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Abstract. Within a microscopic approach which takes in- 
to account RPA configurations, the single-particle con- 
tinuum and more complex 1 p 1 h| configurations 
isoscalar and isovector M1 excitations for the unstable 
nuclei 56'78Ni and 1~176 are calculated. For compari- 
son, the experimentally known M1 excitations in 4~ 
and 2~ have also been calculated. In the latter nuclei 
good agreement in the centroid energy, the total transi- 
tion strength and the resonance width is obtained. With 
the same parameters we predict the magnetic excitations 
for the unstable nuclei. The strength is sufficiently con- 
centrated to be measurable in radioactive beam experi- 
ments. New features are found for the very neutron rich 
nucleus 7SNi and the neutron deficient nucleus l~176 

PACS: 21.10.-k; 21.60.-n; 24.30.Cz 

1. Introduction 

There is a rich history in the study of M1 excitations 
in nuclei (see [1] for a recent review). For more than 
two decades the experimental effort has concentrated on 
stable nuclei. Unfortunately, this greatly limits the 
number of accessible magic nuclei which, because of their 
simple shell structure, may exhibit strong M1 transitions 
between spin-orbit partners. With the availability of ra- 
dioactive beam facilities this may change since far from 
stability new magic nuclei become available [2]. Thus 
one can hope to obtain a more systematic understanding 
of the residual interaction, the renormalization of the 
magnetic operator and the damping mechanisms of M1 
resonances. Besides, such nuclei are also of astrophysical 
interest (see references in [3]). 
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The aim of the present paper is to extend the micro- 
scopic models which describe well the known resonances 
to the new region accessible by radioactive beams. As 
is well known, the RPA with phenomenological Landau- 
Migdal interactions is able to reproduce the excitation 
energies of known isoscalar and isovector M 1 excitations 
with a universal set of spin-interaction parameters g and 
g' (some caution should be exercised in terming a transi- 
tion isoscalar or isovector since there is some well-known 
mixing between the two). Including effective spin g-fac- 
tors ~0.7-0 .8  the observed total transition strengths 
are also reproduced [ZPT]. The RPA fails, however, to 
account for the resonance width which, especially in 
heavy nuclei, is caused by a coupling to more complex 
configurations. For the M1 case there are several ap- 
proaches for including such configurations [8 10]. Con- 
cerning the quenching of M1 strength the most reliable 
approach seems to be the use of phenomenological 
values for the g-factors. By now, these are very well es- 
tablish from a variety of experiments I-7, 11] and are 
universal for all nuclei measured. For predictions in un- 
stable nuclei knowledge of global interaction parameters 
and g-factors is of crucial importance. 

Most realistically, the more complex configurations 
are described as one-particle one-hole states coupled to 
low-lying surface vibrations (1 p 1 h| states) using 
known parameters. Recently a formalism for including 
such configurations in conjunction with the single-parti- 
cle continuum has been successfully used in the descrip- 
tion of giant electric resonances [12, 13]. In particular, 
the widths are reproduced satisfactorily. We shall employ 
this approach here in the study of M1 transitions in 
unstable nuclei. 

The theory will be briefly described in Sect. 2. In 
Sects. 3 and 4 calculations for the known M1 states in 
4aCa and 2~ are presented which show the quality 
of the theoretical results. The same interaction parame- 
ters, effective charges and a standard mean field of the 
Woods-Saxon type are then used to predict spectra for 
unstable nuclei. 



254 

2. Theory 

The approach which we shall use has been developed 
in the framework of the consistent Green's function 
method and is based on Migdal's Theory of Finite Fermi 
Systems (TFFS) [14 I. The main physical idea is to in- 
clude 1 p 1 h| phonon configurations instead of "pure" 
2p2h ones and thus to make use of the fact that, in 
magic nuclei, the squared phonon creation amplitude 
is a small parameter g2< 1. This enables one to restrict 
the calculation to particle-phonon coupling terms of 
order g2. Furthermore only a small number of phonons 
of maximum amplitude (maximal gZ) need to be consid- 
ered, i.e. the most collective low-lying ones. This makes 
it possible to use known parameters of the TFFS which 
determine the local effective interaction and quasiparticle 
charges (taking phonons into account explicitly gives 
non-local contributions). In addition, a small number 
of phonons greatly reduces the computational effort. 
This physical assumption has been confirmed in several 
calculations of M1 excitations [10], the giant dipole res- 
onance [12, 13] as well as E2, E0 resonances [15]. 

The theory is formulated, most efficiently, in coordi- 
nate space. For an applied external field V ~ with fre- 
quency co, the change in density 6p = p -  Po from equilib- 
rium is given by 

3p(r, co)= - ~  dr'A(r, r', co)(eq V~ f f ( r  ') 6p(r', co)) (1) 

and the frequency distribution determines the excitation 
spectrum of the system. Here eq denotes the local quasi- 
particle charge and g the quasiparticle interaction. As 
discussed above, these can be taken from the TFFS. The 
generalized propagator A contains the RPA part as well 
as the lp lh| configurations and was derived 
in [16] in a representation of the discrete single-particle 
basis {~a, g~}. The tilde indicates that these states have 
been corrected for mean field contributions from the par- 
ticle-phonon coupling, already included in phenomeno- 
logical potentials of the Woods-Saxon type. Since these 
contributions are included explicitly they have to be re- 
moved from the single-particle potential to avoid double 
counting. To include single-particle emission, the discrete 
propagator A1234 has to be augmented by a continuum 
part and takes the form 

' co) = A~ont (r, r ,  co) A (r, r, ~RPA ' 

+ ~ [A~234(co) ~RPA - - A 1 2 3 4 ( c o )  313 324]  
1234 

qS* (r) q52 (r) q53 (r') q~ (r') (2) 

where �9 is the continuum RPA propagator (for de- 
tails see [17, 18]). 

The M1 transition probabilities between the ground- 
and excited states are determined by the strength func- 
tion 

dB(M1) 
d o  - ~l(nleq V~ 5(co-co,). (3) 

n 

Via the optical theorem this is related to 6 p as 

dB(M1) 1 
d o  7c 

Im~dreq V~ 6p(r, co) (4) 

and the solutions of (1) determine dB(M1)/dco. 
The summation over single-particle states in (2) is usu- 

ally performed for two shell above and below the Fermi 
level. Aside from providing a finite width above the con- 
tinuum threshold our method has the distinct advantage, 
over discretized calculations of this type, that the matrix 
dimension still remains manageable. 

A major difference between the approach presented 
above and similar approaches ['19-21] is the consistent 
inclusion of ground state correlations (GSC) beyond the 
RPA. There are two kinds of such 2p 2h (to be more 
exact lp  lh| in our case) correlations. One is 
GSCs without "backward going" diagrams containing 
the quasiparticle-phonon interaction. The second one 
which includes these diagrams has new contributions 
which generate new transitions. In the RPA, GSCs are 
caused by non-pole diagrams, only, which cannot pro- 
duce additional excited states. In this sense our theoreti- 
cal extension is qualitatively different from the RPA. For 
M1 excitations in magic nuclei the consequences have 
been discussed in [10, 22] without taking into account 
the single-particle continuum. For the spin-saturated nu- 
clei 160 and 4~ where strong M1 excitations are not 
allowed because of missing spin-orbit partners, one ob- 
tains M1 excitations which describe the experimental 
data reasonably well. 

3. Approximations and parameters 

The main physical approximations have been described 
above and in [12, 13]. Here we present the parameters 
used for the present calculations. 

According to the selection rules only the spin-depen- 
dent part of the Landau-Migdal interaction 

~ = Co(g + g'z'~') a . a ' b ( r i - r 2 )  (5) 

enters in the M1 excitations. In order to predict the M1 
states in the unstable nuclei reliably we have slightly 
adjusted the g' parameter to obtain the well-known 1 + 
levels in 48Ca. This gives g'=0.86 instead of g'=0.96 
used previously [7, 10, 16, 22] (Co = 300 MeV fm3). For 
the parameter g we have used g = -0.05. 

The local quasiparticle charge was determined from 
[14] 

e~ V ~  = (1 - ~ ) j"  + [(1 - ~ )  7 p + ~ 7" + 1/2 ~ g -  1 /2]  a v 

eq " V On = ~j"+ [(1- ~) 7"+ ~ 7P- 1/2 ~] a" (6) 

where 7 p = 2.79 #o, Y" = - 1.91 #o, #o = e hi2 mp c and 

p__ n ~s - ~s = 0.1, i f  = 4~ = - 0.03 (7) 

as obtained earlier [7, 10, 16, 22, 23]. These values yield 
for the spin local charge eqP=0.647 p and e~=0.74~". 



Table 1. Characteristics of the low-lying phonons used in the calculations 

J~ E, B(EL)~, 
MeV e 2 f m  2L 

lOOSn 

2 + 2.86 331 
3-  3.56 5.33 103 
3- 5.03 5.99 103 
5-  3.57 2.29 107 
4 + 3.70 1.02 105 
4 + 4.09 1.68 105 
6 + 3.90 9.16 107 
6 + 4.81 2.65 109 
6 + 6.47 6.36 10 s 
6 + 6.79 1.50 109 

56Ni 

2 + 2.73 361 
3-  4.62 1.28 104 
5-  6.35 2.90 106 
4 + 3.73 2.27 105 
6 + 5.18 1.36 10 s 

J~ E, B(EL) "~, 
MeV e 2 fm 2L 

132Sn 

2 + 4.06 942 
3-  4.34 5.0 104 
5-  4.91 3.46 106 
5 5.61 5.07 106 
5- 6.06 5.43 106 
5- 6.85 2.10 107 
4-- 4.24 1.80 106 
6 + 4.75 1.14 109 
6 + 5.42 1.06 109 

78Ni 

2 + 3.53 1.45 
4 + 3.70 8.28 104 
4 + 4.67 6.52 10'* 
4 + 4.99 4.26 10'* 
6 + 4.00 2.32 106 
6 + 4.94 4.17 10 v 
3-  4.38 8.32 103 
5-  5.04 1.18 106 

J'~ E, B (EL) ~, 
MeV e 2 fm 2L 

,*8Ca 

2 + 3.83 
3-  4.50 

2o8pb 

3-  2.61 
2 + 4.07 
2 + 9.71 
4 + 4.34 
6 + 4.40 
5-  3.20 
5-  3.70 
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81.6 
1.12 104 

3.44 105 
2.33 103 
3.30 103 
6.64 106 
1.64 101~ 
2.60 10 s 
9.87 107 

Table 2. The single-particle levels for the unstable nuclei used in the calculations 

Mj 132Sn l~176 nlj S6Ni 78Ni 
n p n p n p n p 

l s  1/2 -37.36 -39.49 -45.81 -29.52 
lp  3/2 -33.02 -34.78 -39.81 -24.33 
lp  1/2 -31.61 -33.32 -38.07 -22.34 
ld5 /2  -28.23 -28.32 -33.94 -19.12 
ld3 /2  -24.47 -26.05 -30.25 -15.03 
2s 1/2 -23.93 -25.36 -29.38 - 14.06 
1f7/2 -21.27 -22.91 -25.64 -11.47 
2p3/2 -17.17 -17.67 -20.75 -6 .13 
l f 5 / 2  -16.39 -17.65 -21.28 -6 .56  
2p 1/2 -15.48 -15.,91 -18.75 -4 .12  
lg9 /2  -14.93 -15.45 -17.59 -2.91 
lg  7/2 -9 .64  -9 .70  - 10.70 3.45 
2d 5/2 - 8.97 - 8.83 - 12.73 1.07 
3s 1/2 -7 .55  -7 .10  -9 .82  1.15 
lh  11/2 -7 .53  -6 .96  - 10.37 0.65 
2d3/2 -7 .15  -6 .70  -9 .55  4.15 
2 f7 /2  -2 .50  -1 .57  -3 .57  8.75 
1 h 9/2 - 1.49 0.25 - 1.25 12.05 
3p3/2 -1 .36  0.65 -2.11 10.45 
3p 1/2 -0 .59  1.15 - 1.11 11.95 
1 i 13/2 -0 .25  -0 .14  -2 .40  10.15 
3 d 5/2 2.35 
2g 9/2 3.65 
2g 7/2 6.35 
2 f5 /2  8.05 0.45 -0 .96  11.25 
i i 11/2 9.65 
3d 3/2 15.35 

I s 1/2 -44.34 -37.19 -35.05 
lp  3/2 -33.68 -26.12 -28.73 
lp 1/2 -32.99 -24.39 -26.44 
ld5 /2  -27.29 -20.74 -21.74 
2s 1/2 -22.79 - 15.98 - 17.92 
ld3 /2  -21.33 -14.73 -18.75 
l f 7 / 2  -16.83 -7 .92  -14.13 
2p 3/2 - 10.69 - 3.58 -9.61 
l f 5 / 2  -10.04 -1.08 -7 .03 
2p 1/2 -9 .80  -2 .06  -7 .54  
lg9 /2  -7.51 -0.023 -5 .98 
2 d 5/2 - 3.20 2.95 - 1.95 
3s 1/2 -2 .12  3.85 - 1.14 
2d3/2 -0.11 5.85 -0 .39  
1 g 7/2 - 0.76 
1 h 11/2 -0.31 
3p 3/2 1.35 
2 f7 /2  4.75 
3p 1/2 5.35 
1 h 9/2 7.65 
1 i 13/2 7.85 
2 f5 /2  8.15 

-41.39 
- 34.73 
- 32.42 
-27.19 
-22.77 
- 22.45 
-18.88 
-13.32 
-11.41 
-10.96 

-9 .87 
- 4.02 
-1 .87  
- 0 . 5 0  

T h e  l o w - l y i n g  co l l ec t i ve  p h o n o n s  ( l is ted in T a b l e  1 
for  the  v a r i o u s  nuc le i  c o n s i d e r e d )  w h i c h  a re  t a k e n  in to  
a c c o u n t  in the  1 p 1 h |  phonon c o u p l i n g  h a v e  b e e n  ca lcu-  
l a t ed  w i t h i n  R P A  us ing  the  f o l l o w i n g  k n o w n  L a n d a u -  
M i g d a l  p a r a m e t e r s  

f ~ , =  - 0 . 0 0 2 ,  fs  f ' n = 0 . 7 6  

g =  - -0 .05 ,  g'  = 0 . 9 6 ,  Co = 300 M e V  fm 3 (8) 

for  all  nuclei .  S ince  the  s p i n - d e p e n d e n t  c o n t r i b u t i o n s  to  
the  l o w - l y i n g  p h o n o n  s p e c t r u m  is smal l ,  t he  d i f ference  
b e t w e e n  g'  = 0 . 8 6  a n d  g ' =  0.96 has  n o  n o t i c e a b l e  conse -  
q u e n c e s  for  the  results .  T h e  p a r a m e t e r  f ,x  has  b e e n  f i t ted 
to  a v a i l a b l e  p h o n o n  ene rg ies  a n d  r anges  f r o m  - 5 . 0  to  
- 3 . 5  w h i c h  is n o t  far  f r o m  the  v a l u e  f e x =  - 3 . 7 4  used  
ea r l i e r  [-12, 13, 151 . 

T h e  s ing le -par t i c le  s ta tes  h a v e  b e e n  c a l c u l a t e d  f r o m  
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a standard Woods-Saxon potential [24]. To get good 
agreement with measured single-particle energies which 
are available for 48Ca, z~ 56Ni [25], 132Sn [25, 26] 
and, to some extent, for l~176 [25, 27] the well depth 
of the central part of the potential has been adjusted, 
changing the depth parameter by less than 5%. A list 
of single-particle energies, thus obtained, is given in Ta- 
ble 2. Another check is the energy of the g9/2 (P) -+ g7/2 (n) 
Gamow-Teller transition in l~176 We find a transition 
energy of 7.6 MeV which coincides with the results of 
[27]. 

As mentioned above, the coupling of single-particle 
states to phonons gives a contribution to the observed 
single-particle energies. When adjusting the Woods-Sax- 
on potential to empirical energies such contributions are 
already accounted for. In order to avoid double counting 
the particle-phonon contributions should be removed. 
This leads to a "refined" basis {~,g:.}. The corrected 
energies g~ are obtained by solving the non-linear equa- 
tions 

1 , 2 ~  1-n~, 
=ez 2 j + l  ~ ]<2lg~[,~ >1 [e  L~::-~Os 

s ,A '  i -- / -- 

t n ; t '  + 
ez - gz, + ~oJ: 

(9) 
where 2 -  {n, l,j}. 

Finally, in order to account for instrumental resolu- 
tion in the experiment we have included an energy aver- 
aging parameter A. 

4. Results and discussion 

The results of our calculations are presented in Table 3 
and in Figs. 1-10. The continuum RPA results are denot- 
ed by lp  lh+continuum while lp  l h + 2 p  2h+continuum 
indicates the results including the 1 p 1 h| contri- 
butions. To elucidate the role of the additional ground 
state correlations we quote results with and without 
(g s (+)) in the figures. The mean energies listed in Table 3 
are defined as 

~Ei Bi(M1 T) 
E = '  (lO) 

~B,(M1 C) 
i 

Figure I shows the calculated strength distribution for 
4SCa. In the continuum RPA (dotted line) this is domi- 
nated by the 1 fv/2(n)~ 1 fs/5(n) transition. After inclu- 
sion of more complicated configurations the measured 
centroid energy of 10.23 MeV is quite well reproduced 
(Eth= 10.36 MeV) while the calculated transition 
strength is somewhat larger than in the experiment. The 
additional ground state correlations have no noticeable 
effect. In z~ the two particle-hole transitions 

1 h l l / 2 ( p  )--+ 1h9/2(p) and 1 il3/z(n)--+ 1 i l u 2 ( n  ) 

form an isosealar and isovector transition within the 
RPA. Taking into account the more complex configura- 
tions we obtain reasonable agreement with experiment 
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for both the isoscalar 1 + level at Eexv= 5.85 MeV and 
for the isovector M1 resonance (Fig. 2). A rather strong 
quenching has been obtained so that our value 
~B(M1 T)= 11.6#o 2 is less than the experimental value 
of 15.6#o 2 [-28]. The calculated centroid energy (/~th 
=7.74 MeV) is slightly above the measured one (E ex 

= 7.3 MeV). The width which can be deduced from Fig. 2 
is in good agreement with the experimental value of 

1 MeV. The effect of additional GSC is more pro- 
nounced than in 4SCa: it increases the strength in the 
energy interval 9.9-15.5 MeV by about  3 #~ (see Table 3). 

Table 3 and Fig. 3 give the results for 56Ni [-3]. As 
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with 2~ this is a non-spin saturated nucleus with the 
1 fv/2 shell filled for protons and neutrons. Thus an iso- 
scalar and isovector state can be formed. The influence 
of the l p  1 h| states is quite noticeable reducing 
the strength in the peak by more than a factor of two. 
As can be seen from Fig. 3 and, in particular, from Fig. 8 
(here the averaging parameter is 20 keV only) there is 
no fragmentation width for the resonance peak. The lat- 
ter result also seems to hold for la2Sn (Figs. 6, 10). For  
56Ni we can compare our results to the continuum RPA 
calculation of [-29]. In these calculations an isoscalar 
state at 7.5 MeV with B(M1 ]')=0.4#~ was found which 
should be compared to 6.6 MeV and B(M1 ] ')=0.3~ 2 
(see Table 3) obtained from 1 p 1 h + cont. The differences 
in excitation energy can be traced back to a slight differ- 
ence in proton single-particle energies as well as a differ- 
ent value of the Landau-Migdal parameter g. While in 
the present work a value g - - - 0 . 0 5  was adopted, [29] 
uses g = 0.1. For  the isovector state [29] gives an excita- 
tion energy of 9.6 MeV and a transition strength of 
B(M1 ]')=9.5/*o 2. This is to be compared to 10.1 MeV 
and B(M1 ]')= 11.3# 2 (see Table 3). The discrepancy in 
excitation energy comes chiefly from the different choice 
of the Landau-Migdal parameter g '=0.75 in [29] as 
compared to g '=  0.96 used in the present work. The dif- 
ferences in transition strength are due to different values 
for the renormalization constants in the effective M1 op- 
erator. Given the uncertainties in the parameters of the 
residual interaction and the M1 operator we find the 
discrepancies between the predictions of the two calcula- 
tions quite acceptable. There is no experimental informa- 
tion yet on 56Ni. On the other hand, there have been 
high-resolution (e, e') experiments in SSNi [-30] extracting 
M1 strength. Since the additional two neutrons are not 
expected to drastically change the overall resonance 
characteristics we may compare our results to these mea- 
surements. Experimentally the centroid of the strength 
has been located at ~ 10.2 MeV which is in very good 
agreement with our final result of 10.0 MeV (see Table 3). 
The summed transition strength ~B(M1 1")= 16.9+416 #o z 
from 6-15 MeV is somewhat larger than our value of 
11.7#o 2 in the same interval. We also confirm the experi- 
mental finding that the strength is strongly fragmented. 

We now come to the "very exotic" nuclei 78Ni and 
l~176 In the former the lfT/z(p ) and lg9/2(n ) are occu- 
pied while in the latter both lg9/2 shells are full. As 
seen in Fig. 4 78Ni has an asymmetric resonance shape 
with a width of ~ 1 MeV. The M1 resonance in the very 
neutron deficient l~176 is split into two major peaks 
with/T~ =9.8 MeV and E2 =  10.5 MeV (Fig. 5). The low- 
lying isoscalar level is spit also. These features are caused 
by the inclusion of the l p l h| configurations 
and for ~~176 also by the very small value of the proton 
binding energy Bp = 2.91 MeV. 

5. Conclusion 

Within a microscopic approach which includes the con- 
tinuum RPA as well as lp  lh| configurations 
we have calculated isoscalar and isovector M1 excita- 
tions in the unstable nuclei s6'VSNi and 1~176 To 
judge the quality of our predictions we have also given 
results for the "known"  M1 excitations in 48Ca and 
2~ For  the latter good agreement with experiment 
in the centroid energy, the transition strength and the 
width is obtained. This, together with the fact that we 
have used known universal parameters for the effective 
interaction and the local M1 charge, gives us confidence 
that the predictions for the unstable nuclei are realistic. 

The location of the isovector M1 resonances agrees 
rather well with the RPA calculations. In all cases stud- 
ied, we find a considerable influence of the particle-phon- 
on coupling on the width and the strength distributions. 
As compared with the RPA there is noticeable strength 
in the high-energy tails and a decrease of strength in 
the resonance region. The damping effects are particular- 
ly pronounced in the extremely neutron rich nucleus 
78Ni as well as the neutron deficient ~~176 We did not 
find a simple A-dependence of the resonance widths. All 
these features depend delicately on the interplay between 
the shell structure and the low-lying vibrational modes. 

For  approaches, like the one used here, which are 
based on a phenomenological single-particle scheme and 
the effective Landau-Migdal interaction it is important  
to experimentally confirm the results presented here. In 
particular, it would give reassurance of the universality 
(A-independence) of the Migdal parameters (5) and (7) 
and hence would allow to generalize the present ap- 
proach to non-magic nuclei and to use it for marly nuclei 
far from stability. 
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