 'iﬂﬁb
7/
L=

operation is a 180°-rotation about the T, axis.

. L8
Thus, RO~ 5
R7.} e = e =1 =

A 0 N
Z [cos (W’?‘l 4 i sin (777'](- )}

: /) £)
= cos (ﬁ?ﬁ_ ) + i 7?_6 sin (7 7); )
-1 )
) 1
Now cos (7 7;_) and 510 V4 71) are functions of 7i = % , and

1
so can be evaluated by replacing 71 by 1/2. rThe result is:

iVT A L
R7/=e ' = 7 217‘(51) ° -

/Q:l

2 , N~ 2 A
Of course, R,rf; Z; (21 71 ). = (=1) , so‘that, for even A; eigenvalues of R7v
=] '

must be £ 1. Now it is easy to show that R.. anti-commutes with 7’; .
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7 3 5 b
R7a,7’ _ | 2177 0214 7’1 , 7’;

3 B -1 1 =0
t [erl ¥
Sir T =i' 7‘2) it follows-at that |Rpr, T 0
ince T3 = ,(=l 3 s 1 ollows-a oncie a [ 7/ s BL_ .
2 : » '
Then [R 7', TB] = [RT, TBJ T3 - T3 [Rf, T3] =0 .
| + +
, T l 2
Similarly, [R,r«, Tz] =0 and [RT 5 Tz] - 0.
Clearly [R.],, Tl] 0, so [RT, Ti ] = 0. Now it follows that

[Rf, ‘1’21 = 0.

The significance of these relations is that R7, cannot in general
be diagonal if‘ Ty 1is (that is, if a definite nucleus is considered), but
that it can be diagonal if 'T32 is, or if T? is,

It is now possible to display the‘strﬁcture of thé matrix representing
R7., in a representation in which Tz is dlagonal with elgenvalue t(t+ 1),

and T3 is diagonal with eigenvalues t3,, Consider a state /Tt .

Operate with R74 to form the state R7, 21:3 . Find the value of t3 for

the new stater;»

: t e t3 t3,
T3@7Xt3> :-RVTBXt :=t3 é?’;{t)"

3\ .
Thus, (R?, 7( t) is some multiple of 2; 3 s since the charge multiplet
has only one state for which T3 has the eigenvalue =-t3., Because

[ 7. R T3 J 0, it follows in a.well-known manner that there are no
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2
matrix elements of R7, connecting states having differing values of t3 .

The only matrix elements then reméining are those on the "back diagonal" of

the (2t+ 1) x (Rt+ 1) matrix.

It is necessary to distinguish between even A and odd A, If A .
is.odd, then % ié half an odd integer and 2t + 1 is even. In this case,
the back diagonal and the main diagonal have no common element. If ‘A is
Aeven, then t 1is an integer; and 2t+ 1 1is odd. In this case, the diagonal
element for t3 = 0 also lies on the back diagonal° Thus, in the state
(t, t3 = 0), R7y is diagonal. The reason is that [R7,,'Tél;’2R7a»T3-1>O
if t3 = 0. The situation is like that in S-states, in which Ly and ‘Ly,ﬁ
can be diagonal as well as L,, though this is generally impossible,

It is important to know the value of the diagonal matrix element of
R7J° The way to find it is to take the spur of the matrix, since there is
oﬁly one element, The spur is in&arianﬁ under unitary transformations, so

instead of diagonalizing T3, it is possible to diagonalize Tl instead.

The eigenvalues of T; are the same as those of T3. So get:

iT 17T T2
Sp(Rp) = Sp(e l)< = Sple _3) = Sp [(—l) 3]
B t N t &
- E (-1) 2 - 1+2§ (-1) - =1+2[-=1+1-1,.,,}
t3= -1, . t3= : ) _

0 if t is even N
= (-1)".

|
[
+
N

=1 if t 1is odd
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Thisrelation tells us.that the .t3 = O~ - member of a charge multiplet
of multiplicity 2t+ 1 is "charée even" if t is even; 'charge odd" if t
is odd. A simple application is to ground states of stable nuclei having
t3 = 0. By earlier arguments, such states have t - O, and it now follows
that they must have R7J = 1. Similarly, the tg = O member of the lowest
isétopic triplet must have - =1,

Since [f%y, T32] - 0, it is possible for R, and T32 to bé
diagonal simultaneously. 'But neither state t3 i 7[;;§ﬁ can diagonalize
Rqa, so some linear combination of them must do so. Accordingly, these two
states must have the same energy. - This result is the degeneracj of mirror
muclei, which is already a well-known consequence of charge symmetry.

" There is one more formal property of R7< which has applications.
‘This relates to electric dipole 'K(-processese The charge operator for a

nucleon is:

l...l
o
N
+
N
o
=
o
N

il
a
H
(6]
+

o
o
Q
W=
i
N
o
N
o

1-/"7”3 .

Then the electric dipole operator is

;? = € : 1+ 1V(ﬁ)] 2
‘az 3 |7y

41
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If thé origin is taken at the center of mass of the nucleus--as is .

allowable, since the huclear recoil is very small in 7k;processes-—then
- - 0 =
'9%( = 0, and it follows that Pz e ”7§ {;¥%¢, Frém our
2 A=1
94

earlier result, that R7V anticommutes with the (T; , it now follows that

— _
Rjy anticommutes with P. We know that the anti-commutation of P with the
space reflection implies change of parity in electric dipole radiation. In

the same way, anti-commutation with R7w implies change of isotopic parity.
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