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ABSTRACT 

-NOTICE-
This report was prepared as an account of work 
sponsored by the United States Government. Neither 
the United States nor the United States Atomic Energy 
Commission, nor any of their employees, nor any of 
their contractors, subcontractors, or their employees, 
makes any warranty, express or implied, or assumes any 
legal liability or responsibility for the accuracy, com
pleteness or usefulness of any information, apparatus, 
product or process disclosed, or represents that its use 
would not infringe privately owned rights. 

Some properties <>f excitations, mainly of isovector character are reviewed. 
Although other multiptlarities are considered, more detailed results are presented for 
El transitions. Tota] transition strengths and average excitation energies are discussed 
and are separated intc contributions associated with the excitation of states of definite 
isospin. 
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From (a) follows the expectation of 
states with definite ''or almost definite) 
isospin in nuclei i.e., the appearance of 
the familiar isobaric multiplets. The 
electrostatic forces (.ause the relative 
displacement among th» members of a 
multiplet and also introduce isospin im
purities. These in ti rn are important 
for the understanding of isospin-forbidden 
reactions e.g. y, a reactions etc. 
Although we shall not discuss Coulomb 
effects in any detail it is probably 
worth mentioning thei influence on the 
,conservation of isovector current: since 
an isovector density • perator does not 
commute with the Coulomb potential, the iso
vector current is not strictly conserved 
or alternatively, the time derivative of 
an isovector operator is not. necessarily 
an isovector operator itself. This,pro-

terms by T3 and T3 (which reproduce the 
displacement energies) but it is appro
priate to keep it in mind as our under
standing of the properties of isovector 
currents is improving. 

The charge dependence of the electro
magnetic operators leads to their separa
tion into isoscalar and isovector com
ponents. The possible presence of higher 
tensorial components will not be considered 
but again should not be disregarded al
together. Finally the isospin dependence 
of the nuclear interactions should be 
mentioned. It appears as the symmetry-
energy term in the nuclear mass formula, 
it is related to the effective spring 
constant for proton-versus neutron-
excitations in a nucleus (e.g. the 
frequency of the El giant resonance) and 
also it introduces the difference in the 
interaction of protons and neutrons with 
a nucleus of a non-vanishing neutron ex
cess (i.e. the Lane potential). The 
isospin-dependant forces are also directly 
related to the negative and positive 
particle-hole shifts that one predicts for 
isoscalar and isovector excitations respec
tively. This effect tends to bring closer 
together collective modes of opposite 
parity and different isospin character rel- . 
ative to one might expect on the basis of 
the known shell spacings alone. Another 
interesting feature is the possible dif
ference in damping widths that we might 
expect between isoscalar and isovector 
modes. Our understanding of this problem 
is at present not very clear and certainly 
not systematic. 

DrSTRIBUTION OF THIS DOCUMENT IS UNLIWIIT^ 



DISCLAIMER 

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



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



We have been associating the terms 
isoscalar and isovector with excitations 
produced respectively by the corresponding 
parts of the transition operators. For 
light nuclei with groundstate isospin 
T ■ 0 these operator s lead to states with 
isospins zero and one respectively which 
are obviously orthogonal to each other. 
The situation for heavier nuclei with non
vanishing neutron excess and therefore 
T i* 0 is somewhat more involved and will 
be discussed below. It may be worth 
pointing out however that the two types 
of excitations are i o longer required to 
be orthogonal or di<gonal. We shall 
Illustrate t;his by < valuating the isoscalar 
transition density < f the electric dipole 
mode which is produeed by the (purely iso
vector) operator D = ^(u'r^'H^i). We 
have denoted by 4 i * unit vector e.g. 
along the z axis ant1 by r^' the position 
of the ifch particle relative to the center 
of mas8. If we evaluate the double com
mutator [D, [H,p(x")]} of the isoscalar 
density operator p(j) = I 6(^r^) with the 
Hamiltonian H and tran * with D we obtain 
the sum rule 
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where the energies 1^ are measured rela
tive to the ground s tate and p (x) and 
Pn(x) denote respectively the proton and 
neutron groundstate densities normalized 
to one. If we now assume that a single 
state, the giant dipole mode, exhausts or 
dominates the sum in Eq.(l) we obtain the 
isoscalar transition density of this 
mode.^ ' Similar results can be written 
down for other isovector operators. We 
see that the probabi Lity for exciting an 
isovector state with an isoscalar probe 
vanishes only if the proton and neutron 
densities are identical. The result of 
Eq.(l) is also useful because it gives an 
isovector moment viz. <0|D H p(x)|0> in 
the ground state of a nucleus, a quantity 
which is not as easy to obtain for purely 
isovector operators. Incidentally, we 
could not derive as easily an equation 
similar to (1) for i sovector densities 
P3(x) ■= Z 6(5 't^) t j(i) unless we decided 
to disregard the nonvanishing commutator 
of Po(x) with the nuclear interactions 
(another wellknown manifestation of the 
isospin dependant forces). If we do that 
however, the result is 
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We turn our attention now to the 
discussion of purely isovector transitions. 
We will be interested mainly in total ex
citation strengths, their decomposition 
into contributions from states of differ
ent isospins and also, in their average 
excitation energies and oscillator 
strengths. The isovector operators will 
be denoted by 

i i A (i) X  0, ± 1 

with the quantities v± left for the time 
being unspecified but assumed to satisfy 
the relation ^* v^+ *C ~1 = v* where *f 
is the timereversal operator. This as
sumption implies < V\ < ~1 = ("DX V_x 
which will be useful later on. The total 
excitation strengths 

s x »<o|v x Vj0> 

I l<n|v,|0>| (3) 
n 

(where we have assumed for convenience 
that V does not connect the ground state 
|0> with itself or with its analogs) are 
three independant quantities unless the 
groundstate isospin is 0 or 1/2. We can 
obtain*an alternative set of quantities 
by decomposing V^+ V^ into isoscalar an 
isovector and an isotensor components i.e. 

S,  W + X T W 
X s v 

X
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where T and T denote respectively the 
isospin and its third component in the 
ground state. 

The operators V may be thought of as 
depending on a parameter e.g. the momentum 
transfer q of an electroexcitation process. 
In this case, both the strengths S and t' 
quantities W are momentumtransfer deper 
dant form factors representing the total 
electroexcitation strength. A final set 
of three independant quantities can be 
obtained if the excitation strength is 
separated into components leading to 



consider an arbitrary analog of the ground 
state vizi |0̂ > with the third component 
of the isospin denoted by M and represent 
its strength by Sx (by definition SjjT = Sx) 
we find 

,M (T + l) 2 - M2 

(2T + 1) (T + 1) "T + 1 W„ 

^ - M 2 
W„ T(2T + 1) T - 1 

T(T + 1) WT 

(5) 

Predictably the com onent T - 1 disappears 
when M = ± T while is absent when M 
(self conjugate nuc eus). The relation 
between the quantit es Ŵ ., and W , W , Wt 
is 
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- ( 2 ' - 1)(2T + 3) 

(T + 1)(2T + 3) 
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where the columns refer respectively to 
T' » T + 1, T and T - 1. 

Relationships i-xactly analogous to 
those presented abo'/e can also be written 
down for the energy- weighted strengths. 
In order to avoid rewriting we shall denote 
these quantities by a prime on the corre
sponding non-energy- weighted strength e.g. 

S' = <0|v|' H V.\0> 

IE |<n|v|<»|' n n A (7) 

and similarly for the W's. The Coulomb 
displacement is assumed additive and is 
not included in S'. With these defini
tions, we can intro< uce the average exci
tation energies of 1 he various isospin 
components by W'_, - E„, W , (again with 
T' e T or T + 1). We are therefore trying 
to determine six numbers e.g. the strengths 
W„, and the corresponding excitation ener
gies E_i . We should first indicate which 
of these numbers are relatively easy to 
obtain and with what reliability. We note 
incidentally that a parametrization similar 
to that of Eq.(6) can be given also for the 
energies i.e. 
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where a relative change in sign has been 
introduced in the second term because both 
W and E v will turn out to be positive. 
We now remark that, due to the Hermiticity 
and time-reversal properties introduced 
above, some of the quantities under con
sideration can be expressed as ground-
state expectation values of commutators 
which are simpler than the correlation 
functions one expects in general. In 
particular, we find (the ground state is 
assumed to be that of an even nucleus and 
satisfies <* |0> = |0>) 

<o|v_x v_x|o> = <o|vx vx|o> (9) 

<0|V_X HV_x|0> - <0|VX H Vx |0> (10) 

which lead to 

W 2T 
x^r<0 | [vT , v.]|0> 

- 2T <0I2 V i 2 V 0 ' 0 " (11) 

and 
sx + slx <0|[vt , [H, V.]]|0> . (12) 

It is seen that the isovector part of 
the strengths S\ is a simple physical 
quantity; it is essentially equal to the 
isovector radius in the electric dipole 
case and the mean value of a one-body iso
vector operator in general. It is also 
clear that this quantity does not appear 
in the total strength SQ but does appear 
in the difference S+. - S - or in the 
fixed-isospin components W™,. On the con
trary, for the energy-weighted strengths 
it is the isoscalar and the isotensor com
ponents W' and W' that are given in terms 
of commutators with the one corresponding 
to X = 0 being just the familiar Thomas-
Reiche-Kuhn sum rule for the electric di
pole case. In the absence of isospin-
dependant interactions these expressions 



are easy to evaluate and can often be 
directly related to observable quantities. 
The presence of charge-exchange forces 
obviously introduces some ambiguities but 
probably the main implication of the above 
results is that the evaluation of the 
quantities Wy, W' and W' can reasonably be 
expected to be model independant. More 
precisely, a calculation based on the 
random-phase approximation suggests that 
these quantities are unaffected by the 
presence of ground-state correlations! A 
more detailed examination leads also to 
the conclusion that the isotensor energy-
weighted strength i: essentially T(T-1/2)|A2 
times its isoscalar counterpart and there
fore quite small. Indeed in the absence 
of corrections due to the center-of-mass 
motion, (which are important only for El 
transitions) it is < ntirely due to the 
charge-exchange tern of the commutator. 
If the difference in the mean square radii 
of protons and neutrons is neglected we 
find for the dipole case 

W - i <r2> v 6 i (13) 

where <r >_ is the uean square radius of 
the proton distribuf ion. For the parts of 
the energy-weighted strengths that are in
dependant of the charge exchange forces the 
results are (again j':or El) 
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which exhibit the relative smallness of 
Wt' mentioned above. The fact that Wv is 
related to the difference of the proton 
and neutron radii seems to make reasonable 
the suggestion that from a knowledge of Wy 
we can obtain valuable information about 
the mean square radius of the neutron dis
tribution. Since the strengths S+i are 
not experimentally available, one relies 
on measurements on the relative magnitudes 
of Wj+i and W<j. In addition to the fact 
however, that these include also the iso-
tensor term Wt (to be discussed below) it 
is worth remembering the difficulties in
volved in their experimental determination 
with an appropriate precision: In order 
to measure separately the total strength 
leading to states of isospin T and T + 1, 
one has to assume a reliable identifica
tion and also, either assume that both are 
exhausted within a finite energy region or 

at least that the fractions exhausted* are • 
the same. This second problem already in
troduces uncertainties but the question of 
identification should also be emphasized 
Although the giant resonance has rather 
clearly isospin T, equal to that of the 
ground state,one may have some difficulty 
in asserting that a higher lying peak is 
necessarily an analog state i.e., has iso
spin T + 1. Even after this is accom
plished, however, one has to ask whether 
the strength measured under this peak re
flects purely properties of the parent 
state (i.e., is purely of T + 1 character) 
rather than the coexistence of different 
isospins in a certain region. Not only is 
there a background of isospin T under the 
T + 1 peak but also the two types of 
strengths are expected to couple to each 
other and to interfere. This coupling is 
expected to result from direct Coulomb 
effects and also from the common coupling 
(both on and off the energy shell) of the 
states involved, to the continuum that 
surrounds them. It is worth noting at this 
point that these remarks are not meant to 
declare hopless any attempt of experimen
tally identifying the strengths WTi but 
rather to indicate that there must be a 
limit to the accuracy one should request 
or hope to obtain from such determinations. 

We must now discuss the remaining 
three quantities e.g., W , W' and W£. As 
we mentioned earlier, their evaluation may 
be neither simple nor model independant. 
The simplest (and clearly questionable) 
estimate may be based on the harmonic-
oscillator shell model. Since we already 
have one isoscalar, one isovector and one 
isotensor (i.e., Ws, Wv and W£) we may try 
to obtain their missing counterparts by 
simply multiplying or dividing by the 
appropriate oscillator spacing. Actually, 
this is only possible if we can assume that 
there are no transitions (with the multi-
polarity under consideration) within the 
neutron-excess levels (i.e., with both the 
initial and the final state of the particle 
in the neutron-excess subshell). This is 
not true for an arbitrary multipolarity 
but is true for electric dipole transitions 
for all ground-state configurations of 
known nuclei in the j-j coupling. For 
these cases we thus find Ws = Wg/ftu), 
W^ <= -fiui Wv and Wt = W£/nw, where -Ru) is t 
harmonic-oscillator spacing. It also 
follows that the total radiative strength 
SQ is given by SQ = Sg/fiu). This result 
illustrates the limitations of this over
simplified description: Since the oscilla
tor Shell model undprPfifm-tfl̂ o t-ha onarav 



of "the giant dipole resonance by about a 
factor of 2, it als< overestimates the 
total strength SQ b\ the same factor. 
This is known to be the case from direct 
comparison with experimental measurements. 
No great difficulties result from this 
observation, partly because of the simplic
ity of the correction factor and mainly 
because the properl} shifted energy (rela
tive to -no)) is rather easy to reproduce by 
an appropriate partLcle-hole calculation. 
It is also known that the inclusion of 
ground-state correlations reduces the 
total strength by t\ e right factor and 
reproduces the expe imental results. This 
simple relationship between the shifted 
dipole energy and t e renormalization of 
the strength is clearly related to the 
model independence i f the quantity SQ 
discussed above. Oi e might be tempted at 
this point to exten. this approach and 
obtain the quantity s Ws, Wy and Wt by 
simply replacing 4W by the observed energy 
of the giant dipole resonance. This how
ever would immediat ly imply that the 
quantities E v and E in Eq.(8) vanish, or 
equivalently, that he energies E^' are all 
degenerate. This, nowever, is not the case 
as one can see by r ither simple theoretical 
arguments, from experimental observations 
or finally from experience with analog 
states where T-uppe..- and T-lower components 
of fragmented singl —particle states are 
known to appear at lifferent excitation 
energies. The symm'.try displacement energy 
obtained from analo.;-state work can not on 
the other hand be copied directly here i.e. 
identified with E v. The reason is that we 
are dealing here with collective particle-
hole excitations wi„h appreciable shifts 
due to the particle-hole interaction; and 
there is every reason to expect that these 
shifts will be different for the different 
excitations of isospin T + l, T and T - 1. 
An estimate of the mergy splittings 

ET + 1 " ET " (T :* 1} [Ev " 2 Et 
+ (2T + l)Et] (15) 

ET - 1 ~ h " " T[Ev ~2Et ~(2T + 1 ) Et ] 

(16) 
can be obtained fro a a simple schematic-
model calculation. The results are 
E v m 60MeV/A and Et •> 0. These relations 
together with results presented earlier 
essentially complete the determination of 
the various paramet ers introduced in our 
previous discussion. We comment only 

briefly on some of their consequences and 
possible limitations. We notice first that 
the numerical expression for E v is smaller 
than that appearing in the Lane expression 
for the isospin splitting of single-
particle states. This is a consequence of 
the difference in particle-hole shifts in 
the states T, T + 1 and T - 1 which we al
ready mentioned. The smallness of Et is a 
consequence of the simplified model and one 
could expect that an improved calculation 
may lead to a different result. Since the 
observation of the T - 1 states is not easy 
and is in principle necessary for the ex
perimental determination of E t, this 
determination will undoubtedly present 
difficulties. We note, however, that if 
we assume E. to be different from zero and 
independant of T we may hope to obtain some 
information about it from the observation 
of a quadratic T dependence of the differ
ence E_+1 - E™ as illustrated by Eq. (15). 

As a final comment we mention now an 
interesting relation between Wt and Wv 
derived recently by Lane and Mekjian • If 
we assume that the quantities W£ and E£ are 
negligible we obtain by insertion into 
Equations (8), (6) and the corresponding 
equation for W£ the result 2Wt = W y EV/ET 
which is completely different from the shell-
model value mentioned earlier and gives an 
induced isotensor strength resulting from 
the dynamical correlations that produce the 
energy-splitting term E v < This is certainly 
a non-trivial result although the approxi
mations made in its derivation (in partic
ular the neglect of E£) should be kept in 
mind.10 
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