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Abstract: A global analysis of the experimental spreading widths F ~ of 65 isobaric analog states (IAS) 
in the range A = 110 to 238 has been performed assuming isospin mixing via the Coulomb force 
with T<= T0-1 doorway states mediated by coupling to the (To-D-component  of the giant 
isovector monopole resonance (IVM). Excellent agreement has been achieved over the entire range, 
thus establishing general smooth trends for the parameters describing the resonance. The excitation 
energy of the resonance, E( IVM)= Vo/A 1/3- (To+ 1)Vt/A w a s  found to reproduce the IAS data 
with V o in the range 155 to 170 MeV and V~ ~ 55 MeV. These values are taken from recent theoretical 
estimates of Auerbach and the extreme hydrodynamical estimate of Bohr, Damgaard and Mottelson. 
The charge-dependent matrix elements were found factors of two to three stronger than hydro- 
dynamic or microscopic estimates, but in almost perfect agreement with an expression based on 
sum rules derived by Lane and Mekjian. A strength-function approach developed by MacDonald 
and Birse for the damping widths of isovector monopole resonances was successfully employed. 
However, it became necessary to introduce an explicit dependence on nuclear deformation to 
describe a splitting of the IVM strength due to coupling to the fl-vibration component of the 
isovector quadrupole resonance (IVQ). The postulated fl-dependence describes the strong increase 
with neutron excess of the spreading widths for several rare-earth nuclei, and an essentially 
one-parameter fit to all experimental spreading widths gives x2 / f  ~ 1.2. It is further concluded that 
the density of doorway states which are responsible for the isospin mixing is much lower than the 
density of all underlying states of lower isospin with the same spin and parity as the IAS, and the 
ratio decreases exponentially with increasing excitation energy. 

I. Introduction 

T h e  i n t e r n a l  s t r u c t u r e  a n d  o t h e r  p r o p e r t i e s  o f  i s o b a r i c  a n a l o g  s t a t e s  ( I A S )  h a v e  

b e e n  d i s c u s s e d  e x t e n s i v e l y  in  t h e  l i t e r a t u r e  [e.g.  refs .  1,2)]. I t  was  f o u n d ,  f o r  e x a m p l e ,  

t h a t  t h e  t o t a l  w i d t h  F a s c r i b e d  to  t h e  l o r e n t z i a n  l ine  s h a p e s  o f  I A S  in  m e d i u m - h e a v y  

a n d  h e a v y  n u c l e i  c a n  b e  e x p r e s s e d  as a s u m  o f  t w o  t e r m s ,  t h e  e s c a p e  w i d t h  F t a n d  

t h e  s p r e a d i n g  w i d t h  F ~. T h e  l a t t e r  is o f  p a r t i c u l a r  i n t e r e s t  as it r e s u l t s  f r o m  m i x i n g  

v i a  t h e  c h a r g e - d e p e n d e n t  C o u l o m b  i n t e r a c t i o n  w i t h  c e r t a i n  u n d e r l y i n g  s t a t e s  o f  

l o w e r  i s o s p i n .  V a r i o u s  m o d e l s  h a v e  b e e n  d e v e l o p e d  to  d e s c r i b e  t h i s  m i x i n g  3-1o). 
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The most prominent  model assumes that isospin mixing is mediated by coupling to 
the ( T o -  1) component  of  the giant isovector monopole  resonance (IVM) [refs. 6,7)]. 

Attempts to interpret the experimental data using this concept have been made [see 
e.g. refs. 1o-12)]. Extensive data have become available in recent years 11 is). This 

has prompted  the present investigation which concentrates on a global interpretation 

of all experimental  spreading widths for the heavier nuclei assuming isospin mixing 
with 7"< doorway states mediated by coupling to the isovector monopole  resonance 
(IVM). 

The spreading widths of  IAS are introduced in sect. 2. The data base is outlined 

in sect. 3. Implications of  the so-called picket-fence model are discussed in sect. 4. 
Isospin mixing introduced by the isovector monopole  resonance (IVM) and the 

predicted properties of  this resonance, particularly the strength function, are dis- 

cussed in sect. 5. Also presented in this section are several expressions for the 

charge-dependent  coupling matrix elements. The analysis of the spreading width 
data and the results are given in sect. 6 followed by a brief summary,  sect. 7. 

2. Spreading widths F ~ of isobaric analog states 

Isobaric analog states are simple modes of excitation of a nucleus. Their wave 
functions can be constructed by applying the isospin lowering operator  T_ to the 

ground state of  the parent nucleus. The coherent superposition of particle-hole 
excitations in an IAS preserves the simplicity of  the parent nucleus ground state 
wave function. This is true despite the fact that in heavy nuclei IAS occur at high 
excitation energies of  ~ 15 MeV and higher on account of  the increased Coulomb 

displacement energies. However,  small admixtures of  contributions with lower 
isospin are usually present, and the wave functions of  IAS are then written as 3-11). 

I IAS> -- r0> +   o-11 To- l>. 
Here, To (=  ½1(N- z ) l )  is the isospin of the parent nucleus (= the target nucleus in 
a (3He, t) charge-exchange reaction). The coefficient crro 1 of  the second term is 
generally small with a square on the order of  a few percent. It is the result of  
Coulomb and other charge-dependent interactions which mix the IAS with certain 
states with 7"< = T0-  1. The coefficient aro i would disappear in the absence of these 
forces. The total width F of an IAS can be written accordingly, 

F = F ~ + F ~ . (2) 

The escape width F ~ is the sum of all partial decay widths of  the components with 
7"> = To in the IAS. The spreading width F ~ results from mixing via the charge- 
dependent  Coulomb forces between states with 7"< = T o -  1 and the IAS. It is usually 
not small and often bigger than the escape width. Neglecting y- and a-decay,  both 
widths may contain contributions from T-forbidden ( A T = 2  3) decays in addition to 
T-allowed (AT =1) nucleon decays. The T-forbidden decays are due to isospin 
mixing in the low-lying final states of  the residual nuclei. The decay modes represen- 
ted by F t are generally dominated by T-allowed proton decay into low-lying neutron 
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hole states. Proton separation energies, the height of the Coulomb barrier, and the 

permitted angular momenta of the decay protons strongly affect the escape widths. 
Neutron decay is generally the dominating decay mode contributing to the spreading 
widths F ~. There are two contributions to neutron decay which cannot be distin- 
guished. These are T-allowed decays from the T< part of the IAS wave function 
and T-forbidden decays from the 7"> part. Both of these decay modes have a similar 
origin, namely isospin mixing in either the initial IAS or in the final states of the 
residual nucleus. Their contributions will therefore be combined in F ~ in all further 
discussions. In heavier nuclei, fission also contributes to F + with typically 25% 
[ref. ~1)]. Other types of decay which contribute to F r and F + such as y-emission, 
a-emission and T-forbidden emission of protons can usually be neglected on account 
of  small matrix elements, the Coulomb barrier and binding energy systematics. 

3. Data  base 

The most direct way to populate IAS in the heavier nuclei is through charge- 
exchange reactions such as (p, n) [refs. 19,20)], (3He ' t) [refs. 21,11,,3,14,17)], or (~r +, 7r °) 

[refs. 22-25)] reactions. The angular momentum transfer is L = 0, and the angular 

distributions are strongly forward peaked. Mainly even-A nuclei are reached in 
these reactions. Excitation functions for resonance reactions 15,16,18,26-35) such as 

elastic or inelastic proton scattering via the IAS as well as one-nucleon pickup 12) 
or stripping 36) have also been used to study IAS. Mainly odd-A nuclei are reached 
in these reactions. 

Total widths F can be extracted from the measured lorentzian line shapes or from 
proton elastic scattering resonance parameters. The dominant decay mode from the 
T< component  is isospin-allowed neutron emission, favored because of its large 
penetrability. Neutron emission can therefore serve as a direct measure of the 
spreading width F ~ of IAS. Fission is known to compete with neutron decay in the 
actinide nuclei ~1). Measuring the escape width F t via proton decay or deducing it 
from resonance parameters leads to indirect information about F ~= F - F  t. Esti- 
mates for F ~ can also be obtained from measured total widths F and calculated 
ratios F ~ / F  or F~/F.  

The majority of experimentally determined spreading widths F + of heavy nuclei 
and of essentially all even-A nuclei were derived from (3He, t) charge-exchange 
experiments. A few, however, were obtained by other techniques. The experimental 
data used in the present work are given in table 2 of the appendix. 

Transitions to ground and excited IAS of seven odd-A In isotopes have been 
measured recently 12) using the aSn(p, d)A-lSn neutron pickup reaction for all 
even-A Sn targets from A = 112 to 124. The observed widths of the single-hole states 
were interpreted as essentially spreading widths F ~, but later work by Tohyama 12) 
suggests that contributions from the escape width F ~ are not negligible and seem 
to account for the observed increase with neutron excess. 
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Proton resonance experiments 16,26,30,33,34) are the main source of information for 

the IAS of the odd-A Sn and Te nuclei. Total and escape widths, F and F ~, are 
directly deduced from this work. Direct determinations of F p ~ F  ~ in this mass 
region were also obtained from (p, n0) experiments 19,2o). The widths / 'p  were found 

to be very small for the even-A isotopes, ~< 5 keV, but slightly increased for odd-A 
isotopes, 6 to 24 keV. This behavior  was ascribed 21) to the systematics of  the proton 

binding energies and hence decay probabilities. Combining this information with 
the extensive (3He, t) charge-exchange reaction data measured at 0 = 0 ° for all even-A 
and some odd-A Sn and Te isotopes 21) lead to the conclusion that F~,~ F ~ for the 

IAS of even-A isotopes. The total widths F of 10 to 40 keV measured in the latter 

reaction were therefore interpreted as mostly spreading widths, F ~ F. 
Spreading wid th / '~  of  IAS in even-A Pm isotopes were recently determined 17) 

by measuring the ANd(3He, t)Apm and ANd(3He, tp) A 1Nd charge-exchange re- 

actions at 0 = 0 ° for all even-A Nd isotopes, A = 142 to 150. The total widths F were 
determined by fitting the observed peaks by lorentzian line shapes and correcting 

these for the instrumental width as determined from the peak widths of  light 
contaminants,  12C and 160. Comparing the double differential cross section for 
proton decay (3He, t0) to that for (3He, t) makes it possible to determine the IAS 

branching ratios or proton decay probabilities P~. The escape and spreading widths 

are then obtained from F T = P ~ F  and F ~= F - F  T. The total widths F of the IAS 

were found to range from 33 to 100 keV, the spreading widths F ~ from 28 to 65 keV. 
Interestingly, in the most neutron-rich isotope the escape width contributes about 

30% to the total width. 
The total widths F of  IAS in 24 even-A rare-earth nuclei from 144Sm to 18°Hf 

were determined with the (3He, t) charge-exchange reaction 13.14) at 0 = 0 ° and were 

found in the range 30 to 110 keV. They increase with neutron excess within each 

sequence of isotopes. Contributions F $ ~ Fp can be estimated for the odd-A rare- 
earth nuclei from the experimental  partial proton decay widths Fp obtained from 
proton resonance experiments 35). They are on the average about 4 keV for l =  1 
( F p / F  ~ 0.04) and 2 keV for l = 3 ( F p / F  ~ 0.02), and the partial proton decay widths 

Fp for even-A nuclei with their reduced proton decay energies should therefore not 
exceed a few keV justifying F ~ ~ F [refs. 13,14)]. However, the data obtained recently 

for the even-A Nd isotopes 17) suggest that this assumption may overestimate the 

spreading widths F ~ for the neutron-rich Sm to Hf  isotopes by as much as 30%. 
The reported values, marked with the ~< sign in table 2, will nevertheless be used in 
the present work as its major  purpose is to deduce general trends of  the various par- 
ameters which describe the isospin mixing with the isovector monopole  resonance. 

Additional experimental spreading widths F ~ for 181Ta, 2°8'2°9pb, 232Th and 238U 
are used in the present work. They range from 70 keV to 140 keV. The spreading 
widths for the IAS of ~SlTa and 2°8pb were again measured 37,38) with the (3He, t) 

and (3He, tO) charge-exchange reactions at 0 = 0 ° on 18~Ta and 2°spb targets. The 
value F ;  = 90+ 15 keV [ref. 38)] for the IAS of 2°8pb is in good agreement with the 
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Fig. 1. Spreading widths F ~ of isobaric analog states for A ~ 110 to 238 as function of the "back-shifted" 
excitation energies U(IAS) = Ex(IAS) - & Values for the IAS of even-even and odd-A nuclei are given by 
filled and open circles, respectively. Total widths F are plotted for several nuclei (see text and table 2). 

value F l = 78 + 8 keV cited by Melzer et  al. 18) as an average o f  elastic and inelastic 

p ro ton  resonant-scat ter ing measurements .  The latter value was used in the present 

global analysis. The spreading width for  the IAS o f  2°9pb is f rom recent cross section 
and analyzing power  excitation funct ion measurements  18) for 2°spb(O, p0)2°spb. 

The spreading widths o f  the IAS of  232Th and 238U were obtained by compar ing  

the measured  11) double  differential cross sections for fission decay, (3He, tf), to the 

cross sections for  (3He, t). The fission decay probabil i ty f rom the 7"< part  of  the 

IAS wave funct ion includes contr ibutions f rom lst-, 2nd- and 3rd-chance fission. 
The results were compared  [see refs. 11,39)] to  statistical model  calculations thus 

al lowing the determinat ion o f  the spreading widths o f  F l o f  the two IAS. 
The data  points  are displayed in fig. 1 as a funct ion o f  the pair ing-energy-corrected 

excitation energies U = E x -  8 (see below). The correct ion is used because the data 

include isobaric analog states o f  both  even-even  and odd -A  nuclei. The widths o f  

both  types o f  nuclei increase f rom about  20 to 100 keV for excitation energies f rom 
10 to 20 MeV. 

5.  P i c k e t - f e n c e  m o d e l  

The spreading width o f  analog states may be described, at least in the absence 
o f  external mixing, as a "mic rog ian t"  resonance by using a picket-fence model  3.5). 
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Assuming that the states with T~ = T0-1  have equal spacing D and couple with 

the same off-diagonal charge-dependent matrix element VCD = MAD to the IAS, the 
distribution of analog strength into these 7"< states is a lorentzian of width 5) 

F ~ = zTr---D--~ 1 -t 7r 2 (3) 

The energy spacing D and level density p = 1 / D  of all 7"< states near Ex(IAS) 
can be estimated for any j r  quite reliably using the "back-shifted Fermi-gas 
formula"  4o-4z). The formula is believed to yield reasonable estimates up to excitation 

energies U = E x - 6  of 15 to 20 MeV. It avoids the problem of the conventional 

Fermi-gas model of  predicting level densities which are too high at excitation energies 

above 15 MeV. For the present calculations the pairing energies 6 were obtained 
as suggested earlier 42), and the level density parameters a were obtained from a 

smooth interpolation of the experimentally determined values. The level densities 
up to 15 or 20 MeV may still reflect upon the shell structure of  the nucleus near its 
ground state. 

The calculated level densities near the excitation energies Ex(IAS) range from 

about 0.3/eV at U = 10 MeV to about 600/eV at U = 15 MeV. Hence, if one assumes 

a constant charge-dependent  matrix element VcD, and furthermore that mixing 
takes place with all underlying T~ states of  the same j r ,  the width F + should 

increase by over three orders of  magnitude. An increase by only a factor of three 
to four is observed. The same discrepancy prevails if it is assumed that a constant 
fraction f of  all states, the underlying (doorway) states, mix with the IAS via a 
constant charge-dependent  interaction VcD. 

In order to obtain agreement with the experimental F + one has to assume that 

Vcn and /o r  the ratio of  doorway states (certain l p - l h  and 2p-2h states; see below) 

to all states with the same J~, f---Po . . . . .  y(EIAS; J~)/p(IFIAS; J~),  decrease with 
increasing excitation energy and mass number. Assuming f = const <~ 1 requires the 
matrix elements Vco to decrease by many orders of  magnitude. Such a strong 
decrease in VcD has been introduced 43,44) [see also ref.45)] but appears unlikely 

considering that the internal structure of  the IAS and of the doorway states which 
are mixing with the IAS remain essentially unchanged with mass number. It is 
interesting to note that the data for isospin-symmetry-breaking compound nucleus 
reactions seem to favor a parameterization in terms of a spreading width rather 
than a Coulomb matrix element 45,46). 

Assuming VcD ~ const, an assumption supported by the analysis below, the density 
of  doorway states becomes directly proportional to the measured F +. Values in the 
range 1 to 8 keV are quoted in the literature for light nuclei, A < 40 [see e.g. ref. 45)]. 
Similar values are also reported for isospin-forbidden beta-decays in light and heavy 
nuclei [see e.g. ref. 47)]. Thus, fig. 1 reflects directly upon the increase of  the density 
of  doorway states with excitation energy and mass number. Using for example 
VCD ~ 2 keV, the fraction f of  doorway states needed to obtain agreement with the 
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measured values F ~ has been determined for all even-A and odd-A data. The 
"back-shifted Fermi-gas formula"  40-42) was used to calculate the density of  all 

states. The result is shown in fig. 2 where f is plotted as a function of the "back- 
shifted" excitation energy U ( I A S ) =  Ex(IAS)-t~.  A strong correlation can clearly 

be seen. The fraction f decreases by about one order of  magnitude for every 1.7 MeV 

in excitation energy and can approximately be represented by f -~  exp (-1.35( U -  
7 MeV)). The odd-A nuclei follow essentially the same dependence as the even-even 

nuclei even though the IAS have both positive and negative parity and the spins J 
range from ½ to 9. The values for 2°spb and 2°9pb do not follow, the general trend. 

They are about three orders of  magnitude too high because the level density 

parameters  a of  the back-shifted Fermi-gas formula derived from the level densities 

at low excitation energies are exceptionally small. The formula should be used with 
caution for Ex > 15 MeV. Similarly, the values for 232Th and 238U appear  about two 

orders of  magnitude too low because the parameters  a are high. If  the ratios f for 
these four nuclei in fig. 2 are required to follow the general trend, the level density 

parameters  have to be readjusted. The values a ~  19.9/18.9/21.6/22.4 MeV -] for 
2°8pb/2°9pb/232Th/238U are much more in line with the general A-dependence of 

these parameters  than the unadjusted values a ~ 10.0/10.5/28.1/26.6 MeV ~. 
Plotting the ratio f as function of (A  U) u2 (not shown) displays a decrease similar 

to that of  fig. 2 except that the even-A and odd-A data are slightly shifted relative 
to each other. The result f ~  exp ( - 0 . 4 2 ( ( A U ) U 2 - 2 6 . 5  MeV~/2)) is in approximate  
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Fig. 2. Ratio of the density of doorway states for spreading to the density of all states of lower isospin 
but the same J= as the IAS as function of the "back-shifted" excitation energies U(IAS) = Ex(IAS) -6. 

A charge-dependent matrix element V¢o ~ 2 keV is assumed (see text). 
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numerical agreement with the function used by Kuhlmann 44) to describe the decrease 

of  VCD. 
The density of  doorway states is believed to have a maximum at higher excitation 

energies (see below). The densities at Ex(IAS) in the low-energy tail region of this 

distribution increases only slowly with mass number  at a rate which is much slower 

than the density of  all states with lower isospin and the same J~  as the IAS. It is 

therefore not surprising to find that the ratio f becomes increasingly much less than 
unity and is approximately inversely proport ional  to the total level density at 
Ex(IAS). 

5. lsospin mixing with the giant isovector monopole resonance 

5.1. GENERAL CONSIDERATIONS 

It is generally accepted 6,7), that the spreading width /'+ of  IAS is due to mixing 

via the Coulomb and possibly other charge-dependent interactions between the IAS 

with isospin T = To and states with T< = T o -  1. Two types of 7"< states are involved. 

The so-called configuration or anti-analog states have an intrinsic particle-hole 

structure similar to but orthogonal to that of  the IAS and seem to dominate the 
mixing in light nuclei 6). The ( T 0 -  1)-component  of  the postulated 6,7) and recently 
observed 22-25) giant charge-exchange isovector monopole  resonance (IVM) is 
believed to dominate the mixing in heavy nuclei because of its close relation to the 
intrinsic nuclear structure of  the IAS. In a microscopic description this resonance 

involves a coherent linear superposition of (J  = 0)-coupled neu t ron-ho le /p ro ton-  
particle states with different radial quantum numbers, A r t  r = 1 (all other quantum 

numbers for the hole/part icle pairs are the same). This is a 2 h w  excitation with no 

change in J L  In a hydrodynamic description the isovector monopole  resonance can 
be viewed as a breathing mode without change in shape where neutrons and protons 
oscillate out of  phase. However,  this picture is complicated by the fact that the 

charge-exchange monopole  resonance is split into three components with isospins 
of  To+ 1, To, and To-  1 due to the coupling of the r = 1 isovector monopole  excitation 

with the isospin To of the core. The splitting is usually described as symmetry energy 
splitting. Based on the parent nucleus with Tz = To, all three components of  the 
IVM are present in the proton-rich neighboring isobar with Tz = T0-1 ,  whereas 
only two and one components  are present in the isobars with Tz = To and Tz = To + 1, 

respectively (see fig. 3). Corresponding components  of  the IVM are shifted relative 
to each other due to a Coulomb energy displacement similar to the shift between 
IAS and target GS. 

Neglecting contributions from configuration states, the spreading widths of the 
IAS in heavier nuclei are approximately described by 6,7), 

F;  ~ 2 /'lvM 
VCD (AE)2 ~_ (IFIVM)2 " (4) 
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Here, Vco = MAM=(IVMTo_1IHAM[IAS) is the charge-dependent matrix element 
which mixes the ( To-  1) component of the IVM resonance with the IAS. The quantity 
AE represents the energy difference between the excitation energies of the ( T o - 1 )  
component of the IVM and the IAS, AE = Ex(IVMTo-1)-Ex(IAS). The energy- 
dependent damping width FjVM of the ( T o - 1 )  component of the IVM has to be 
obtained at Ex = Ex(IAS). It has the characteristics of a strength function. 

The energy differences between the three components of the IVM with T = To-  1, 
To, and To+ 1 and the IAS are usually parameterized a s  48,7,9) 

E w M ( T ) - E , A s ( T o )  = V o A - ~ / 3 + ½ [ T ( T + I )  - T o ( T o + I ) - 2 ] V 1 A - 1  (5 )  

and in particular 

E,VM( T O - -  1) - EIAS(To) = Vo A-1 /3  - ( To + 1) V1 A - 1  . (6) 

Here, the first term is the centroid energy for the three components of  the IVM, 

E I V M ( T )  - EIAS(To)  = VoA -1/3 . ( 7 )  

It decreases weakly with increasing mass number. The simple shell-model estimate 
for Vo (excitations of 2hto) is Vo~82 MeV, but the hydrodynamic model which 
yields Vo-~ 170 MeV 49) is considered more realistic as it reflects upon the expected 
strong collectivity. The second term in eqs. (5) and (6) is primarily due to symmetry 
energy splitting. The coefficient VI obtained from a single-particle symmetry poten- 
tial 48) is about V~ ~ 100 MeV. This value corresponds to that used in mass equations. 
Collective effects reduce the splitting so), and other estimates 5o,51) are V1 -~ 55 MeV 



580 J. Jiinecke et aL / Spreading widths 

and V~ = 60 + 9 MeV. Recent microscopic calculations based on the random phase 
approximation (RPA) [ref. 52)] have been used to estimate the energies and widths 
of the components of IVM for 48Ca,  9°Zr ,  12°Sn and 2°8pb. These values are approxi- 

mately compatible with Vo = 155 MeV and V~ ~ 55 MeV. 
While postulated about 15 years ago 5.7), experimental confirmation of certain 

properties of the IVM have become available only very recently 22-2s). Using the 
(Tr , rr °) charge-exchange reaction on targets of 6°Ni, 9°Zr, 12°Sn, 14°Ce, and 2°spb, 
observation of the (To+ 1) component of the IVM [refs. 22-25)] in the neighboring 
isobars with Tz--To+ 1 has been reported with excitation energies in reasonable 
agreement with predicted energies. More limited information from the (~-+, n -°) 
reaction has also been reported 24.25) for the ( T o -  1) components in the neighboring 

isobars with Tz = To-1 .  Fig. 4 displays the dependence on A of  the excitation 

energies EIvM(T)-E~As(To) from eq. (5) with Vo = 155 MeV and 170 MeV and 
V~ = 55 MeV. Results from RPA calculations 52) are included for four select nuclei. 
Also shown are the experimental excitation energies from the (~--, n -°) charge- 
exchange reaction 25) corrected for the differences between IVM centroid energies 
and cross section maxima (from fig. 14 of ref. 25). 
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Fig. 4. Calculated energies EwM(T)-EIAs(To) from eq. (5) for T =  To+l ,  To and 7"o-1 with Vo= 
170 MeV (solid lines) and V o = 155 MeV (dashed lines) and V t = 55 MeV. Also included are values (x) 
for T = T o+ 1 from RPA calculations 52) for four select nuclei and experimental values for T = T o+ 1 

derived from (Tr-, 7r °) charge-exchange reactions 25). 

Estimates of the damping widths Fwra are based on a variety of 
considerations 5~-s6.2.~o) including microscopic and macroscopic models, Hartree- 
Fock calculations, the random phase approximation, sum rule approaches, and 
hydrodynamic models. Values in the range 6 MeV to 15 MeV seem to be typical, 
whereas values of 2 MeV to 3 MeV are needed 6) to account for the experimentally 
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observed spreading widths F * of the IAS. This discrepancy has persisted for many 
years. Recent work by Auerbach and Klein 52) and by MacDonald and Birse ~o) 

deals explicitly with the energy dependence of  FIVM and the distribution of  strength 
using microscopic theories and sum rule approaches. The latter formulation has 
been used in the present work because it permits a simple parameterization of the 
dependence on charge and mass. 

5.2. THE STRENGTH FUNCTION 

Eq. (4) for the spreading width F * of  IAS of heavier nuclei can be rewritten as 

r ~ = 2~V2DS(E~As).  (8) 

Here,  VCD = MAM is the matrix element which couples the IAS with the IVM, and 

S(E  ) = (IVM I doorway)~pd . . . . .  y(E) (9) 

is the energy-dependent strength function which describes the distribution of the 
IVM wave function over the bound and continuum states of the nucleus. These 
doorway states (spreading state) which mix with the IVM are certain lp - lh  and 
2p-2h states. In the strength function approach based on sum rules lO), S ( E )  is given 

by 

1 FIvM(E) 
S ( E )  - 2~  (E - E,VM -A,vM(E))2 + (½F, v M ( E ) )  2 '  (10) 

where F t v M ( E  ) and AIvM(E ) a re  respectively the width and shift functions. In 
particular, 

F I v M ( E )  = 2~r(IVM[HMDIdOor)~Pdoor(E) (11) 

represents the distribution of coupling strength between the IVM and the doorway 

states (spreading state). The matrix element MMD = (IVMIHMDIdOor) is due to the 
residual nuclear interaction which strongly couples the collective lp - lh  IVM state 
to 2p-2h configurations. The above width is not constant as it would violate a sum 
rule 1o). Instead, it can be approximated by 

rs 
F I v M ( E )  ~ M2 (E - Es )2+  (½rs) 2 (12) 

and similarly for the shift function, 

(E - Es) 
AIvM(E)  ~ M2 (E - Es )2-F  ' 2" (13) (~rs) 

Here, 

M2 = J (E - E,VM)2S(E) dE (14) 

is the second moment of the strength function. The strength function S ( E )  of eq. 
(10) has a quasi-Breit-Wigner shape which falls off in the tail as ( E -  EIVM) 4. A 
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Breit-Wigner shape with FWM = const, would lead to M2 ~ o0, and a gaussian shape 
would give FWM oC (M2)~/2. Using the results from RPA calculations for four spherical 
nuclei f rom ~60 to 2°8pb 57,58), simple approximate  parameterizations can be intro- 
duced lo), 

Me ~ 547.9A 0.4558 MeV 2 ' 

/ ~ s  ~ / ~ I V M  -t- 2.5 MeV,  

!/7 = 2 s~'2hw 82A -1/3 MeV. 

(15) 

(16) 

(17) 

Eqs. (11) to (17) show that the centroid of  the coupling strength, /~s, is located 

slightly above /TIVM, that the matrix elements from pure shell model states extend 

to configurations approximately 2hto away, but most importantly, that GvM(E~As) 

is significantly smaller than FwM(EwM). Fig. 5 displays for A = 120 the calculated 

distribution of  coupling strength FwM(E) between the ( T o - 1 )  component  of  the 
IVM and the doorway states (spreading state) as well as the distribution S(E) of 
the IVM wave function over the bound and unbound states. 

Eq. (8) with eq. (10) and the parameterizations of eqs. (12) to (17) will be used 

in the analyses presented below. 

i I I I I I i I i J 

0.0@ S(E) ~'~ 2 
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/ /  \ \ 
0.04 ~ 8 

(MeV) 

002 4 

OOC 0 
0 I0 20 30 40 50 I I I I I I I I I I I I 
I 0 20 30 40 50 60 

EXCITATION ENERGY E (MeV) 
Fig. 5. Calculated dependence of the width function FJvM(E ) and the strength function S(E)  on the 
excitation energy relative to the IAS for A = 120. The width function, assumed to have a lorentzian line 
shape, represents the distribution of IVM coupling strength into the doorway states. The strength function 
describes the spread of the IVM wave function into the doorway states. It has a quasi-Breit-Wigner line 

shape. 

5.3. THE CHARGE-DEPENDENT MATRIX ELEMENT 

The Coulomb matrix element VCD = MAM in eqs. (4) and (8) describes the coupling 
between the IVM and the IAS. It can be written as a product of  a vector coupling 
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coefficient and a reduced matrix element, 

V~D==- M 2 M  = C2(To To-  1 1 0lTo-  1 To-  1)d//. 

Here 

583 

(18) 

MZM = (IVM( To-  1)[HcDIIAS(To)) 2 , (19) 

2To-- 1 (20) 
C : ( T o  T o - 1  101To-1 T o - 1 ) = T o ( 2 T o + l  ) , 

= (IVM( To - 1)11 Mob i l  I A S ( T o ) )  2 • (21) 

Several estimates have been made for the reduced matrix element based on hydro- 
dynamic and microscopic models 49,7-9). Using the hydrodynamic model, Bohr, 

Damgaard and Mottelson 49) derived the basic expression 

= K 1 Z  2 . (22) 

Here, K1 -~ 5 x 10 -s MeV 2. In one form of a microscopic model 7), the expression 

Z 2 
= K2 A4/3 (23) 

was obtained with K2= 2 MeV 2. It was not used in the present work because it 
resulted in inconsistencies. In another form of a microscopic model 8), the expression 

Z 2 N  
dill = K 3 A2/3 (24) 

was obtained with K3 ~ 5.3 x 10  . 3  MeV 2. 

A detailed matrix element has been derived by Lane and Mekjian 9) by evaluating 
mixing effects of the charge monopole operator cv in terms of sum rules of this 
operator. The result is 

2 To+ 1 27"o+ 1 L2 (25) 
= ( C v ) + ~ - o  ( L , - L 2 ) + 2 2 T o _  1 . 

: (which is proportional to Here, the leading term (c~) is the expectation value of Cv 
Lo), and Lo, L1, and Lz are proportional to the isoscalar, isovector, and isotensor 
parts of Cv x Cv. They depend on the moments (r~)N and (rA)z  with h = 2 and 4 of 
the distributions of neutron matter and proton matter (charge) in the nucleus. The 
results are 

(C2v) = 2 .46htoLo/  E (  To) , (26) 

Lo =~a~Ab~ 2 2(r2)a,  (27) 

( N( r  2)____N - Z(r2)z )z ] L'=la2 (N(r4)N-Z(r4)z N - Z  J '  (28) 

v, ro-  
L 2 -  a /~(To----~ L , .  (29) 
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In these equations, hw and b are the shell model energy and oscillator size para- 
meters, respectively, 

h 2 
= hto =41A 1/3 MeV. (30) 

mb 2 

The energy/~(T0) is the energy splitting between the To component of the IVM and 
IAS. From eq. (5) it follows that 

F,( To)= EIvM( To)-- E~As( To) = VoA I/3- V~A 1. (31) 

The quantity al ,  finally, is 

a~ = ~(Z - 1) e2//~ 3 , (32) 

where /~ = R = [~(r2)z] t/2 is the equivalent charge radius of a uniform charge 
distribution. However, the authors 9) argue that an increase of the value of a~ is 
required resulting from a consistency condition on the Coulomb potential due to 
the nonuniformity of the nuclear charge distribution. This increase can be reproduced 
by decreasing the value of /~  according to 

= [ 5 ( r 2 ) z ] l / 2  - -  0.15 fm.  (33) 

Eqs. (25) to (33) implicitly define the square of the reduced matrix element 
of eq. (21). An explicit expression is easily obtained in the approximations (r~)N = 
f(r~)z with f =  1 and /~ = R. The result using Vo = 155 MeV and V~ = 55 MeV is 

a~/3~ )2 c3 
J/ / /=(1.838x10-2MeV 2) ) ~ ( Z  1 c2el 

{ [ To+l  (T0+ 1)(To - 1  ) (To)~2o + ½) ] 
x 1+ 3.0462-~-Uy-c2-1.0811 A2 +2.1621 

(r4)z-(r2)~ c~} 
X (~ 25 ~ , ( 3 4 ) 

where Cl = c2 = c3 = c4 = 1. The exact expression includes correction functions c~, c2, 
c3, and c4 (not given here) which are on the order of unity and can be expressed 
exactly as functions of Vo, V~, f irA)z, and A. The most important correction is 

c, = [1 -O.15/(~(r2)z) '/2] 6 (35) 

which leads to an increase of  about 20% as mentioned above. The exact equations 
have been used in the analysis presented in sect. 6 with several parametrizations of 
(rA)N and (r~)z. 

The expression for M of  Lane and Mekjian 9) has a functional form which is 
similar to the basic hydrodynamical expression of Bohr, Damgaard and Mottelson 49) 
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except that the magnitude is a factor of  about 3 stronger. This result is obtained 
from eq. (34) with (r2) ~/2 ~ 0.93A ~/3 fm, f =  1, c~ --~ 1.2, c2 = Ca = c4 = 1, and { } ~ 1.3. 

Eqs. (8) and (10) for F ~ in the strength-function approach can be related to the 

expression from the picket fence model, eq. (3). The approximate proportionality 

of  both expressions to the density of  the doorway states at EIA s becomes apparent  

when FtvM(EwM) of eq. (11) is introduced. Assuming AE=--EwM-EIAs>> 
1 F I v M ( E I A s )  , the result is M2AD 2 2 2 MAMMMD/AE . Here, MAD, MAM, and MMD are 
again the matrix elements connecting respectively the IAS, doorway states, and the 

( T o - 1 )  component  of  the IVM. The matrix elements MAD and MAM are charge- 

dependent.  The above equation leads to a value for MAD which is approximately 

constant and on the order of  2 keV. This value was used in sect. 2. 

6. Analysis and results 

6.1. P R E L I M I N A R Y  RESULTS 

Global least-squares analyses of  the 65 spreading widths F ~ with A > 110 of sect. 

3 have been carried out using eq. (4) or eq. (8) with (10) and appropriate  parameteriz- 

ations of  the charge-dependent matrix element VCD = MAM, the damping width 

F~VM, and the difference in excitation energies EWM -- E~as. The use of  these simple 
equations can only establish general trends for the parameters describing the IVM. 
Such information is very useful, though, given the scarcity of  experimental knowledge 
about the IVM. 

In an early analysis the hydrodynamic and microscopic matrix elements eqs. (18), 

(20), (22), and (24) were used as VCD = c~VcD(theory) where a is an adjustable 
parameter.  Furthermore,  Vo in eq. (6) was used as an adjustable parameter  with V~ 

fixed at V~ = 55 MeV. Most importantly, Clv M w a s  assumed to be constant and used 
as a third parameter.  Good  agreement with the data can be obtained. However, the 

parameters  c~, Vo, and FIVM so obtained deviate strongly from the theoretical 
estimates and render the solutions meaningless. 

When V0 and V~ of  eq. (6) were fixed at reasonable values, Vo = 155 MeV and 
V~ =55 MeV, it became immediately apparent  that the experimental spreading 

widths F ~ cannot be reproduced unless FWM is allowed to vary with mass number, 
isospin, and /o r  excitation energy E~AS. In one approach FIVM was assumed to 
depend linearly on A and T. Interestingly, a proportionality between F~VM and T 
is sufficient, and the data can be reproduced very well in a two-parameter  fit with 
a standard deviation of tr ~- 12 keV and x2/ f  = 2.6. The ratios a = VCD/VcD(theory) 
are expected to be on the order of  unity, and indeed a ~ 1.4 and 0.6 were observed 

for the hydrodynamic  and microscopic matrix elements, respectively. However, a 
dependence FIVM=flT with /3=1.0 to 1.5 MeV has no known theoretical 
justification. 
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In another  approach,  eq. (11) for the distribution of coupling strength between 

the IVM and the doorway states, FIvM(E), was parameterized by introducing the 
analytical expression 

FIvM(E) = I o O ( E ) / O ( E ~ v M ) .  (36) 

I f  (IVM]HMD[dOor) of  eq. (11) is further assumed to be constant, then .O(E)oc 

Pdoor(E)- The parameterization which was used was found later to be quite appropri-  
ate for the low-energy tail near the IAS of the lorentzian line shape of F w M ( E  ). 

The expression 

Fo = (2.3 + 72.3A -2/3) MeV (37) 

for F0 = FwM(EIvM) as obtained 59) from a hydrodynamic model with nuclear vis- 

cosity was used in the analysis. Furthermore, the excitation energies E~AS and GVM 
were replaced by the respective back-shifted energies U to compensate for pairing 
effects as is done in the "back-shifted Fermi-gas formula"  40-42). The functional form 

.O(E) = const U x (38) 

was introduced, and FwM(E1As) was finally written as 

F, vM(E,As) = 3'(2.3 +72.3A 2/3) M e V - -  U~AS 
(39) 

U~vM' 

The fit to the data contains the parameter  a which represents the adjustment factor 

of  the matrix elements, the parameter  3' which represents the adjustment factor for 

FwM(E~vM), and the exponent  x which describes the increase of  the density of  
doorway states at low excitation energies. 

A remarkably small value of x 2 / f ~ -  2.0 was obtained for the three-parameter fit 

with values of  c~ ~ 1.2 (hydrodynamic matrix element), 3, ~-51, and x ~ 3.2. Indeed, 
is close to unity as expected. However, the large value of 3' points to a discrepancy 

which was later associated with the fact that the density of  doorway states does not 
increase with excitation energy indefinitely but instead lO) reaches a maximum value 

and decreases beyond. The exponent x is in good agreement with theoretical 
estimates of  x ~ 3  for the level densities of  2p-2h states in a uniform spacing 
model 60,17). It is believed that the increase of  the density of  doorway states with 

excitation energy in the present analysis reflects, in part, the strong increase in 
deformation for several of  the isotopic sequences contained as data input. 

6.2. THE STRENGTH-FUNCTION APPROACH 

A global least-squares analysis of  the experimental spreading widths F + has been 
performed using the strength-function parameterization of MacDonald  and Birse ~o). 
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Three analytical expressions for the Coulomb matrix element MAM were employed 

based on hydrodynamical,  microscopic, and sum rule considerations, eq. (18) with 
eqs. (22), (24), and (25), respectively. The latter expression requires knowledge of 
the m o m e n t s  (rx)N and (rX)z of the neutron and proton distributions. Three para- 

meterizations were employed. 
In one parameterization (A), the radial moments of the neutron and proton density 

distributions were obtained from harmonic oscillator wave functions generated in 
identical potential wells as described in ref. 9). The use of the same oscillator 
parameter b for neutrons and protons implies (r2)N > (r2)z in heavy nuclei contrary 
to experimental evidence. It was argued 9), however, that this is necessary to insure 
isospin purity of the unmixed state as required for such an analysis. 

In another parameterization (B), the radial moments of the proton density distribu- 
tion were obtained by numerical integration of a realistic Fermi distribution known 
to describe 61) ground state charge distributions deduced from electron scattering 
(ro = 1.115A 1/3 - 0 . 5 3 A  -1/3 fm and a = 0.568 fro). To guarantee isospin purity for the 

unmixed state [see ref. 9)], the radial moments for neutrons and protons were 

assumed to satisfy 

(r~)N = (A/2Z)~/3(r~)z .  (40) 

The ratio of  the neutron and proton radial moments from eq. (40) is approximately 
equal to that from the harmonic oscillator wave functions. 

The analytical expressions of Elton 62) were used in a third parameterization (C). 

Here, Fermi charge distributions were assumed with constant charge density in the 
nuclear interior and constant diffuseness. The parameters were adjusted to describe 
electron scattering and muonic X-ray data. Evaluating the Fermi integrals up to 
fourth order 63) yields for the moments of  the charge distribution 

(r2)~2 = (3)1/2(roA 1/3){ 1 + {B 2 - 7 B 4 } ,  

r 2 ) z  ~ 3 1/3 2 5 2 1 4 3(roA ) { l+3B +~B }, 

(r4)z = 3(roA1/3)4{ 1 + ~ B  2 + 7B4}, 

(41) 

(42) 

(43) 

with 

B -  roA1/3 , (44) 

ro = 1.135 fro, (45) 

a =0.513 fm.  (46) 

The moments of the neutron-matter distribution were parameterized a s  63) 
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(rA)s : f~ (r~)z  (47) 

f :  [ (Z  + ( N  - Z ) 1 . 2 6 6 ) / N ]  ' /2  . (48) 

This expression is in good agreement with experimental data and the droplet-model. 
Improved parameterizations of  nuclear charge distributions which include deforma- 
tion effects have been reported 64-66). The use of these expressions was not considered 
necessary in the present work. 

A realistic analysis of  the data in terms of the above equations should permit 
adjustments of certain quantities. These include the strength of the charge-dependent 
Coulomb matrix element a = V c o / V c D ( C a l c . )  and the energies V0 and V~ which 
describe the energy separation between IVM( To-  1) and IAS, eq. (6). Furthermore, 
the quantities M2o and x in M2 = M 2 o A  ~ ofeq.  (15) are the result of an adjustment 
to a very limited set of calculated values and may require further adjustments. The 
energies contained in eqs. (16) and (17), finally, may also have to be adjusted. 

Fig. 6 displays the complete set of experimental data as a function of mass number 
A separately for each sequence of isotopes. The thin lines represent the result of 
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Fig. 6. E x p e r i m e n t a l  s p r e a d i n g  w i d t h s  /,,L a s  f u n c t i o n  o f  m a s s  n u m b e r  f o r  t h e  s e q u e n c e s  o f  i s o b a r s  w i t h  

Z / >  49.  Total widths F representing upper limits are shown for a number of  nuclei (see text and table 
2). The thin line is the result of  unadjusted calculations with the sum rule matrix elements of  Lane and 
Mekjian 9), eqs. (19) and (25), and the strength function of  MacDonald and Birse lo), eq. (10) with eqs. 
(12)  to  (17) .  The heavy line is from a fit with slightly adjusted quantities but including a dependence 

on deformation due to a postulated mixing with the IVQ (see text and case 3 of  table 1). 
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calculations using the above equations with unadjusted quantities. The measured 

values are underpredicted by factors of  two to three. More importantly, the calcula- 

tions do not reproduce the observed strong increases with neutron excess. No basic 
improvement  could be achieved by adjusting parameters.  

The solution to this problem was found 67) in a postulated mixing in deformed 

nuclei between the giant isovector monopole  (IVM) and the giant isovector quad- 
rupole (IVQ) resonances. Similar effects are known for the respective isoscalar 
resonances ISM and ISQ (denoted in the literature usually by G M R  and GQR).  
The ISM has been predicted 68-70) to mix in deformed nuclei with the fl-vibration 

component  of  ISQ. The latter resonance splits into K = 0  (/3-vibration, K = 1 and 

K = 2  (3,-vibration) components.  The resulting splitting of the ISM strength has 
been observed experimentally for rare-earth nuclei 71,72) and actinide nuclei 73,74). 
Similar effects for the isovector resonances would be reflected in the second moment  
Me of the IVM strength function. In order to test this assumption, eq. (15) for M2 
was replaced by the simple parameterization 

M2 ~ M2oA-X(1 +y/3) ,  (49) 

where/3 represents the quadrupole deformation of the nuclear shape. 

Experimental  deformation parameters /3 were used for some analyses, but a 
simplified treatment became possible with the use of  the parameterization 75) 

/3 = c~on (1 - n ) ( 2 -  n)p(1 - p ) ( 2 - p ) +  a l .  (50) 

Here, n and p are the relative neutron and proton occupation numbers within major 

shell regions. This equation reproduces the experimentally determined /3-values 
rather well. The quantities c% are shell-dependent76), and c~1 displays a weak 

dependence on mass number  A. 

Including the quantity y of  eq. (49) as an adjustable parameter,  several least- 
squares analyses were performed. Strong correlations between some of the adjusted 
quantities were observed, and it was concluded that only two- or at most three- 
parameter  fits with properly selected parameters lead to consistent results. The 

parameters  established from these fits are listed in table 1. The calculated spreading 
widths F + (case 3) are included in fig. 6 (heavy lines). The agreement between 

experimental  and calculated widths is remarkably good. The values for X ~ per degree 

of  freedom from table 1 are very small and range from about 1.2 to 1.3 for all fits 
using the sum rule matrix element (cases 3 to 5, 8 to 10, etc.). Slightly increased 
values are obtained with the hydrodynamic and microscopic matrix elements. 

Adjusting only Vo and y (cases 3 to 5) leads to Vo ~ 170 MeV in excellent agreement 
with the estimate of  Bohr et al. 49). Accordingly, if Vo = 170 MeV is assumed (cases 

18 to 20), only a ~<2% adjustment of  the sum rule matrix element is required. 
Adjusting both V0 and V1 (cases 8 to 10) gives V1 ~- 65 MeV which is probably too 
large. A fixed value 1/1 = 55 MeV was assumed for all other cases. A value of 
Vo = 170 MeV together with a = 1 (cases 28 to 30) leads furthermore to parameters 
for the second moment  M2 of eq. (59) in close agreement with the parameters (for 
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TABLE 1 

Parameters and X 2 per degree of freedom for fitting 65 experimental spreading widths F + for A > 110 

Matrix Number V o V 1 M20 
Case element parameters a (MeV) (MeV) (MeV 2) x y x 2 / f  

1 I 2 1.00 102.5" 55.0 547.9 0.4558 2.93* 1.30 
2 1I 2 135.0" 3.09* 1.43 
3 I l i a  2 174.7" 3.79* 1.21 
4 IIIB 2 171.9" 3.46* 1.22 
5 IIIC 2 170.0" 3.59* 1.27 

6 I 3 1.00 105.5" 61.5" 547.9 0.4558 2.82* 1.30 
7 II 3 135.9" 56.8* 3.06* 1.45 
8 I l i a  3 174.7" 55.0* 3.79* 1.23 
9 IIIB 3 175.1" 62.6* 3.32* 1.23 

10 IIIC 3 175.4" 69.2* 3.33* 1.25 

11 1 2 2.31" 155.0 55.0 547.9 0.4558 4.20* 1.57 
12 I1 2 1.33" 3.48* 1.45 
13 IliA 2 0.75* 3.44* 1.22 
14 II1B 2 0.78* 3.22* 1.22 
15 IIIC 2 0.80* 3.38* 1.25 

16 I 2 2.79* 170.0 55.0 547.9 0.4558 4.59* 1.66 
17 II 2 1.60" 3.76* 1.49 
18 I l iA 2 0.94* 3.70* 1.21 
19 IIIB 2 0.97* 3.45* 1.22 
20 IIIC 2 1.00" 3.63* 1.27 

21 I 3 1.00 155.0 55.0 1000.0" 0.3000* 1.94" 1.53 
22 II 3 1000.0" 0.4767* 2.94* 1.46 
23 I l iA 3 900.2* 0.6702* 4.43* 1.16 
24 IIIB 3 805.9* 0.6316" 3.97* 1.20 
25 IIIC 3 598.8* 0.5611" 4.00* 1.27 

26 I 3 1.00 170.0 55.0 1000.0" 0.2415" 1.72" 1.65 
27 11 3 1000.0" 0.4083* 2.68* 1.52 
28 IliA 3 1000.0" 0.6057* 4.15" 1.18 
29 IIIB 3 1000.0" 0.5903* 3.73* 1.21 
30 IIIC 3 815.2" 0.5382* 3.76* 1.28 

The charge-dependent Coulomb matrix elements are I =hydrodynamic, I I -  microscopic, I I I - s u m  
rule. A, B, and C denote the three methods of parameterizing the radial moments (r 23 and (r 43 discussed 
in the text. Adjusted quantities are marked by * 

The parameters denote a = VCD / VcD(theory), EIvM(T0-1)-  E1As(T0) = VoA I/3 ( T o+ 1) VIA I, 
M 2 = M2oA x(1 +y/3). An upper bound of M2o = 1000 MeV 2 was used. 

/3 = 0) i n t r o d u c e d  e a r l i e r  1o). T h e  w i d t h s  FIvM(ElvM)  a n d  FIvM(EIAs)  o b t a i n e d  f r o m  

t h e  s e c o n d  m o m e n t s  M 2  o f  t h e  I V M  s t r e n g t h  f u n c t i o n  ( c a s e  28) a re  d i s p l a y e d  in  

fig. 7 f o r  n u c l e i  a l o n g  t h e  l i ne  o f / 3 - s t a b i l i t y .  T h e  c u r v e s  a r e  d e r i v e d  fo r  b o t h , / 3  # 0 

a n d / 3  = 0. 

T h e  a b o v e  c o n s i d e r a t i o n s  in  f a v o r  o f  Vo ~ 170 M e V ,  h o w e v e r ,  a re  n o t  in  fu l l  

a g r e e m e n t  w i t h  t h e  r e s u l t s  f r o m  t h e  R P A  c a l c u l a t i o n s  52) w h i c h  f a v o r  Vo ~ 155 M e V  
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i0 ¸ 
at EIV M 
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I O0 150 2 0 0  250  

MASS NUMBER A 
Fig. 7. Calculated widths of  FIV M at the energies Ely M (solid lines) and EIA s (dashed line) from eqs, 
(12) and (49) both with and without the inclusion of  deformation effects for nuclei along the line of 
/3-stability. Predictions assuming compression modes in a hydrodynamic  model with viscosity 59) are 

included as dotted line. 

(see also fig. 3). I f  V0~ 155 MeV is assumed (cases 13 to 15), the data require a 

reduction by a factor of  a ~ 0.79 of the sum rule matrix element. Such an adjustment 

reverses almost quantitatively the adjustment of  eqs. (33) and (35) introduced 
phenomenologically by Lane and Mekjian 9). Alternately, if a = 1 is assumed (cases 

23 to 25), the parameters which describe the second moment  M2 and hence the 
width F~vM(EwM) lead to values which are a factor of  about 0.65 smaller (for/3 --- 0) 
than those introduced by MacDonald  and Birse lo). However, they are in almost 

perfect agreement with the widths FIVM calculated on the basis of  compression 
modes in a hydrodynamic model with viscosity 59), eq. (37). These hydrodynamic 

estimates are included in fig. 7. 
It appears  that the present analysis cannot distinguish between the above solutions. 

The extremely limited experimental information on excitation energies and widths 

of  the IVM does, of  course, not simplify any judgement.  

The parameter  y which accounts for the dependence on deformation has consistent 
values in the range 3.3 to 4.1 with an average of y ~ 3 . 7 .  This means that the 
experimentally observed width FTVM doubles for a nucleus with a deformation of 

/3 ~ 0.27. 
The hydrodynamic  and microscopic matrix elements of  eqs. (22) and (24) con- 

sistently underestimate the data. Comparing the results of  the cases 16 to 20 suggests 
that the two matrix elements should be increased by factors of about 2.8 and 1.6, 
respectively. 

Excellent agreement exists between the calculated and experimental reduced 
widths F ~ as pointed out above and displayed in fig. 6. However, a few shortcomings 
are also apparent.  The values for 111In and : 6 y b  deviate strongly from the predicted 
trends and have, in fact, been excluded from the least-squares analyses. The low 
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experimental value for 176yb has been questioned before 13) but no explanation 

could be found. While the strong increase in F ~ with neutron excess is well 
reproduced for most of  the rare-earth isotopic sequences, it appears  that the experi- 

mental increases for Z = 64 and particularly Z = 68 are stronger than calculated. 

The high experimental values for the neutron-rich members may represent over- 

estimates (see sect. 3), but the low values for the neutron-deficient members cannot 
be explained. Some additional isospin dependence may therefore exist. The 
observed 12) increase for Z = 49 appears  to result from contributions of  0 to 18 keV 

from the escape width F t which were not included in the original analysis of  the 
data ~2). The overall agreement is truly remarkable. It would be desirable to compare 

additional data points for the actinide nuclei with the calculations. 

6. Summary 

A global least-squares analysis of  65 experimental  spreading widths F + of isobaric 

analog states with A >  110 leads to excellent agreement with a standard deviation 

between experimental and calculated values of  about 7 keV and X 2 per degree of 

freedom of 1.2 to 1.3. Mixing with l p - l h  and 2p-2h doorway states of  lower isospin 

is assumed to be mediated by coupling to the ( T o - 1 )  component  of  the giant 
isovector monopole  resonance. The density of  these doorway states near the isobaric 
analog states is much lower than the density of  all states with the same spin and parity. 

The strength-function approach of MacDonald  and Birse lO) was used, but a 

splitting of the isovector monopole  strength in deformed nuclei due to coupling to 
the isovector quadrupole resonance has to be assumed to describe the data. The 

global dependences on mass number  A, on nuclear size and shape and on the 

parameters  describing the isovector monopole  resonance have been established. 

These quantities were found in acceptable agreement with various theoretical esti- 
mates and with the restricted experimental information. The strength of the charge- 
dependent  matrix element responsible for the isospin admixtures in isobaric analog 
states of  heavy nuclei was found to be in very good agreement with an expression 
derived from sum rules 9) but slightly stronger than hydrodynamic 49) and micro- 

scopic 8) estimates. 
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Appendix 

Table 2 contains a listing of  the experimental spreading widths F ~ used as data 
base. Weighted averages are given in a few cases. 
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TABLE 2 

w i d t h s  F ~ a n d  exc i t a t ion  ene rg i e s  EIA s o f  i s o b a r i c  a n a l o g  s ta tes  wi th  A > 110 

I s o b a r i c  

p a i r  

P a r e n t  n u c l e u s  

Z A 

EIAS j~- F $ x) Ref.  
(MeV)  

Sb-Sn  

I-Te 

P m - N d  

E u - S m  

T b - G d  

H o - D y  

T m - E r  

L u - Y b  

T a - H f  

Bi -Pb 

P r -Th  

50 112 6 .409 0 + 26.0 ± 9.0 a) 

50 114 7.468 0 + 1 0 . 0 + 9 . 0  a) 
50 116 8.483 0 ÷ 34.0 + 9.0 a) 

50 118 9 .320 0 + 26.0 ± 9.0 a,b) 
50 120 10.267 0 + 32.0 ± 9.0 a,b) 

50 122 11.262 0 + 3 5 . 0 + 9 . 0  a) 

50 124 12,187 0 + 3 3 . 0 + 9 . 0  a) 

52 124 10.159 0 + 2 2 . 0 + 9 . 0  ") 

52 126 11.101 0 + 2 4 . 0 ± 9 . 0  a) 

52 128 11.945 0 + 2 2 . 0 + 9 . 0  a) 

52 130 12.704 0 + 3 7 . 0 + 9 . 0  a) 

60 142 9 .976 0 + 27.5 + 12.5 c) 

60 144 12.398 0 + 36.7 + 5.3 c) 

60 146 13.147 0 + 52.4 + 5.0 c) 

60 148 14,000 0 + 63.8 + 4.3 c) 

60 150 14,337 0 + 64.6 ± 4.6 c) 

62 144 8.996 0 + ~< 52.0 + 20.0 '~) 

62 148 11.974 0 + ~< 78.0 + 20.0 d) 

62 150 12.672 0 + ~< 47.0 + 20.0 d) 

62 152 13.028 0 + ~< 84.0 ± 20.0 d) 
62 154 14.103 0 + ~< 8 1 . 0 +  20.0 d) 

64 152 11.552 0 ÷ ~< 4 2 . 0 +  12.0 e) 

64 154 11.865 0 + <~ 6 7 . 0 +  8.0 ~) 

64 156 12.823 0 + <~ 7 2 . 0 + 9 . 0  ~) 

64 158 13.970 0 + <~ 81.0 + 12.0 ~) 

64 160 15.022 0 + ~< 1 0 0 . 0 ± 9 . 0  ~) 

66 160 12.324 0 + ~< 6 8 . 0 +  10.0 e) 

66 162 13.432 0 + ~< 74.0 + 9.0 e) 

68 162 11.283 0 + ~< 30.0 ± 23.0 ~) 

68 164 12.043 0 + ~< 43.0 + 18.0 ~) 

68 166 12.917 0 + ~< 69.0 + 8.0 e) 

68 168 14.214 0 + ~< 1 0 6 . 0 + 8 . 0  ~) 

68 170 15.493 0 + ~< 1 0 4 . 0 ± 8 . 0  e) 

70 170 12.874 0 + <~ 75.0 + 21.0 ~) 

70 172 13.728 0 ÷ ~< 9 1 . 0 ±  16.0 e) 

70 174 14.801 0 + <~ 94.0 ± 15.0 e) 

70 176 16.023 0 ÷ ~< 54.0 ± 9.0 Y) ~) 

72 176 13.508 0 + <~ 7 5 . 0 ±  24.0 ~) 

72 178 14.660 0 + ~< 85.0 + 8.0 ~) 

72 180 15.659 0 ÷ <~ 8 7 . 0 +  8.0 e) 

82 208 15.172 0 ÷ 78.0 + 8.0 f'g) 

90 232 18.480 0 + 90.0 ± 20.0 h ) 
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TABLE 2 (cont.) 

Parent nucleus 
Isobaric ElAS J~  F" 

pair Z A (MeV) 
Ref. 

Np-U 92 238 19.090 0 ÷ <~ 142.0±37.0 

9+ ~<17.0±3.0 y) Sn-In 49 111 10.507 
49 113 11.826 ~+ ~<22.0 ± 10.0 
49 115 13.317 9+ ~<22.0±8.0 

9+ 49 117 14.151 ~ ~<22.0±8.0 
49 119 14.995 9+ ~<36.0±9.0 
49 121 15.953 ~+ ~<40.0±8.0 
49 123 16.943 9+ <~39.0±8.0 

Sb-Sn 50 113 9.227 ½+ 30.0 + 9.0 
50 115 10.084 ½+ 30.0±9.0 
50 117 11.283 ½+ 26.0±7.8 
50 119 12.362 ½+ 33.0 + 9.9 

3+ 50 121 13.285 ~ 32.0±9.6 
3+ 50 123 14.228 ~ 35.0 ± 10.5 

1+ l-Te 52 125 13.105 ~ 33.0±9.9 
52 127 13.923 ~ 38.0± 11.4 
52 129 14.671 3+ 37.0±4.0 
52 131 15.370 3+ 49.0 ± 6.0 

Pm-Nd 60 143 13.740 7 40.0 ± 1.2 

Eu-Sm 62 145 12.500 ~ 39.0+ 12.0 
62 147 13.374 ~ 20.0±20.0 
62 149 14.331 7. 67.0± 16.0 
62 151 15.006 ~ 76.0 ± 23.0 

W-Ta 73 181 16.573 7+ 69.0 ± 5.0 

Bi-Pb 82 209 18.626 9+ 75.0 + 7.0 

h 

,) 
,) 
,) 
') 
,) 
,) 
,) 

b) 
b) 

") 

.i) 
J) 

j ,k)  

j ,k,l ,r l l)  

k) 

') 

') 

m) 

~) 

a) Ref. 21). b) Ref. 26). c) Ref. 17). d) Ref. 14). e) Ref. 13). f) Ref. 38). g) Ref. 18). I1) Ref. ix). i) Ref. 12). 
J) Ref. 3o). k) Ref. 32). i) Ref. 34). r~l) Ref. 37). 

x) Total widths F are listed for all even-A isotopes from Sm to Hf and for the odd-A isotopes of In. 
These values are preceded by the <~ sign. The spreading widths F + for the neutron-rich isotopes may be 
about 30% smaller (e.g., ]6°Gd, 168'17°Er; see text). 

Y) Not included in least-squares adjustments.  
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