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A method for resolving the giant resonance excitation into its isospin components is ap-
plied to several nuclei. The relative strengths of the different isospin channels and their
energy splittings are calculated. Consistency is found with the existence of the neutron
"halo" in heavy nuclei.

The aim of this Letter is to illustrate carefully
a useful method for resolving the giant resonance
into its isospin components and to evaluate their
relative strengths.

The essence of the method was proposed in a
previous work' in the framework of an isospin
analysis of photoreactions, but a careful estimate
of the proposed equations has not been done.
Further, we exploit the method in a formalism
more directly connected with the experimental
quantitie s.

More precisely, in the following we shall prove
(a) the isospin splitting (AE) of any nucleus may
be expressed, with the help of the dipole sum
rules given in the isospin channels, in terms of
a few physical parameters like giant resonance
energy, isospin, and rms radii of neutrons
((r„)'Lm) and protons ((r~') ' '). (b) The splitting
in heavy nuclei is very sensitive to the differ-
ence (5r) of (r„)'2 and (r~m)'~'. The present ex-
perimental data ' on AE of heavy nuclei are eas-
ily understood if one accepts the idea that in
these nuclei (r„') is greater than (r~'). (c) There
is an excellent agreement between the direct mea-
surements ' of 5r as deduced from pion inelastic

I&(E)dE — fo'(E, T') dE
fo(E) dE/E ' fr(E, T') dE/E

We define isospin splitting by the expression

hE =E —E

Furthermore, the following parameters are in-
teresting:

fo(E, T+1)dE
fo(E, T)dE (2)

f~(E, T+1)dE/E
fo(E, T)dE/E

Utilizing the analysis of Ref. (1) we have

and proton elastic scattering, and the 4E data.
So, these last data may be considered indepen-
dent and suggestive evidence of the neutron "halo"
in heavy nuclei,

We start with the following definitions: o(E)
is the dipole physical photo cross section, and
o(E, T') is the dipole cross section in the channel
T'. For a nuclear target with T, =T (as we as-
sume in the following) T' may be T or T+ 1, and
o=v(T)+o'(T+1). We define the giant resonance
energy and giant resonance energy in the channel
T' by the expressions

137) (E T)dE= —3& —3&3(T+1) 2 ' 2 2
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dz 47)' T, T, T(2T —l)(2T+3)
E 3(T+1) 2 ' 2 " 6

dz 4ms r ' T, T(2T —1)i37 o(z T+1)—=
E 3(T+1) 2 2 " 6

(6)

So, we relate (1), (2), and (3) via (4), (5), (6), and (7) to the quantities r, ', r,', r, ', A„A„, and A, ,
defined by Eqs. (3) and (5) of Ref 1.' Finally we have (h =c = 1)

J~(z)dZ, S(A, +A, ) 3P
fo(E) dE/E r,'+r, ' 2M (r') n ' (8)

where (r)' is the mean square distance of the nucleon's c.m. from the nucleus's c.m. We have intro-
duced a parameter n (&1), to take into account the effect of correlations on the energy-weighted sum
rule, and a parameter P (&1), indicating by how much the integrated cross section exceeds the clas-
sical value 0.06A)Z/A MeV b. P may be determined empirically by measuring

o(z) dz
~o 0.06NZ/A '

where A is the .--production threshold. The problems connected with these measurements are dis-
cussed, for example, by Danos and Fuller. ' Remembering that above 30 MeV retardation effects are
essentially compensated by higher-order multipoles, we can use the total photoabsorption cross sec-
tion to estimate P. For energy regions where the total cross section (below )T-production threshold)
is not known experimentally, it may be estimated from the Gell-Mann-Goldberger —Thirring sum rule. '
We obtain P =1.5 or slightly smaller for very light nuclei. Similarly, n may be deduced from (8) if
(r') and E are experimentally known. The rms nuclear charge radius (r,h') (after subtraction of the
nucleon finite size effect) may be a reasonable value for (r') . We have (r,h') —0.65 = (r~s) = (r').

Ke note that n may also be evaluated consistently in a pure harmonic-oscillator model. In this case
P= 1 and n= ,((rs)(d-oM) ', where (from Bohr and Mottelson, "Page 222) we have (r') =(sh/4M&so)(N~, „+2).
Calculating n for A = 16 (N,„=1), A =40 (N,„=2), A = 56 (N~„=s), A =100 (N,„=4), we obtain n
=0.66, 0.5, 0.4, and 0.33, respectively, in excellent agreement with our corresponding values from
Eq. (8).

Yet another way to calculate e directly is the relation

fo(E) dZ/E = 4~s —„',n(r')NZ/A. (9)

The measurements available" indicate

A '/sP o(E)dE/E = 0.2 mb,

from which n & (4A'~s/(rs))0. 2 =1.3A '~s in agreement with our lower bound (P = 1) from Eq, (8).
In terms of (r„'), (r~'), ~ = (r„') —(r~s), A, and M we obtain

r,s = 'n(Z(r ) —+N(r„')) = ,'An((r, -s) +N~/A) = ,'An(r -),

r„'= —.
' (Z(r, ') N(r„'))/—T, = (r,') ,'N~/T, ——

(10)

' =0 ~=0
Disregarding the terms r, '/r, s we have"

(is)

and in terms of our results (8), (10), (11), and (12) we obtain

~Z= 2E~, ) i+, (I-T)-,» = — U,
T+i t'1 n & 2 4T ' T+i

(14)

(15)
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TABLE I. The values of the parameters U [from Eq. (14)] and n' and B jfrom
Eq. (15)] for the assumed giant resonance energies rms charge radii, aud the
assumed differences between neutron and proton rms radii (5r); P is 1.4 for A
=26 and is 1.5 for all the other nuclei.

Nuc. (A) E rcpt(Sr) U a' B i mac. (A) E r h(gr) U a'

C(13)
m(15)
me(19)
Mg(26)
Ti(48)
Cr(52)
mi(58)
Ni(60)
mi(62)
mi(64)
Zn(64)
Ge(7O)
Ge(72)
Ge(74)
Ge(76)
Sr(88)
~ (sg)
Zr(90)
Mo(g2)
Pd.(108)

23 2.30(.00)
22 2.48(.00)
22 2.80(.00)
21 2.90(.00)
18 3.6o(.oo)
18 3.66(.00)
18 3.81(.00)
18 3.83(.oo)
18 3.s7(.oo)
18 3.9o(.o5)
18 3.90(.00)
17 3.96( F 00)
17 4.00(.05)

4.o2(.o5)
4.o5(. 1o)

16 4.1o(.1o)
16 4.12(.05)
16 4.15(.05)
16 4.2o(. oo)

4.5o(.1o)

, 840 1.53 Cd.(112)
14 .739 1.54'

, Sn(116)
31 .565 1.43 i Sn(117)
34 .549 .755 Sn(118)
52 .433 .368

i
Sn(120)

55 .418 .373
i

Sn(122)
58 .384 .835

i

Sn(124)
65 .380 .379 Cs(138)
74 .372 .227

il Ba(138)
65 .417 .163 i Le(140)
68 .366 .382 i Ce(140)
67 .376 .239

i

Pr(142)
57 .424 .173 Pm(144)
67 .408 .125 l Sm(144)
61 ~ 441 .100 i Nd(142)
48 .467 .112

i
Nd(144)

60 .414 .121, Nd(146)
59 .411 .138 l Nd(148)
73 .551 .177 i Nd(150)
67 .397 .075 Pb(208)

I

4.53(.1O)
15 4.55(.10)
15 4.60(.15)

4.6o(.15)
4.64(.15)

15 4.65(.20)
4.67(.2o)
4.8o(.25)

15 4.80(.25)
4.82(.2O)

15 4.82(.20)
15 4.85(.20)

4.S8(.15)
4.88(.15)
4.s5(.2o)

15 4.88(.20)
4.go(. 2o)

15 4.92(.25)
15 4.93(.25)

5.45(.25)

88
52
57
60
6o
63
72

73
64
85
70
73
83
75
59
74
85
77
86
113

.397 .077

.448 .083

.426 .074

.421 .068

.43 .059

.433 .051

.418 .043

.423 .036
.o43

~ 397 ~ 039
.406 .046
.4oo .o46
.366 .051
.376 .06
.43 .o56
.397 .047
.381 .040
.407 .037
.397 .032
.351 .018

o' differs from n by the correction term Ne/2T
which takes into account the difference between
(r„') and (r~'). The interesting analyses of
Greenlees, Mokofske, and Pyle4 and Auerbach,
Qureshi, and Sternhsm' permit us to estimate e.
From these analyses we assume 8"= 0, 0- 0.05,
0.05 —0.1, 0.1 —0.15, 0.15 —0.2, and 0.2 —0.25
fm for N/Z. 1(.2, N/Z= 1.2 —1.3, 1.3 —1.35,
1.35 —1.40, 1.40- 1.45, and N/Z)1. 45, respec-
tively. The numerical results calculated with
these assumptions are given in Table I.

The agreement with some recent experimental
data"" "is good. We point out that U [defined
by Eq. (14)j, in spite of the complicated depen-
dence on T, a', and A, lies between 55 and 70
MeV, "except for very light nuc1ei in which it
is smaller" and for nuclei with high N/Z in which
it is greater (for Pb 8 we have U~ 100 MeV).
We observe, for example, that for Sn isotopes
and Nd isotopes, U increases with increasing A
from about 60 to 75 —80 MeV.

Our result (14) is sensitive to the giant reso-
nance assumed. A variation of E of 3—4' means
a variation in U of 8-10/p (however, E may be
determined experimentally).

Our assumptions on A„deserve some remarks.
If we use a pure harmonic-oscillator model
to compute this term we obtain (using ~ = 3P/

2M (r') n) A„= p/2 nM and the splitting AE dis-
appears as it should. (In this model the T and
T+ 1 dipole states are forced to be degenerate! ).
Instead we have separated out in A„a model-in-
dependent (one-body) contribution, which, includ-
ing a proper two-body exchange term, gives
P/21Vi and a correlation (~ 0) which is strongly
model dependent.

Pauli effects and the spatial exchange potential,
which give rise to the so-called symmetry poten-
tial responsible for the isospin splitting (Ref. 10,
page 258), both operate to reduce drastically
this correlation with respect to the naive har-
monic-oscillator model prediction. We have
simply dropped this correlation by assuming
A„=P/2iVI. A Fermi-gas model calculation con-
firms these features. Finally our results on ~
are not sensitive to a small variation of the ratio
A„/A, : A 20% increase of A„gives a 10% reduc-
tion of U. This further justifies our approxima, -
tions.

By far the most interesting and spectacular
effect is the sensitivity of AE to O'. In prin-
ciple, the experimenta1 determination of the iso-
spin splitting would be a model for estimating
5r. For example, the assumption (r„')= (r~') in
the heavy region would give for U the value U
=130-140MeV for Sn and U =350 MeV for Pb'"
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in complete disagreement with experimental re-
sults. Conversely, a difference 8"= 0.5 fm would
give a negligible splitting. So the compatibility
of 5z =0.1 —0.2 fm with the results on AE is very
satisfactory and may be considered as further
evidence of the existence of the "halo" of the neu-
trons in the heavy region.

In this respect it would be very interesting to
measure the isospin splitting in Ca isotopes in
order to analyze the effect on AE of the anoma-
lous behavior of 5r in this region. "

Finally we remember that hE also depends on
P. Our assumption on P is firmly justified, "
since on very general grounds we have~ 1.2 ~ P
& 1.6. Any value smaller than the one we assume
would increase b,E and would suggest an even
more pronounced neutron "halo. " Conversely,
even the extreme value P= 1.9 is not sufficient
to explain the experimental data on 4E for heavy
nuclei without the introduction of 5r &0. (We
have for '"Pb, U= 150 with 5r = 0 and P=1.9.)
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The He(p, P) H and He(p, ) He cross sections have been determined with a magnetic
spectrometer in the energy interval of 80.0 to 51.8 MeV. We find that the average value
of o(y,p}/o(y, n) is 1.08+0.04 in the above energy interval. The He(y, p) cross section
decreases from 1.52+0.18 mb at 81.7 MeV to 0.36 +0.08 mb at 51,8 MeV.

The equality of the He(y, P) and He(y, n) total
cross sections was first established by Gorbunov
and Spiridonov' using a cloud chamber and syn-
chroton bremsstrahlung radiation. Fuller's'
'He(y, P)'He data and Livesey and Main's' 'He(y,
'He)n data, and later measurements of Gorbunov'
and Main, ' corroborated Gorbunov's' original
measurements. However, two recent measure-
ments of the He(y, n) cross section have raised

serious doubts about the equality of the He(y, p)
and He(y, n) cross sections. A measurement of
the ~He(y, n) cross section by Herman, Fultz, and
Kelly' (BFK), when compared with the 'He(y, p)
cross section measured by Meyerhof, Suffert,
and Feldman, ' indicates that the average 'He(y, p)
cross section is 1.806+ 0.025 times as large as
the average He(y, n) cross section in the energy
interval between threshold and 31 MeV. Busso
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