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drally coordinated crystals, on the other hand,
the optical spectra are now well understood in
terms of quantum-mechanical one-electron en-
ergy-band models. In these spectra there is no
evidence for the existence of an appreciable frac-
tion (-,', in the case of II-VI crystals) of nonbond-
ing electrons as postulated by the classical reso-
nating-bond theory.

In conclusion I hope that my confusion over the
nomenclature of resonating bonds will not ob-
scure the remarkable correlation' of cohesive
energies of tetrahedrally coordinated crystals
with dielectrically defined ionic character, a cor-
relation that is accurate to about 1/o for horizon-
tal sequences. The spectroscopic ionicities have
also been demonstrated' to be accurate to about
1 /o in predicting fourfold or sixfold coordination
of A I3' crystals. Such success should not be
considered surprising in view of the quantum-
mechanical basis of the spectroscopic approach. '
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The reader may feel that success is too strong a

word to use in view of the discrepancies for GaP and
InAs listed in Table II. However, in those cases the
A and I3 cores are not isoelectronic, as they are for
GaAs and BN, where (3) is so accurate. From Fig. 1
of Ref. 4 one can show that for an R&-R2 sequence (Rt
«2) the deviations from linearity always correspond
to a shift in the cohesive energy closer to the linear
relation which holds for the row to which the anion be-
longs. For QaSb and InAs this shift amounts to + 6
kcal/mole, respectively, so that core corrections, al-
though present, do not seriously affect the validity of
the linear relation (3).
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The effects determining the energies of isobaric analog resonances are studied. In par-
ticular, the compound and continuum shifts, nuclear two-body correlations, isospin-non-
conserving nuclear forces, and isospin impurity are discussed. These effects are impor-
tant in deriving the excess neutron density from analog-resonance experiments.

The displacement energy &Ed (Fig. 1) deduced
from isobaric-analog-resonance (IAR) experi-
ments is becoming a very useful tool for studying
the distribution of the (N-Z) excess neutrons in
nuclei. " The bulk of the displacement energy
arises from the Coulomb matrix element between
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FIG. 1. The relation between the parent state in), the
analog state ~+, and the IAR. The difference @&-E„
is termed displacement energy. && differs from && by
the continuum and compound shift.

the densities of the protons and the excess neu-
trons. In order to extract precise information
from the experimentally determined positions of
the IAR, the small remainder of AEd has to be
studied in detail. In this Letter we investigate
various quantities that contribute to the displace-
ment energies and calculate several new terms.
These include the continuum and compound mix-
ing, ' nuclear two-body correlations, the isospin-
nonconserving parts of the nuclear force, and the
isospin impurity in the parent state. The inclu-
sion of these terms significantly modifies the val-
ue of hE~ as well as its isotopic dependence.

If the parent state
~
w) is an eigenstate of the

Hamiltonian H with N neutrons and Z protons, the
analog state is defined by'
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and the displacement energy by

)-(
I I

)= '
(2)

[V"""(1,2), T ] =[V """(1,2)-V "'""(1,2)][~ (1)~ (2)+7 (2)w (1)]x14. (3

One finds from the analysis of low-energy nucleon-nucleon scattering that V„ is 4% more attractive'
than V~~ (which we assume to be equal' to V ). Therefore we have the rough estimate

bEd' =-0.04[(2T—1)/A] V, (4)

where V is an averaged (T =1) field strength in nuclei (V=30 MeV). Note that this term is linear in
2T(==N-Z) and therefore will contribute to the isotopic dependence' of b, Ed. We have also calculated
AE~" for several nuclei from a phenomenological force' which separately fits p-p and n Psca-tter-
ing. Strong spin dependence is found and the average seems somewhat smaller than the estimate of Eq.
(4). However, more work has to be done to assess the accuracy of the values for AEd'd .

(4) The Coulomb energy
2

AEd '"'= dxdy p y -p y - —

p& x —exchange terms 2T (5)

Although AEd is not observable directly, it is the main part of the energy difference Ez-E„where E~
is the position of IAR. Because of the commutator in Eg. (2), the displacement energy b,Ed depends on-
ly on the isospin-nonconserving parts of the Hamiltonian.

The difference E~-E~, which is also proportional to [II,T ], is determined by the compound mixing
(or "internal mixing") and the continuum mixing ("external mixing" or "Thomas-Ehrmann Shift" ).'4
Saturating the interaction of

i A) with the compound states by the antianalog state acting as a kind of
doorway state, the compound mixing is estimated as a few keV. The continuum shift is computed for
all channels (open and closed) which strongly couple to the analog state. This shift is of the order of
the total width of the IAR and can be significant.

Returning to the calculation of b.Ed, we list the various contributions from [B,T ]:
(1) The proton-neutron mass difference Am in the kinetic energies leads to a dynamic p nm-ass ef-

fect of the order of &~am/m, where e~ is the Fermi energy (=30 MeV).
(2) The electromagnetic spin-orbit force in [H, T ] contains the magnetic interaction and the spin

precession in the Coulomb field and contributes significantly to the state dependence of 4Ed.
(3) The contribution of the charge dependence of nuclear forces can be calculated' from the differ-

ence in the n nand n -pint-eractions since

contains the interaction of the excess neutron density p, -p~ with the proton distribution p . Equation
(5) is derived using a single-particle model for the parent state

~
w) and assuming good isospin for this

state. Configuration mixing may lead to correction terms of either sign. The exchange term may be
estimated by using the infinite-matter Pauli correlation function between an average particle and one
at the top of the Fermi sea. We get

g Z 1 e 1 1 N-Z
4 A (kF~,)' r, 2A'i' (k„x,)' 12Z (6)

with F0=1.2 fm and kF =1.4 fm
(5) The finite-size correction due to the proton charge distribution is calculated as the first term of

a series in the ratio of the proton size to the nuclear radius. Including the exchange terxn we get

bEf" = — - -- - —— dx[p (x)-p~(x)] pz(x)[1-2 (2/25)kF2(r 2)]

with (r ') =0.64fm'. We have used a flat-top model for the charge distribution of the proton in order
to estimate the small correction in k F'(x~') to the exchange term. We find AEd~ ' to be roughly con-
stant and of the order of -0.1 MeV.

(6) The effect of short-range correlations between protons and excess neutrons may be estimated by
writing the density for a pair of nucleons as p ~(x,y) =p (x)pz(y)[1 f, (+i x—yi)], where f, (r) modifies
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the behavior of two nucleons at small distances. We obtain for the correlation correction to the Cou-
lomb energy

4we' i~ (r ')
I x[p, (x) —p (x)]p (x), (8)

+
I (r, ')

~

= & fdr [rf, (r)] [1+f, (r)] [1+f, , (r)] . (9)

The second factor in Eq. (9) describes the influence of the Pauli correlations with fp(0) = --,' and the
third term contains the effect of the finite proton size on ~Ed"". For attractive nucleon-nucleon cor-
relations, which are expected to prevail in nuclei, the positive sign holds in Eq. (8). We have taken
the crude value bEd"" -0.1 MeV, which corresponds to a correlation length (r, ')'~'=0. 9 fm. The
correlation correction is probably the most sensitive point in our calculations, and more work must
be done to fix the effect of the nuclear correlations on the displacement energy.

(7) We estimate the effect of the isospin impurity in the parent state
~

m) on the Coulomb energy by
writing the parent state as a combination of states with isospins T and T+1:

~
m) = (1 e')'~'-T) +t.

~
T

+ 1) . Then

bE ' '"'I'=-c' ~b, E~
2T-1

d 2T+1 (10)

where bE is the separation energy between the states
~
T) and

~

T+ 1)." A collective model for the

Table I. The different contributions to the resonance energies of isobaric analog resonances. The
half-radius Q =QpA ~ and skin thickness p of the charge distribution are values extrapolated from those
given in Ref. 12. The rms radius R,~, for protons is calculated from the charge distribution and is
corrected for the proton finite size. The only adjustable parameter in the calculation is the half-radius
of the neutron potential R = xpA ~ It influences most strongly the direct term of ~ d
until theoretical and experimental values for g~-g~ agree. R,~, for all neutrons is the weighted aver-
age of the values for the protons and excess neutrons. All energies are given in MeV.

Parent. State 49 s 89Sr 139Sa Pb209

C.D.
d

Coul'd
~EF.S.

~ECQRR

~ET-IMP"d

Contin. -Comp. Mixing

Dyn. p-n Mass Effect.

El.Magn. Spin Orbit,

{
Estimate Eq. (5)
Phenomen. Force

~)Direct Term

i. Exchange Term

Finite Proton Size

Short Range Correlat, .
Collective Model

-0.06

0.04

-0.07

-0.20

-0.02

7.60
-0.31

-0.10

-0.1

-0.01

-0.10

0.04

-0.08

-0.16
-0.16

12.10
-0.35

-0.11

-0.1

-0.04

-0.17

0.04

-0.01

-0.23

15.46
-0.35

-0.11

-0.1

-0.06

-0.48

0.04

-0.02

-0.25

19.95
-0.35

-0.11

-0.1

-0.09

Theory
Experiment

7.08+.20 11.40+. 25 14.67+.25 18.79+.25

7.083+.015 11.40+. 02 14.67+.02 18.790+.013

c r, fm]0
I, fm]

r I fm]

Charge Distribution

Neutron Potential

1.03
2. 3

1.06&.08

1.08

2. 3

1.10&.05

1.09
2.3

1.11+.05

1.12
2. 2

1.12+.04

~

Excess Neutrons
R I, fm] ' Protons

rms
All Neutrons

3.71K, 18
3.42

3.51+.04

4.36+.15
4.10

4.17+.05

4.99+.15

4.83+.05

63+.15
5.42

5.50+.05
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state
~

T+1) yields"

e'= 5.5 &&10 'Z'~'/(T+1),

)
b,E I = 1702 '~' Me V.

A single-particle model will lead to considerably
larger values" for the isospin impurity e' and

may increase the estimate for AEd" ' P by a fac-
tor of 2 to 4. Because of the strong isospin de-
pendence of c', 4Ed ' P will significantly influ-
ence the isotopic dependence of the displacement
energy.

In Table I, we present ali analysis of the effects
which determine the resonance energy Ez. The
proton density appearing in the direct term of Eq.
(5) has been repla. ced by a distribution of Fermi
type with parameters extrapolated from those giv-
en in Hofstadter and Collard" and corrected for
the proton's finite size. The exchange term has
been calculated using single-particle proton wave
functions. The density p -p of the excess neu-
trons is calculated from single-particle wave
functions generated in a Saxon-Woods potential
well with a diffuseness of 0.65 fm. The well
depth is adjusted in order to reproduce the exper-
imental binding energies. The radius of the well
is varied until calculated and experimental reso-
nance energies agree.

Except for the dynamic P-n mass effect and pro-
bably the short-range correlations, all correc-
tions discussed in this Letter are negative. Thus,
in order to compensate these corrections and
reach agreement with the experimental value of

Ez, the Coulomb energy has to be increased,
which is done by decreasing the radius of the po-
tential well. The mean square radius of the dis-
tribution of the excess neutrons is given in Table
I. The uncertainties assigned to the values re-
flect mainly the estimated uncertainties in the
contributions AEd' ', ~Ed"", and AEd
The poor knowledge of the thresholds and strengths
of the inela, stic decays of IAR'S introduces an un-
certainty of several tens of keV in the evaluation
of the continuum shift.

The displacement energy depends on the distri-
bution of the excess neutrons p -p~. Since the
proton distribution is known, the rms radius
8, , for all neutrons can be calculated as the
weighted average of the A, , for the protons and
excess neutrons. We find the radius for the dis-
tributions of all neutrons and all protons to be
rather similar. (For example, see Fig. 2) The
same conclusions have been reached by Nolen
and Schiffer, "although they do not treat several
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FIG. 2. The distributions of the protons and excess
neutrons for Pb ~. The proton distribution is the em-
pirical charge distribution of Fermi type corrected for
the finite proton size. The excess neutron distribution
is computed from the Saxon-Wood potential whose radi-
us is adjusted so that the correct Coulomb energy is
obtained.
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in Sr . Then

«~ =(~' «sp o+ Ir+ [If, r-] ld5/2()+&

+p'&S, /t 2'Ir, [a, r ]Is,p2'&

+ 2mp &d, ~()'lr+[a, r ]Is,/, 2+&}/2r.

The nondiagonal element is evaluated to be 4 keV by us-
ing the experimentally known 8 (g2) value for the tran-
sition 2+ 0+. The difference between the two diagonal
elements in 4gd cannot be calculated without further
assumptions concerning the structure of the 0+ and 2+
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Beams of 18-MeV n particles and 70-MeV 0 were used for E3 Coulomb excitation of
the weak-coupling 3 IPg~»& septuplet J"=2+, ~ ~ ~, 15/2+ at 2.6 MeV in 2 ~Bi. A complete
decay scheme was obtained and short lifetimes were determined from observed Doppler
effects. We deduce several absolute transition probabilities for both excitation and decay
involving the mu1tiplet and low-lying single-particle states.

The ' 'Bi septuplet originating from the weak
coupling of the 1h„,proton to the octupole vibra-
tion in ' 'Pb has been studied by many authors"
by means of inelastic particle scattering. Hafele
and Woods' were the first to resolve all states
but two of this multiplet, and in this way were
able to assign spins by exploiting the (2J+1) de-
pendence of the cross section. The details of the
weak-coupling model for this multiplet and ad-
mixtures therein were discussed by Mottelson, '
Broglia, Damgard, and Molinari, ' and Hamamoto. '

The gamma rays following Coulomb excitation
of this multiplet by 18-MeV e particles and 70-
MeV oxygen ions were the subject of the present
experiment. The target consisted of a thick
piece of zone-purified "'Bi which was machined,
degreased, and mounted shortly before the evacu-
ation of the target chamber; in this way impurity
lines could be reduced to a great extent. Oxygen
was the principal contaminant. Figure 1 shows
relevant sections of the 4096-channel gamma
spectra observed with an Oak Ridge Technical
Electronics Corporation 32-cm' Ge(Li) detector
at 90'. The energy resolution was 4.5 keV. A
level diagram is shown in Fig. 2. Errors are
+0.5 keV for the 896.5-, 1608.9-, and 2741.4-
keV states and+1 keV for the others.

With alpha particles, spectra were obtained in
five steps from 0 to 90 . The angular distribu-
tions were isotropic within the experimental er-
ror of -15%. Intensities were obtained from the

alpha-particle spectra, although the "O-induced
yield at 90' gives virtually the same results.

Lifetimes for the 2', ~', and ~+ members of
the multiplet were determined from a combina-
tion of Coulomb-excitation yields and branching
ratios; those for the ~', ~', &', and ~' mern
bers were determined from the Doppler broaden-
ing observed in the "O-induced spectra, and par-
tially from the Doppler shifts seen in the a-in-
duced spectra. ' The rather large errors reflect
the necessity of a decomposition of the overlap-
ping Doppler broadening (shifted) lines in the "0
case (see Fig. I) in order to extract widths (av-
erage shifts). Such a decomposition was feasible
because of the good energy and intensity informa-
tion extracted from the n-induced spectra where
all the lines were well separated. The 992-keV
transition from the ~+-~' doublet to the 1609-
keV i»» state in the "O-induced spectrum could
be decomposed into two lines with a (2+ I)-keV
separation because of the appreciable Doppler
shift observed in the presumed ~+ member of the
doublet. A (15+ 5)% y" - i»» Ml branch was ob-
served, which has to be considered as tentative,
since it could also originate from a small back-
ground peak located at the same position. The
&' level decays almost entirely to the i»» state,
but a 1% branch to the ground state is required
in order to agree with the lifetime extracted
from the E3 Coulomb-excitation yield.

The absolute value of the Bt (ES) to the multi-
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