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Abstract : 

The correlated proton particle-neutron hole spectrum is 
calculated for N>Z nuclei using a Skyrme type interaction and the 
response function method. The basis of the calculation is a complete 
one particle-one hole space with the continuum included. As a result 
the distribution of the isovector monopole strength in the analog 
nucleus is obtained. This distribution has a narrow peak which 
corresponds to the isobaric analog resonance and at higher energies 
a broad peak which is the isovector monopole resonance. The coupling 
between these two states is inherent in the calculation. 
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Many theories of isobaric analog resonances (IAR) 
start out with the definition of an analog state : 

T |lT> 
|A> = -= (1) 

/2T 

where |n> is the parent state and T_ is the isospin lowering operator. 
The next step consists of coupling to |A> the particle continuum. 
This continuum is introduced usually in the form of uncorrelated 

* (1-3) 
proton particle-neutron hole configurations . The proton wave 
functions are calculated using an optical potential diagonal in the 
various channels. The residual interaction between the different 
particle-hole states is neglected and collective effects do not enter 
into the theory. For example when calculating the total width of the 
IAR in 2 0 8 B i (the analog of the Pb ground state) the following 
expression is used ' ' : 

r = srn, (2) 
j 3 3 

where j denotes the neutron excess orbits (J =Pi/2' P3/2' ^5/2' f7/2' 
h9/2' ^13/2' a n d n i t n e c o r responding occupation numbers. Each indi
vidual width in the sum is calculated using a separate independent 
channel specified by a proton having angular momentum-j and a neutron 
hole in the excess neutron orbit j. The angular momentum of the channel 

ths c< 
(2-4) 

is J»0 . The widths calculated this way are too large as compared 
with experiment 

The importance of collective phenomena in the description 
of the continuum, with relation to IAR's, was emphasized in the 
past ( . Except for the work of Ramavataram et al. in which 
an explicit coupled channel approach was used, the collective effects 



were taken into account by coupling the analog state in eg.(l) to 
(5—9) 

the giant isovector monopole resonance (IMR). In these calcu
lations the closure (doorway state) approximation was employed. 

(8) (5—7 9) 

As a result improved values for escape ' and spreading widths * ' 

of the IAR were obtained. 

In this work we present a TDA calculation of the complete 

T=l, J=0 + proton particle-neutron hole (pn~ ) spectrum. The important 

consequence of the calculation is the emergence of the IAR and the 

giant IMR. The coupling between the analog state -|A> and the giant 

(J=0 +, T=l) state is inherent in this approach. 

The calculation is performed by use of the response function 

method ' '. The full p-h Green's function is determined from thf» 

integral equation : 

G(a.) - G ( 0 ) ( w ) + G < w > v p h G ( 0 > < w ) (3) 

where V n is the p-h interaction and G ' is the unperturbed p-h 

Green's function calculated in the TDA : 

G< 0)(*».?t»«) - ï V>*{r,) <r t| 1 1?2> - Z -i & k ( ? 2 ) 
h L H0-eh-«i)-in h' eh,-e.-w-in J h' "h 

(4) 

The sum over h includes all neutron occupied (hole) states 

and h' stands for proton occupied states. The single-particle Green's 

function in the bra and ket of eq.(4) can be written in a closed form 

in terms of the regular and irregular solutions of B g, if the potential 

in H 0 is local. When the p-h interaction is of zero range, eq.(3) 

can be solved in coordinate space. This method was applied in the 

calculations of energies and widths of giant multipole states ( 1 2>, 
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In describing the results we will concentrate on the 
2 0 8Pb- 2 0 8Bl case. Results for nuclei In other regions of the periodic 
table were qualitatively similar. 

The proton particle-neutron hole, J=0 +, T=l excitations 
208 are calculated relatively to the HF ground state of Pb. The 

particle space includes all unoccupied proton HF orbirals while the 
hole states are all the occupied HF neutron states. The HF potential 
is calculated from the Skyrme III force * 1 3'. The same force is used 
for the residual interaction - v

p n ' 
208 It is worth mentioning that the calculated Pb ground 

state densities have a proton rms radius <ri> ' = 5.53fm,an excess 
neutron rms <ri x

> 1 /' 2 • 6.10fm and a neutron <r£> ' = 5.65fm. 
In order to "probe" the computed spectrum we calculate the 

strength distribution of a one-body operator-Q using the response 
function < u ' 1 2 ) : 

u-tO m —Im / O < S(u) = r|<0|Q|n>r«(oi-un) - ±ImfQ +<r)G<r,r';w)Q(r')drdr' 
n » J ( 5 ) 

We first use the single-particle operator W_=£ w_ '= £pana» where n 
1 a a a 

denotes an annihilation operator of a neutron in a neutron orbit-ct 
and p a creation of a proton in the corresponding proton orbit. The 

(14) w_ is the "analog spin" lowering operator and is different from 
the T_ operator in which the proton and neutron orbits are identical. 

The W_ strength distribution is shown in Fig.l. The distri
bution has a narrow peak around E=18.9 MeV excitation relative to the 

208 ground state of Pb, and a width at half maximum of 140 keV. We 
identify this peak with the IAR. It exhausts all the W_ strength. 

The distribution of the isovector monopole strength is 
probed with M_ • £ w_ r?. In addition to a large and narrow peak 

1 * 
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(width 140 keV) of the IAR there is a concentration of strength 
around E=44 MeV, i.e. about 25 MeV above the IAR. The width of the 
resulting bump is about 15 MeV. We identify this region of strength 
concentration with the (pn - 1) IMR '. In Fig.l we show the M_-
strength for the IMR ; the M_ strength for the IAR is not shown because 
its shape is almost identical with the W_ distribution. 

We now discuss some of the resulting features of the IAR 
and IMR. 
The IAR - Our calculation does not include the exchange term of the 

(3) Coulomb interaction. When this correction febout -350 keV "" ) is 
included and the vacuum polarization term (about 100 keV) added 
the calculated position of the IAR is E=18.63 MeV*. Since the calcu
lation includes the coupling of |A> to the isovector monopole, the 
correction due to second order Coulomb effects ' (isospin mixing, 
Thomas-Ehrman shift) and core polarization ' are taken into account. 
If we neglect the possible charge dependence or charge asymmetry of 
the nuclear force the calculated energy of the IAR corresponds to the 
Coulomb displacement energy. The experimental Coulomb displacement 
energy is 18.83 MeV i.e. 200 keV above our calculated value. Other 

(3) 208 
small corrections ' nearly cancel in the Pb case. We should 
emphasize that although the calculation of the position of the IAR 
does not involve in the final stages the Coulomb interaction (i.e. 
the TDA calculation is performed using only the nuclear force), it 
is in fact the Coulomb part of the HF potential which determines largely 
the position of the IAR. The consistency between the HF field and the 

There are several ways to define the mean energy of a distribution 
by taking appropriate combinations of its various moments, (see for 
example ref. 15). This can lead for the IAR to differences of the 
order of 100-200 keV. Here we identify its energy with the position 
of the peak. 
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(17) particle-hole interaction is essential in assuring this property '. 
It can be;shown that in the limit in which the Coulomb interac
tion is put to zero, the IAR becomes degenerate with the parent state. 

The calculated width of the IAR (140 keV) corresponds to 
the proton escape width IT.) of the resonance and is related 
to the spectroscopic factor. Previous IAR studies ' ' which did 
not include the correlations among various channels gave spectroscopic 
factors which were about 30% smaller than the ones extracted from 

(19) single neutron transfer reactions to the parent state . (Only when 
abnormally.small excess neutron well radii were used, agreement was 
achieved < 1 8 ' 1 9 ' ) . it has been pointed out ( 8 , 9 ) that the coupling 
of the analog state to the collective IMR leads to a reduction in 
r. and therefore to an increase in the IAR spectroscopic factors. In 
the present calculation the channels are coupled and mixing with the 
IMR is included. The calculated r = 1 4 0 keV corresponds to a spectros
copic factor 1 in agreement with the neutron transfer data. (The 
experimental total escape width ' summed over all channels as 

20fi i 
in eg.(2) is about 140 keV for the g.s. analog in B i ) . Our result 
is obtained with a "normal" excess neutron radius -<T* > ' - 6.1fm 
in 2 0 8 P b . j 
The IMR - The broad peak around the energy of E=44 MeV (relative to 

208 * 
the g.s. of Pb) exhausts most of the isovector monopole strength. 

In nuclei with N-Z>1 an isovector excitation in the analog 
nucleus is composed of three isospin components T'=T-1, T and T+l. 
The present calculation does not separate the various isospin components 
and there is some amount of spurious isospin mixing. In fact the 
construction of states with good isospin requires the introduction 
of 2p-2h configurations which are not in the model space used. However, 
the transition strength to the three isospin components is such that 
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the transition to the T'=T-1 state (the lowest one) is more than (T+l) 
times the one to the T'=T component which in turn has a transition 
strength (2T+1) times larger than the T'=T+1 state ' . For T=22 

nrto 

in Pb, the main peak in Fig.l is more than 95% due to the T'=T-l 
component of the IMR. The effects of spurious isospin mixing are 
probably not important in this case. The three isospin components 

( 5-9) of the IMR are split by the symmetry potential t J " . The splitting 
between each T' component as estimated from our calculations is 
about 5 MeV. 

The calculated width of the IMR represents the proton escape 
into the continuum. The coupling to more complicated configurations 
will give rise to a spreading width '. Although the width of 
the (pn ) IMR is quite large it is still considerably smaller than 
its excitation energy and therefore it is meaningful to view the 
distribution as a resonance. Many of the conclusions drawn from 
calculations in which the coupling of the analog state to the IMR 

(5-9) is described using the doorway state approximation ' should be 
valid. 

There are several limitations in the present approach. First, 
as already mentioned, the three isospin components of the IMR are 
not projected out. This could lead to spurious isospin mixing, but 
for large excess nuclei the T-1 component of the ZMR dominates and the 
effects of such mixing are not large. A more severe limitation is the 
neglect of absorption arising from more complicated nuclear configu-
rations. A strictly microscopic extension of the present calculation 
would involve the coupling of lp-lh states to 2p-2h and even more 
complicated excitations. A less rigorous but more feasible approach 
would consist of assigning to the lp-lh states in addition to a real 
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potential an imaginary one. This will give rise to spreading widths 
of the IAR and IMR. It will also reduce the IAR escape width ' 
leading to slightly larger values for the spectroscopic factor. 
Conclusions : (a) We performed a microscopic calculation of the iso-
vector monopole excitations in the analog nucleus. As a result a 
distinct narrow peak emerged which corresponds to the isobaric analog 
resonance. The broader resonance that results is the isovector 
monopole. (b) The energy and escape width of the IAR are well 
reproduced. (c) The coupling between the analog state and the 
isovector monopole state is a natural result of the calculation, 
(d) As a consequence higher order Coulomb and core polarization effects 
in the analog are contained in the calculation. 
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his kind hospitality at the Division de Physique Théorique, Institut 
de Physique Nucléaire and the IN2P3 for financial support. 



t 
9. 

References 

For a review see D. Robson In "Isospln In Nuclear Physics'1 

ed. D.H. Wilkinson (North Holland Pub. Co. Amsterdam, 1969) 
p.463. 
G.W. Bund and J.S. Blair, Nucl. Phys. A144 (1970) 384. 
N. Auerbach, J. HUfner, A.K. Kerman, and C.H. Shakin, 
Rev. Mod. Phys. 4_4 (1972) 48. 
G.H. Lenz and G.M. Temmer, Nucl. Phys. A112 (1969) 625 ; 
P.V. Brentano, H.J. Glfickner, E. Grosse, and C.F. Moore, 
jahresbericht, Max-Planck-Institut, Heidelberg (1568). 
A.Z. Mekjlan, Phys. Rev. Letters 25. (1970) 888. 
N. Auerbach, Nucl. Phys. A182 (1972) 247. 
A.M. Lane and A.Z. Mekjian, Adv. Nucl. Phys. T. (1973) 97. 
N. Auerbach and G.F. Bertsch, Phys. Lett. 43B (1973) 175. 
N. Auerbaeh, Phys. Lett. 44B (1973) 241. 
S. Ramavataram, D. Wllmore and D.J. Edens, Proc. Int. Conf. 
on Properties of Nuclear States (Montréal, 1969) p.761. 
G.F. Bertsch and S.F. Tsal, Phys. Reports 18C (1975) 126. 
S. Shlomo and G.F. Bertsch, Nucl. Phys. A243 (1975) 507. 
X.F. Liu and Nguyen Van Giai, Phys. Lett. 65B (1976) 23. 
M. Beiner, H. Flocard, Nguyen Van Giai and P. Quentin, 
Nucl. Phys. A238 (1975) 29. 
W.M. Mac Donald, Isobaric Spin in Nuclear Physics eds. J.D. Fox 
and D. Robson (Academic Press, New York 1966). 
J. Martorell, O. Bohigas, S. Fallieros and A.M. Lane, 
Phys. Lett. 60B (1976) 313. 
E.H. Auerbach, S. Kahana and J. Weneser, Phys. Rev. Letters 
23 (1969) 1253. 



t 

10. 

17. Nguyen Van Glal, Proc. Int. Conf. on Meson-Nuclear Physics 
(AIP, New York 1976) p.507. 

18. R.G. Clarkson, P. Von Brentano and H.L. Harney, 
Nucl. Phys. A161 (1971) 49. 

19. E.G. Bllpuch, A.M. Lane, G.E. Mitchell and J.D. Moses, 
Phys. Reports 28Ç (1976) 147. 

I 



/ 

Figure Caption 

Fig.l The distribution of analog and isovector monopole strength 
20ft in Bi. The peak at the excitation energy of 18.9 MeV 

20S (relative to the Pb g.s.) is the IAR and is obtained 
by probing the distribution with the W_ operator. The 
broad peak around 44 MeV corresponds to the IMR and is 
obtained by use of the M_ operator. (The M_ strength of 
the IAR is not shown). There is no additional W_ or M_ 
strength at lower energies or energies between 20 and 
25 MeV.(Note the different scales for the IAR and IMR). 
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