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SEMINAR IN HIGH ENERGY PHYSICS 

Isotopic Spin 2 Isotopic Parity2, 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 

1 

D+D~p+t 

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

Phys. Rev. 88 2 1177 (1952). 

These authors point out that certain selection rules obtained by Adair2 from 

2 
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, R/ , 

which replaces protons by neutrons and neutrons by protons, and so must commute 

with the nuclear Haailtonian if the latter is charge symmetric. 

Review of Isotopic Spin 

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

the charge independence hypothesis. 
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The isotopic spin:~perators for a single nucleon are ~· 
They obey the commutation rule i 1J and its cyclic 

,Jl ~ permutations. Also 9 ,, r ;; ?{ ..-~ + r1 = 3/4, 

and 724 g 0, etc. The Pauli matrices provide a representation of 
. ; 

these operators, provided they are multiplied by dne=half. The convention 

will be adopted that. ~ is 'f! for a proton, =! for a neutron~ as 

this is more convenient than the opposite convention when nucleon,-meson 

couplings are involved. 

For a nucleus, 

Eigenvalues.; of T3 

T = i 

[Tl' T2] 
[Ti, T2 J 

T2 2 
::;: .Tl + 

= i T3 and 

- 0 
= 

2 2 
T2 + T3 

will be called t
3 

; of 

cyclic permutations 

2 
't(t + 1). T In 

analogy with angular momentum or ordinary spin 9 the levels will occur in sets 

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

t 3 differ among themselves in integer steps, and lie between =t and t. Thus, 

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

they all belong to different nuclei. However, they are degenerate except 

for charge-dependent perturbations, such as the n-p mass difference and the 

Goulomb effect. 

These perturbations are, in the main, linear-in t 3 , so that the 

lowest level will have t3 = t or t 3 =~t. 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 follow·s that all 

such states have t: I t 3 I· This is the primary method of assigning values 

of t. An additional condition~ holding for all levels~ stable or not, is 

Present ideas of nuclear structure would strongly suggest that 

t = l t 3 I for the ground state of any nucleus~ whether fi -stable or not. 

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

having t 3 = 0 (equal numbers of neu~rons and protons) must be a charge 

singlet (have t ~ 0)., Moreover, the deuteron and ~-particle are thought 
\ 

to be dynamically unstable except in their ground states, so that three 

of the four particles involved in 
i i . 

(d,. d ) , (o( , '( ) , (d, q ) , and (o( , d) 

reactions must be in their ground states--since the target nucleus clearly 

canut be in an.excited state-~and must therefore be in t = 0 states. From 

this it follows that the fourth particle--namely, the residual nucleus, 

which may be in an excited state--must also be in a 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 consequences of adopting the hypothesis of charge symmetry, 

instead of the stronger one of charge independence~ may be investigated by 

conside!ing the operation of replacing all neutrons by protons and all protons 

by neutrons. This process is an operator on isotopic spin, and will be 

denoted R~. The charge symmetry hypothesis asserts that the operator R1' 

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 to replap~ a nucleus by its "mirror 

image". Because it commutes with the Hamiltonian; it cannot. change the 

energy, so that for every state in a nucleus there is a corresponding state 

in its mirror nucleus, having the 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 ?"~ since it commutes with the Hamiltonian, is a constant 

of the motion; it is nevertheless not a good q~antum number in general, 

because it transforms a nucleus into a different nucleus. This ceases to be 

the case, however, if the nucleus is its own mirror image=-that is, if it 

has the same number of neutrons as protons. The states of such nuclei must 

be eigeristates of Rr, and the eigenvalues of, Rr yield an additional 

means of classifying these states, provided R~commutes with all other 

operators whose eigenvalues are being so used. Parity and angular momentum 

are such operators; and certainly commute with R~, since they do not operate 

on isotopic spin at all. 

Double application of R~ is equivalent to the identity operat~on, 
2 

so that R~ ~ 1, and the possible eigenvalues of R~ are Jtl. The 

eigenstates are said to have even or odd isotopic parity» or to be charge 

even or charge odd. 

Isotopic parity, like isotopic spin, implies selection rules of the 

Adair type. These are weaker than the corresponding selection rules for 

isotopic spin, for two reasons. In the first place, they apply only to 

nuclei having zero neutron excess. In the second place, the isotopic parity 
.. .,.,..,. 

separates nuclear levels into only two groups, whereas isotopic spin separates 

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 levels 

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 
2 

formal appendix that, if T is a good quantum number~ then the 

member of a charge multiplet of multiplicity 2t -t- 1 has R r = 

That is, charge singlets are charge even~ triplets odd, etc. But since 

there seem to be no stable states having t~ 2 among the light nuclei 

(say Z L:. 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 membersof 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 ~ -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. d,irections ~ if the neutron and proton numbers 

are equal. The operator ~ will thus reverse the direction of the electric 

dipole moment» without changing its magnitude. Now, this is exactlY what happens 

in a space reflectton, so that isotopic parity 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 

. .L1 t :/=- 0, which, together with the usual L1 t = 0, .:i:l, leads to At :: .::tL 

This rule applies only if t 3 = 0, of course. 

Application of the Electric Dipole Selection Rule 

The lowest five levels of 16 
0 are shown, together 

with their angular momenta and parities as 

determined by studies of angular correlations 

of ~-rays, and other means. Our interest 

is in the state at 7.1 Mev. The selection 

rule for 2)2 -pole radiation is that 

~J !1:::. R~J, and requires L = 1 for 

the ~-ray emitted by this state. The 

parity change makes it electric dipole. 

Now, the ground state of N16 on this 

figure is at 10.3 Mev, and the t3 = 0 

1r 

111 

1= 

2+ 

3-
0+ 

0 0 0 

It ,If 0+ 

member of the lowest charge triplet~ to lie still higher because of the 

7 .~ Mev 

6.9 Mev 

6.1 Mev 
6.0 Mev 

c·oulomb effect. This case therefore appears to contradict charge independence, 

and for this reason attracted considerable attention at the recent Rochester 

conference. The explanation appears to be that the charges on protons are 
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not the only source of electric dipole moment. In factj in addition to the 
~-' 
A•j ·term coupling the nucleons to the electromagnetic field, there is also the 

~~ 

magnetic moment coupling term ~·H , and the multipole expansion of this 

term contains an electric dipole contribution. This contribution satisfies 

the same selection rule as to angular momentum and parity that the usual 

electric dipole doesj and so can't usually be detected in its presence, but 

it does not satisfy the isotopic parity selection rulej and so can contribute 

when the larger term can't. 

Thusj the selection rule requiring change of isotopic parity in electric 

dipole '("-processes is not rigorous, but reduces to a question of width. 

That is, it merely predicts that "!('-widths of levels decaying without 

change of R~ cannot be as great as expected for electric dipole transitions. 

The R~ selection rule for ~'s can be applied to Be8 , some of 

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

Telegdi3 • The experimental basis is the study of the photodisintegration of 

3 
Phys. Rev. 9lj 169 (1953). 

12 4 . C· 12 ( V'. -' ) Be8 _.... 2to.~ • C by Wilkins and Goward • The reaction involved 1s o ~~ ~ 1 

4 
Proc. Phys. Soc. (London) 64A, 1056 (1951). 

Their method was to observe, in emulsion exposed 

.-----r---r----1.7 .6 Mev 

----+---+-----6. 9 Mev 

to 70 Mev bremsstrahlung, stars consisting of 

three o( ~particles. It was found that (1) 

the number of stars, as function of the total 

energy in the star, increases above 26 Mev, 

and (2) nearly every star having energy greater , . 

than 26 Mev contains a pair of o{ 1 s, the sum 

Mev 
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of whose energies is 16.9 Mev. This is the evidence for the level shown at 

16.9 Mev in the diagramo The threshold for exciting this level is 16.91- 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 ~-rays. The most obvious explanation for the 

favoring of the 16.9 Mev level is that it can be reached by an electric dipole 

transition. This would require it to have odd R7' , since 
12 R/ of C 

ground state fs even, by previous argumentso 

Estimating-the t 3 :: 0 member of the triplet, whose other two members 

are the ground states of Li 8 and B8, puts this level at 16.7 Mev, which is 

· · pretty good agreement o This is our first piece of evidence for charge 

iridependenceo 

It will be noted that the level decays into 2 o( 1 s. Each o( has 

R 7' even, so the fact that the level of odd R/ can so decay must be 

explained by the Coulombic perturbation. Moreover, there must be some 

selection rule inhibiting ~=emission. The experiment of Wilkins and 

Goward was not designed to detect ~~s, so it is unknown whether this 

level can emit a '(" , but in any case 9 the '({"=emission must take long 

enough for the 0( =decay to compete, despite being forbiddeno Now in fact, 

it is probable that the parity of this level is even~ preventing electric 

dipole transitions to lower states (whose parity is also probably even)-. 

If, in addition, the angular momentum of the level should be an even 

multiple of 11' :. then~ since lower levels are like 2 ·c:y 1 s-in having only 

even angular momenta, it would follow that ~ J ~ 1 would be impossible, 

and the lowest order radiation possible would be electric quadrupoleo Even 

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

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

The diagram indicates all the levels of ell below the proton threshold 

at 8.70 Mev. There are ten of them~ found largely as neutron groups in the 

stripping reaction B10(d, n)c
11

• As the neutron threshold of B
11 

is much 

higher, at 11.46 Mev~ not all its levels a~e 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 c
11 

are not. This is no doubt because 

better energy resolution is possible for charged particles than for neutral 

ones. 
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' ........ , 
------~ '........_......_ Proton Threshold 8. 70 Mev 

--------------g:m---
------- • -- 0 ' 

--...... - 8.39 --- 8.08 ---. ---- 7.39 -------- 6.77 - -· ----- 6.40 --

------ -----4.77 

------ -----4.23· 

2.14 Me·..,..--------- __ --- -----1.85 Mev 

-------------------
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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 

· · d b o 2 o 3 M h ·1 d · 1 1 th e11 · t co1nc1 e y • or • ev, w 1 e correspon 1ng eve s near e pro on 

threshold fail to coincide by 0.5 to 0.7 Mev. Moreover, the levels are more 

closely spaced in the nucleus (e11) having greater charge. The reason for 

this is presumably that the greater Coulomb 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 together. 

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 

c11
• This is shown by the case of e13 - N13, in which the proton threshold 

of the latter is at 1.95 Mev. The first excited state of N
13 

is at 2.37 Mev, 

while that of e13 is at 3.08 Mev, and the discrepancy is again seen to be 

about 0.7 Mev, although the excitation energy is so much less. 

It is true in general that the particle thresho:kB of A = 4n + 1 nuclei .. 
(He5 

= Li5 unstable; Be9 barely stable, B9 unstable; e13 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 ::: 4n t 2 

These nuclei are convenient because they have low-lying charge 

triplets whi~h 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 has even isotopic parity, and so is unable to change the isotopic 

parity of the target nucleus. This would not be trm of the proton, which 
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has t 3 ~ ~ tfo, and so can have no definite isotopic parity. Thus, the 

1.74 Mev level must be charge even. 

7.56. 
7.48 

6.76 
6.89 

3.93 (2+) 3·94 (o+) 

3.58 (2) + 

(3 +' log ft. "' 3.85 

2.15 (1) + 
{3\ log ft. = 3.31 

1. 74 

.56 (0+) 
0.72 

~~ J+ 

10 BlO 0
1o 

Be t = -1 t3 "" 0 t3 = 1 
3 

.. ~·: 
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Comparison of (p~ p 1 ) and (d$ d 1 ) reactions in BlO, 

10 B level Relative Yields 
Mev 

(p, p') (d, d') 

0 100 100 

0.72 6.5 10 

L74 1.0 L0.2 

2.15 5 5 

3.58 5 5 

Linear interpolation between the ground states of Be10 and c10 
gives 

!C .56 +- 3. 94)' :::: 2.25 Mev. This requires correction to about 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_ 

shows that the 1.74 Mev level is correct. Moreover, the agreement 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 B10 have been determined by 

application of Butler's method to th~ results of the ·stripping reaction 
9 10 10 

Be (d, n)B • The angular momentum of the ground state of B has been 

measured. Other angular momenta and parities are not certain. However, the 

,fact that the ground states of Be10 and c10 
probably belong to the same 

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 = 0 for the 
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charge multiplet, Finally~ we may take this multiplet as a triplet, because 

the /1-decay of c10 
shows that allowed ~ -tr~nsitions can occur between 

levels of the multiplet, and so could occur to a t 3 = -2 level if there were 

one; moreover, the ~-decay of Be10 as observed is highly forbidden, and 

would be unable to compete with such a process •. 

There is some evidence for the t3 = -1 and t 3 = 0 members of an 

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

which have been observed as resonances in bombardment of Be9 with protons, 

The levels at 6.89 and ?.48 Mev are seen as (p, p'),. (p, d), and (p, 0() 

resonances,.while that at 7.56 Mev is seen as (p, p') and (p, )()resonances. 

The fact that the '("=transition leads to the 0. 72 level, rather than to the 

J :;; 3 ground state, suggests 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 easiest explanation of the anomaly is that the 7.56 Mev 
8 

state has odd isotopic parity, and so would have to leave the residual Be or 

Li
6 

in a charge-odd state in emitting d or o( Such states are excited, 

however, so less energy is available for the process, and consequently, the 

Coulomb barri'er is. effective. 

The corresponding level in Be10 would be at 7.56- 1.74+ .56= 6.38 

Mev, A doubtful proton group in Be9(d.:~ p)Be10 indicates a level at 6.76 Mev.:~ 

which would be just right if it could be confirmed, since it is too nigh, 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 Li6, the reaction 

Li7(p, d)Li
6 

yields deuteron groups corresponding to levels at 2.19 and 
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3.5S Mev:~ as well as the ground state. The reaction Be9 (p~ o( )Li
6 

is similar, 

except that the 3.5S Mev level has been detected by its emitting a o -ray, 

rather than by an alpha group. The scattering of deuterons from helium, or of 
6 

alphas from deuterium, show some resonance for the 2.19 Mev level of Li , but 

none for the 3.5S Mev level. 

The failure of the 3.5S Mev level to influence the ~ -d scattering 

can be explained if its isotopic parity is odd, since both d and Cf have 

even isotopic parity. However, if the level has even parity and J = 0, the 

experiment would be explained just as well. The reason is that an even parity 

state of (o( -t- d) would have J = O, 2, 4, ••• , and J: Z?, with 

S :: L Thus~ if 1 = 0, J = 1~ while if ,{ .2:. 2, J 1!, 1, so that J = 0 

is never possible. 
6 

Since the ground state of He probably has even parity 

and J : 0, it is most probable that both types of selection rules are active 

in the 11
6 

3.5S Mev level. The ~-ray from the 3.5S Mev level is further 

evidence of a selection rule against its decay into d ~ • 

14 
In the case of N ~ levels have been observed at 0~ 2.3, 3.96, 4.S5, 

4.97, and 5.7S Mev, especially as neutron groups in the reaction.c13(d, n)N14. 
. 16 14 

In the reaction 0 (d, q' )N , the o( -groups observed correspond to levels 

at 0, 3.9S ± .04, 5.06 ±. .05, and 5.7 Mev. Since the two.levels near 5 Mev 

may not be resolved, the main feature is the absence of the 2.3 Mev level from 

the (d, ~ )reaction. Preliminary results show that the inelastic 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 other low levels. 

14 14 
Calculation from the ground states of C and 0 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 c14 ~ -decay shows 
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that the multiplet has no t 3 = =2 member, for fhe 1 -transition to it would 

be allowed, as' shown by the value log ft = 3.52 for the ;C?-transition of 

o14 to the 2.3 Mev level of N14• Thus, the levels form a charge triplet. 

This charge triplet is even better known than the one at A = 10, 
. .· 14 . 

because the parity and angular momentum of C have been measured, and found 

to be J = 0, even. These assignments should apply to the entire triplet. 

Higher members· of the series A= 4n~ 2 have not been studied enough 

to produce any states of odd isotopic parity. For example, the principle 
18 20 18 14 i, 

reactions used to investigate F have been Ne (d, ~ )F , N 1-~ resonances, 
. 16 
and 0 ~ d resonances. The only other reaction which has, so far, been 

applied to any state other than the ground state is F
19

(d, t)F18, which 

gives a triton:group corresponding to a lvel at 1.05 Mev. Since this level 

has also been observed in Ne20(d, q )F18, it cannot be a state of odd isotopic 

parity. 

Nuclei Having A = 4n 

Be8 has already been discussed. In c12, o16, and Ne20, evidence of a 

somewhat different type exists. Each of these nuclei has a rather high-lying 

level which decays by bpth ~ -emission and Of -emission. It appears 

likely that some special suppression of o( -emission or favoring of 

~ -emission is necessary to enable these processes to compete, as the 

levels all lie above the barrier against o( -emission. Since o( -decay 

can occur, a rigorous selection rule based on the rotation group cannot be 

invoked. Thus, the most likely explanations are that the emission of alphas 
I 

is suppressed by conservation of isotopic parity, or that the Y -process 

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

for these levels; for the 0( -emission leads to low-lying levels of Be8,. 
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c12 ~ or o16 ~ all having (presumably) even R?", while the f-emission leads 
· 12 16 ro 

to low-lying levels of C , 0 , or Ne , which also have even R?". 

The argument is not perfect, because there may be other approximate 

selection rules based on the o( =particle model of these nuclei, and also 
20 

because~ at least for Ne ~ the level is just barely above the barrier 

against CiJ( -emission. Comparison with levels of neighbor isobars is some-

12 
what unsatisfactory. In the case of B , the levels are dense and so unable 

12 
to select a level in C . . 16 

No suitable level ~s found ~n N In the case of 

20 20 
A : 20, the ground states of F and Na suggest that the lowest charge-odd 

20 . 
level of Ne should be at 10.7 Mev or a bit lower. The relevant level in 

Ne20 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 R~. 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, ri( ) , (Of, d), or inelastic scattering of d or of would all 

lead to resonances and particle groups corresponding to charge doublet states. 

On the other hand, such reactions as inelastic proton scattering~ (t, n) or 

(n, t), (p, He3) 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 Be10, c14, o18
, or Ne22 , would lead to charge 

doublet and quartet states of the residual nuclei. 

The existence of the dynamically stable nuclei Li9, c15 , N17, and 
19 

0 , having neutron excess 3, suggests the existence of stable charge quartet 
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9 15 17 19 . states in Be ~ N ~ 0 , and F , wh1ch could be investigated by the above 
f .... 

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. 

Awlication to -,B ~Decay 

One of the most important problems in the theory of I -decay has 

''b~en :i.fn·ether Fermi or Gamow-Teller selection rules are followed by allowed 

-.(I -transitions. The principal difficulty has been that the initial state 

of an allowed trans'ition doesn't usually 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 result, 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 

10 22 cases of Be and Na ~ whose large ft values were considered anomalous 

10 22 until measurement showed that the angular momenta of B and Na are 3, 

rather than 1 as had 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 assigp,ing the isotopic spins 

of ground states of many ~ -active nuclei, in addition to the stable 

nuclei for which rules have already been found. 

The most obvious selection rule is L1 t 3 = :%::1 .• This rule forbids 

t = 0 "'""+t = 0 transitions. Since R ?" can be diagonal only if t3 = 0, and 

t3 can't be zero for both initial and final states, it also follows that there 

is no useful selection rule for R~. Nevertheless, consideratron of isotopic 

parity will be of value in certain later arguments. 
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The terms in the Hamiltonian which bring about (3 -transitions must 

change neutrons into protons or protons into neutrons 1 and so must have the 

form 

where and are operators on the space and spin coordinates 

of the j 1th particle, and are Hermitian conjugates in order to make the term 

Hermitian. This expression is a vector in isotopic space. Just as electro-

magnetic dipole transitions obey the selection rule .6 J = 0, :f;:l, because 

the dipole is a vector·, so this isotopic vector results in the selection rule 

Dt = 0, %:1 for (3-transitions. 

The most stringent sel~ction rule is the Fermi selection rule for 

allowed transitions. In this case, the coupling is independent of spin and 

space variables~ so that the ~'s are constants, and the coupling operator 

reduces to 

2 
This operator commutes with T • It follows that the selection rule is 

At ::: 0. In fact, T+ and T_ are able to produce transition only between 

states which all belong to the same isotopic multiplet. 

This selection rule probably explains why unambiguous evidence for 

Fermi-type coupling has been so difficult to obtain. In the first place, 

because of the Coulomb energy, only positron emission and K-capture can be 

allowed, with the exception of the neutron and triton rs -decays. In the 

.. 
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nuclear ground states generally have t = , and 

takes place. from the ground state, it is usually 

.second place, beca1.1se 

f =decay g,enera:)..ly 

impossible for a nucleus with a neutron excess to make a f+-transition 

without increasing t, so that positron emitters with proton excess are 

required. Finally 3 there is the well-known fact that, except for 

J = O~J = 0 transitions, Fermi-allowed decays are also allowed by Gamow-

,T.eller selection rules. The result is that only nuclei having A = 4n + 2, 

·.· .· .. t 3 = 1 .. are probable candidates. Nuclei having 8 A = 4n, t 3 = 1, such as B 

and A124, are useless because the t = l~t = 1 transition cannot compete with 
. . 10 

transitions to much lower-lying levels having t = 0. It follows that C 
14 

and 0 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 l9west .t = 1 state of a t3 = 0 nucleus to be an isomer. The shell 

model suggests that this is possible in the case of A1
26

, but no experimental 

test has been made. 

In the case of c10, the transition to the t = 1 state of B10 at 

1.74 Mev has log ft = 3.85, and thus is allowed, This establishes the 

existence of a Fermi coupling, provided the assignment J = 0 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 Be10 ,IS' =decay, These imply 

A · W W 
~J = 3, and since B has J = 3, Be must have J : 0 or 6~ of which 

possibilities the latter is somewhat fantastic. 

In the case of o14
, the transition to the t = 1 state of N14 

at 2.3 

Mev has log ft ::: 3~52, which is allowed. In this case, the angular momentum 
14 . 

of C has been measured and found to vanish 9 thus establishing J : 0 for the 

whole charge tr~plet, It was Adair who pointed out that the failure of the 

16 14 
2.3 Mev level to appear in the 0 (d, O()N reaction established its J 
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as 0 by certifying its membership in the charge triplet with the ground states 

of c14 and o14 •. 

The Fermi selection rule on t can also be used to show the existence 

of Gamow-Teller coupling 3 by finding cases in which it is violated. This 

procedure has the advantage of being independent of the J = 0 rule for 

6 
even-even nuclei. In He , for example, log ft = 2.91, which is ·allowed. 

J ::::: ·1 for Li 
6, but cannot be measured for He 6• However, t = t 3:-: 0 for Li 6 

because it is stable 9 whereas t ~ \ t 3 \ ::::: 1 for He6, so that the Fermi 

selection rule Ll t = 0 is violated. This argument also applies to the 

decay of c10 to the 0.72 Mev level of B10 . Since this level can be produced 

by inelastic deuteron scattering, 'it has t = 0, while the states of c10 

must have t ~ 1~ The value log ft = 3.31 establishes the Gamow-Teller 

coupling, without the necessity of knowing the value of J for the B10 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 t 3 = 0, Thus, only the t- 2, 4, ... 
6 10 

impurity in the ground states t = 1 of He and C , and in the t = 0 ground 
6 10 

states of Li and B , can bring about transitions. It would be unlikely 

that such impurity would be great enough to account for the small ft values 

observed. Similarly, it would be unlikely that such mixing would change the 

10 14 
value of the angular momentum of the lowest charge-odd state of B or N ; 

thus, the J = 0 assignmentswould continue to hold. The J = 0 assignment for 

10 14 10 14 . C and 0 would follow from those for Be and C , s1nce they are respective 

mirror images. Accordingly, the transitions must be J = O~J :::: 0 transitions, 

even if b. t :::: 0 loses its· meaning. 
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Isotopic Spins of /} -Unstable Levels 

So farj our isotopic spin assignments'\have been based on the rule that 

for ground states of stable nuclei. The selection rules have 

merely· provided a means of comparing excited states to the ground states. The 

selection rules for f -transitions, however, permit additional assignments 

by comparing states of isobars. 

The basic general relation is -t ~ t
3 

-6:. t, which can be written 

t 2! I t 3 j • · The selection rule for ~ -processes is L\ t = 0, ±I. First, 

consider ~-:-::-decay, in which I t
3 
I always decreases (except in the cases 

of neutron and triton, which can be handled as mirror images of stable nuclei). 

initial state must have 

tr = I t3f I ' 
then it is easy to show that the 

t. = I t3i l The reason is that 
J. 

If the final state has 

t . .> 
J. - I t3i I = I t3f I+ 1 = tf+ 1, 

but ti cannot be greater than tr1r 1 because of the selection rule, so that 

ti = tr + 1 = .1 t3i I . Now, the final state of a (3--process must have 

tf = I t3rl, provided the initial state is the ground state of its nucleus. 

For if tf > /.tJf / , then \ t3i J = I t3rl + 1 ~ tr , so that there is 

a state in the initial nucleus belonging to the same charge multiplet as the 

final state, and lying lower because of the Coulomb energy, and therefore,. 

contrary to hypothesis, lying lower than the initial state. 

Thus, t _ ·. I t 3 j not only for stable states, but for all initial and 

final states qf ~--processes whose initial states are the ground states of 

their nuclei. + . 
In the case of ~ -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 state 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 = \ t 3 I . Thus, 

cases in which t ;> I t 3 I are associated with transitions within a single 

multiplet. This often makes it possible to show that t - I t 3 I 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. 

Ex 1 f th f . t 1 H. 6 B lO c14 t h' h h amp es o e 1rs ru e are e , e , , e c., w 1.c . ave 

I t 3 j ::; 1, and so t ~ L In order to decay into Li 6, B
10

, and N14, which 

are stable and so must have t = 0, these nuclei must all have t = 1 in their 

ground states. 

An example of positron emission is F
18

. It emits a 0.64 Mev 

so that the energy difference between the levels of F18 and o18 is 

2 0.64 Mev + 2 me :::: L66 Mev. An estimate of the multiplet splitting is given 

by the ?+from F17, of 1.72 Mev energy, giving L72 Mev+ 2 mc2 = 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 2.74 Mev shows at once 

18 18 
that the grolind states of 0 and F cannot belong to the same charge 

multiplet. This means that a level is available to F18 which is not 

M M I I available to 0 , so that the ground state of F must have t - t 3 = 0. 

Then the selection rule 4 t :::: 0, ~ 1 forces the ground ·state of o18 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 f?+-process 

is forbidden between ground states of neighbor isobars, they must both have 
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t = I t31 • An example is Na22 , which decays primarily to an excited state 

of Ne
22

• The conclusion t = l t 3 I 
18 

can be confirmed by the energy method 

used for F 

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

ground states, and in all such cases, it appears that t = I t 3 / This accords 

with our conceptions of nuclear structure, which require ground states to be 

as symmetrical as possible in the spatial coordinates and spins of the nuclei, 

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 ~ I t 3 I , the lowest value of t is 

t = I t31 . 
ApPlications to High-Energy Experiments 

The preceding developments provide the means for discussing the 

reactions mentioned in the introduction. These are: 

n+ D~D+ D 

~n + He3 

~p+t. 

It is apparent at once that n+ He3 and p + t are mirror systems, 

and should be produced with equal cross-sections provided charge symmetry 

holds. It was suggested that the fact that D+ D hast= 0 would prevent 

t = 1 states of n + He3 or p + t from appearing, and that the consequent 

reduction of their production cross-section, relative to elastic scattering, 
' 

might give some information on charge independence. Aside from other 

difficulties with this program, it ~s clear that the suppression of charge-

odd states, arising from the fact that D 1- 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, He3) + (p, t), and find that they have opposite charge 

3 parities, so that one of them is suppressed. Since n, p, t, and He all 

have t = i, it follows that only states having t = 0 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, no stronger 

results follow from charge independence than from charge symmetry. 

3 The reason the states given have opposite charge parity is that (n, He ) 

and (p, t) are interchanged by Ri'. Which of them is charge-even, and which 

charge-odd, is not mater~al. 

A more informative experiment is that of Hildebrand on the reaction 

p + n -?d +-'If'>. 

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

. --r.~+ 
P+ p ~d 't "· . 

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--namely, that between the relative momentum of the neutron and proton 

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 proton detector would give the same 

reading as a neutron detector in the same place. However, a proton detector 

0 at angle 9 would read the same as a neutron detector at 180 - e, because 

every proton is accompanied by a neutron in the opposite direction. It 

0 
follows that a proton detector at e and a proton detector at 180 - e, 
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would read the same" It is evident, therefore, that charge symmetry requires 

the angular distribution 'to be syrrnnetric about 90° in the center of gravity 

system" 

Now, the identity of the two protons requires· the same fore-and-aft 

symmetry in the comparison reaction" This common feature of the two reactions, 

predicted by charge symmetry, is clearly much weaker than the identity actually 

observed" Mo,reover, no stronger prediction can be made from charge symmetry, 

because the operat~r R1' is unable to transform any of the states of one 

reaction into a state of the other" 

The experiment, therefore, really constitutes evidence for charge 
.,! 

independence" As the result of a single experiment might conceivably be 

accidental, it would be desirable to confirm the charge indepE:mdence by studying 

other high-energy reactions. 

. , 
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Appendix--Formalism of Isotopic Parity 

The process of replacing all protons by neutrons and all neutrons 

by protons changes the sign of T3 . In order to preserve the commutation rules 

(such as [ T1~ T2 ] = i T3 ) it is necessary to change the sign of either 

T1 or T2 ~ also. If the signs of T2 and T3 are both changed, then the 

operation is a 180°-rotation about the T1 axis. 

Thus, i ~~E --~;_R.) 
= e = 

~ [ r~<i.) 
II cos ( I 1 + 
l:l 

= 

Now cos (JT ~) sin (T/ ~) 

~ 
are functions of and 

so can be evaluated by replacing ~ by 1/2. The result 

i fl T1 r 2 i~~) R7 = e = 
1.=.1 

e 

sin (J/ ?{f.) ) :.;:) 
1 

~=t ,and 

is: 

·2 A·; (~ 2 ·.A 
Of' cours~, rt.y= "~ ( 2i 'Ji ), - ~ 4) , . so that, for even A i ; eigenvalues of Rr 
must be ± l. Now it is easy to show that R 7 anti-commutes with r.:. 
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Similarly, 

,6 
2 i ?{. 

g 2 i J"~ ' [ 
~:;· 

and [R/ 3 T~] - 0 . 

- 0 

Clearly [ R7", T1 J = 0 , so [ Rr, T~ J - 0 • Now it follows that 

[ Rr' J) T
2 J = 0 • 

The significance of these relations is that R~ cannot in general 

be diagonal if T3 is (that is, if a definite nucleus is considered), but 
. 2 2 

that it can be diagonal if T3 is, or if T is. 

It is now possible to display the structure of the matrix representing 

R7 , in a representation in which T
2 

is diagonal with eigenvalue t( t + 1), 

and T3 is diagonal with eigenvalues t
3

• Consider a 

Operate with R7 to form the state R/ ~3 • Find 

the new state: 

Thus, is some multiple of 

state ;rtt3 

the value of 

has only one state for which T3 has the eigenvalue -t3 • Because 

[ R/ , T3 
2 J = 0, it follows in a well-known manner that there are no 
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2 
matrix elements of R~ connecting states having differing values of t 3 . 

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

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

It is necessary to distinguish between even A and odd A. If A 

i~;'~dd~ then t is half an odd integer and 2t t 1 is even. In this case, 

the back diagonal and the main diagonal have no common element. If · A is 

even, then t is an integerj and 2tt 1 is odd. In this case, the diagonal 

element for t 3 = 0 also lies on the back diagonal. Thus, in the .state 

o), R"'f is diagonal. The reason is that 

if t3 = 0. The situation is like that in S-states, in which Lx and 11 . 

can be diagonal as well as Lz, though this is generally impossible. 

It is important to know the value of the diagonal matrix element of 

R~. The way to find it .is to take the spur of the matrix, since there is 

only one element. The spur is invariant under unitary transformations, so 

instead of diagonalizing T3 , it is possible to diagonalize T1 instead. 

The eigenvalues of T1 are the same as those of T3. So get: 

Sp(Rr) 
i 'f(T1 

- Sp(e ) · = i 1fT3 
Sp(e ) 

t t t 
(-l)t3 - L <-1) 3 - 1+ 2L. = 1+ 2 [-1 + 1 - 1 0 0 .J - -

t3= -t t3=1 

[:1 
if t is even l (-l)t. - 1 t 2 -- -
if t is odd 
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This·.relation tells us that the t 3 ::::: 0' •member of a charge multiplet 

of multiplicity 2t + 1 is 11 charge 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 3 such states have t ~ 0~ and it now follows 

that they must have R~ = 1. Similarly~ the t 3 = 0 member of the lowest 

isotopic triplet must have a,. = -1. 

Since [ R.r 3 T3 
2 J - 0 3 it is possible for R.y 

diagonal simultaneously. But neither state t 3 = f ~ 

2 
and T3 to be 

can diagonalize 

R?" , so some linear combination of them must do so. Accordingly, these two 

states must have the same energy. This result is the degeneracy of mirror 

nuclei, which is already a well-known consequence of charge symmetry • 

. There is one more formal property of R1" which has applications. 

T;his relates to electric dipole )(-processes. The charge operator for a 

nucleon is: 

1-t!J e 
2 

Then the electric dipole operator is 

p = e 
2 
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If the origin is taken at the center of mass of the nucleus--as is 

allowable, since the nuclear recoil is very small in ~-processes--then 
_.. 
~ : 0, and it follows that p ::: 

anticommutes with the 

-i/.) ~ 
r/3 ~· From our 

(/_) 
~ it now follows that .,3 ' _. 

earlier result, that R~ 
~ 

R?" anticommutes with P. We know that the anti-commutation of P with the 

space reflection implies change of parity in ele_ctric dipole radiation. In 

the same way~ anti-commutation with R~ implies change of isotopic parity. 
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