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The cross section of inelastic scattering of slow electrons at large angles with excitation 
of high-lying l+-states in 2~ are calculated in DWBA. The calculations are carried 
out both in the random-phase approximation and with the interaction of one- and two- 
phonon states in the framework of semi-microscopic quasi-particle-phonon model. A 
group of noncollective l+-states with a large excitation probability in backward (e, e')- 
scattering is found in the excitation energy region of 17-21 MeV. We discuss also the 
problem of existence, properties, and possibility of discovery the high-lying collective 
l+-states (2hco Ml-resonance) predicted by Speth et al. 

1. Introduction 

The existence of the collective M 1-states in spherical 
even-even nuclei formed by single-particle tran- 
sitions through two shells and situated at excitation 
energies E x = 15-19 MeV, was for the first time point- 
ed out in [1]. Calculations by Speth et al. [2] per- 
formed in 2~ within the framework of the finite 
Fermi-system theory have shown that despite the 
fact that these collective l+-states have small 
B(M1, 0g+.s.--*l+)_~0.001+ 0.1 ~ ,  they should be 
strongly excited in the inelastic electron scattering. 
According to [2], the most intensively excited states 
should be the strongly collectivized 1+-state with the 
excitation energy Ex=25.16MeV, the current tran- 
sition density of which is of a surface nature. The 
excitation cross section of this state in backward 
(e,e') scattering was calculated to equal 150nbarn/ 
ster. In [2] an estimation is also given for the escape 
width of this state F ~ -~ 1 + 4 MeV. However, an at- 
tempt to find such a resonance with F-~I  MeV in 
inelastic scattering of electrons with energy E 0 
=60MeV at angle 0=180 ~ [3] has failed. With a 
large uncertainty experimenters extracted a bump of 
the width F_~I.5MeV at energy /~x-~24MeV. The 
total cross section in the peak (after extraction of a 
background) Was 50 _+ 20 nb/sr which is essentially 
smaller than that predicted theoretically. 
An adequate description of collective nuclear exci- 

tations in the continuum spectrum region requires 
to overcome two difficulties. First, calculations 
should be carried out with a large enough single- 
particle basis including the continuum. Second, at 
high excitation energies the interaction of simple 
configurations (in the present case l p - 1  h) plays an 
important role with more complicated, in the first 
place 2p-2h, configurations. As is shown in [4] 
such an interaction can drastically change the M2- 
strength distribution Calculated in the random-phase 
approximation (RPA). Therefore, results of RPA- 
calculations performed with a strongly limited single- 
particle basis can be considered as preliminary 
and require further verification. 
A consistent overcoming of the above difficulties is a 
cumbersome problem and till now only first steps 
are undertaken [53 . In this work we shall consider 
what consequences will follow for the high-lying 
M 1-resonance if we shall take into account the in- 
teraction of lp- lh  configurations with more com- 
plicated ones. For this aim we use the quasiparticle- 
phonon nuclear model (QPM). We discuss also 
some other problems related to the existence and 
possible discovery of the high-lying Ml-resonance. 

2. High-lying M1-States in the RPA 

* Present address: Institute for Nuclear Research and Nuclear 
Energy, Sofia, Bulgaria 

The QPM belongs to the class of the so-called semi- 
microscopic models. It treats the nucleus as a system 
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of nucleons moving in an average potential and 
interacting through the effective nucleon forces. A 
detailed presentation of the model and results ob- 
tained can be found in [6, 7]. The most essential 
recent results are published in [8]. 
The separable multipole and spin-multipole forces 
are used in the model as the effective two-body 
forces in the particle-hole channel  These forces with 
radial dependence of the surface type are widely 
used to study the states with normal parity, both the 
low-lying and those in the continuous spectrum (see, 
for instance, [6, 9-12]). The separable forces have 
been used repeatedly for the description of the states 
with anomalous parity too, mainly of the M1 reso- 
nance. It should be noted that the results obtained 
in the RPA with the separable [4, 13, 14], finite 
radius [15] and Migdal [16] forces are close. 
The effective force constants as well as the other 
model Hamiltonian parameters are determined by 
the known experimental data or on the basis of 
qualitative estimates [6, 10]. The values of the param- 
eters, which are used in this paper, are given in 
[4]. In the RPA the structure of 1+-states is de- 
termined by a relative contribution of two terms of 
the effective spin-multipole interaction, the simple 
spin and spin-quadrupole forces: 

V~lo + V~12(rl, r2) : I(K(001) Jr" Ki01) ~" 1T2) 0" 1 0"2 

@ 21--(/g(021) Jr- K(21)'Cl172) Y24  E (--)ME0"1 Y2U(~I) ]  1M 
M . (I) 

It follows from the analysis of [17] that the term 
V~2(r~, r2) plays the dominating role at the excitation 
energies Ex> 10 MeV. The inclusion of these forces 
results in the appearance at the excitation energy 
Ex > 20 MeV of the collective 1+-states, i.e. the states 
which are contributed by many lp- lh  (or two- 
quasiparticle) components. These l p - i  h states cor- 
respond to the single-particle transitions with chang- 
ing orbital moment A l--2; therefore, the value of 
B(M1,0g+.~.~I~ +) for the high-lying collective exci- 
tations is small (<0.1 #~). 
We shall note take into account the isoscalar com- 
ponent of the spin-multipole interaction, using the 
following values for the constants U(o~ ) and effective 
gyromagnetic factors E4, 13, 14]: 

28 x 4~z MeV 
~c~L)=0, tc(lzc) - A(r2~o) fin 2~ 

eff free eff free gs =0.8 (2) g~ , gz = gl �9 

These values of the parameters allow one to satisfac- 
torily describe the experimental data on the 1 § and 
2-  levels in SSNi, 2--states in 9~ *4~ and 
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z~ a number of lp - lh  Fig. 1. One-phonon l+-states in 
states with L ~= 1 + in the interval A Ex= 1 MeV as a function of 
excitation energy E x ; h-d the excitation cross section of 1 +-states 
in (e,e') scattering for E0=60MeV and 0=180 ~ The value of 
~c(1 zl) equals ~12~) (h), 0.5 ~(21) (c), and 0.1 ~(121) (fl) 

2~ and on the M1 radiative strength functions in 
nuclei with A-~140 [4, 14, 18]. In what follows the 
values of the constants ~C(o~{ ) calculated by formulae 
(2) will be denoted by ~(xx.) '40, 1 " 
The single-particle energies and wave functions have 
been calculated with the Saxon-Woods potential 
with the parameters of Chepurnov [19]. All the 
bound and quasibound states with width 
F <0 .5  MeV of the proton and neutron systems have 
been taken into account in the calculations. The 
states with large angular momenta predominate 
among the quasibound states. Figure l a demon- 
strates the histogram of the density of the l p - l h  
states with L~=I + in 2~ up to the excitation 
energy Ex=35 MeV, calculated with our single-par- 
ticle spectrum. The particle-hole states in the in- 
terval 15 < E  x < 25 MeV correspond to the transitions 
over two shells, and the states with an energy of 
Ex > 30 MeV correspond to the transitions over four 
shells. In papers [1, 2] a more truncated single- 
particle spectrum than ours has been used. There- 
fore, the l p - l h  states with an energy of 
Ex>21 MeV were absent. 
The electroexcitation cross sections of the one-pho- 
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non 1+-states of 2~ have been calculated by the 
DWBA-code [20]. The current transitional densities 
(CTD) have been calculated taking into account 
only the convective and magnetic constituents of the 
nuclear current under the assumption that the con- 
tribution of the charge exchange current has been 
effectively taken into account by the renormalization 
of gyromagnetic factors [21]. The formulae for the 
convective p~L(r) and magnetic p~'~(r) CTD are given 
in paper [22]. The results of calculation of the back- 
ward (e,e') scattering cross sections (0=180 ~ at the 
energy of incident electrons E o = 6 0 M e V  (these are 
the experimental conditions [3]) are shown in Fig. 
l b-d). The calculation is performed for three values 
of the constant ~c~21)=~(~21); 0.5 ~2~) and 0.1 ~(12~). At 
all three values of the constant in Fig. 1 one can 
separate three regions of excitation energy E= in 
which the one-phonon l+-states are intensively ex- 
cited in the backward (e, e')-scattering. 
The most low-lying state (E~ = 7.8 MeV) is the usual 
M1 resonance. As is known, its existence has been 
predicted by numerous calculations (see, e.g. [13- 
16]). In recent years its existence became a matter of 
serious doubt and raised a great discussion [23-25]. 
However, this is an open question as yet, and we 
shall not dwell upon it in this paper. 
The following group of strongly excited i+-states is 
in the excitation energy interval 15<E~ <22 MeV. 
Its position coincides with maximum of the density 
of l p - l h  states. The decrease in the constant I~c&=X>l 
does not lead to essential changes in the position of 
this group, its width and the sum excitation proba- 
bility. The group of the one-phonon l+-states in- 
cludes both collective and noncollective states. They 
are formed by the i p - l h  states corresponding to 
the transitions through two oscillators shells. The 
most intensively excited states in this group are non- 
collective states formed by a particle on the level N 
+ i, l,j and a hole on the level N, I,j. Figure 2 exem- 
plifies the CTD of two states from region II: noncol- 
lective state with E~= 19.8 MeV and collective with 
E~ = 19.2 MeV. Both CTD are of the volume nature. 
The oscillating behaviour of the CTD of the col- 
lective state leads to a small probability of its exci- 
tation in the (e, e')-scattering. 
The third group of states, one or two (depending on 
~c(~ 21)) strongly excited states; is concentrated in the 
region of low density of the I p - l h  states. Their 
position is very sensitive to the value of the constant 

w.(21) _ ~(21)  ~21), At '~1 -,',1 the energy of this (in this case 
single) state is E~=30.4MeV. It is a strongly col- 
lectivized state. A considerable contribution to its 
structure comes from many l p - l h  components, 
corresponding to the spin-flip transitions A l=2 ,  Aj 
= 1, the contribution of the transitions through four 
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Fig. 2. Current transition densities of one-phonon I+-states in 
2~ (solid lines). Number show the excitation energy of states 
(in MeV), Dashed lines are CTD of l p - l h  components, which 
give the main contribution to the structure of collective (E x = 19.8 
and 30.4 MeV) levels 

oscillator shells being noticeable. With decreasing 
spin-quadrupole interaction the energy of this state 
decreases and the collectivity becomes less. At tc] 2~) 
=0.5 ~(21) the contribution of the 4hco transitions to 
its structure is almost insignificant. At ~c] 21~ 
=0. i  ~(2~) the state becomes noncollective and lies 
near the second group of l+-states, which has been 
discussed above (Fig. ld). The CTD of this state is 
also of a volume nature (Fig. 2). However, in con- 
trast with the CTD of the collective state with an 
energy of E x = 19.2 MeV, it does not oscillate. There- 
fore, the state under consideration is excited with a 
far larger intensity. A different behaviour of the 
CTD of collective states with E~ = 19.2 MeV and E x 
=30 .4MeV is apparently due to the fact that the 
CTD of different l p - l h  components composing 
their structure (they are denoted by the dashed line 
in Fig. 2) in the first case are summed destructively 
and in the second case coherently. 
The strongly collectivized 1 +-state with the 
E~-~30MeV resembles by a number of properties 
the high-lying 2hco Ml-resonance,  which has been 
predicted in [2]. It has a small B(M1)-value but is 
excited strongly in the inelastic electron scattering at 
large angles and is very sensitive to the effective 
force constants. The latter makes the difference be- 
tween our excitation energy for this state and the 
results of [2] insignificant. The excitation energy 
25.16 MeV pointed out in [2], is reproduced in our 
calculations at ~]2~)=0.3+0.25~]21). What is more 
important, the structure of this state obtained in our 
calculations should considerably differ from that ob- 
tained in [2]. The point is that the main contri- 
bution to it comes from the 1 p -  lh  states, in which 
the particle is on the quasistationary level with a 
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large angular momentum. Speth et al. disregarded 
these states in their calculations. This is apparently 
the reason of different behaviour of the CTD: the 
CTD of the 2hc~) M1 resonance, calculated in [2], 
was of a surface nature. The excitation probability 
of the collective state under the conditions of the 
experiment [3] in our case is 2-2.5 times as less as 
in [2]. This difference is jus t partially due to the use 
of the effective rather than free gyromagnetic fac- 
tors. 
Even in the RPA we have obtained for the high- 
lying M1 states the results different from those of 
paper [2]. In our calculations at certain values of 
the effective force constants there also arises a col- 
lective 1 § with a n  energy of E~-~25-30 MeV, 
which is intensively excited in the(e,e')-scattering, 
but it has a different structUre and the excitation 
probability of it is less than in [2]. These differences 
are mainly due to a different truncation of the single- 
particle basis. Besides our calculations predict the 
existence o f  the group of noncollective one-phonon 
l+-excitations at the energies 15<E~<22MeV,  
which is excited with almost the same intensity. 

3. Influence of the Interaction of One- and Two-Phonon 
States on the High-Lying M1 Excitations 

Since the excitation energy of the states under con- 
sideration is large, the results may be expected to be 
influenced considerably not only by the truncation 
of the single-particle basis but also by the inter- 
action of one-phonon states with those of a more 
complex structure. In this paragraph we study the 
influence of the interaction of one- and two-phonon 
states on the (e, e') scattering cross section. 
TO take into account in the framework of the Q P M  
the interaction of one- and two-phonon states, the 
wave function of the v-excited state with momentum 
and partiy L ~ is written as 

+ tP~(IY M) = { ~ Ri(L v) QLMi 
i 

+ ~, Rz2i:fLv) [Ox~u,h Qx+,,~JL~t} 71o (3) 2111 \ 
~:~ )~2 

where Q~.~ is the phonon creation operator with 
momentum, projection 2# and number i which distin- 
guishes the phonons with the same values of 2/z 
and different excitation energies [6], 7/0 is the 
ground state wave function which is the phonon 
vacuum. 
The phonon interaction operator H~, t does not con- 
tain new parameters in comparison with the initial 
model Hamiltonian. Its matrix elements U~'~(Li)~- , 

(%QLM~il Gnt + + ]][Q~,,~I~QX2,2JLM%) are expressed 
through the quadrature combinations of forward- 
going and backward-going amplitudes entering the ex- 
pression for the phonon operators through the quasi- 
particle creation and annihilation operators [6]. To 
find the excitation energies t/L ~ of the states ~(LM) 
and their structure, one should solve the system of non- 
linear equations, the dimension of which coincides 
with the number of terms in the one-phonon part of 
the wave function (3). This is a very cumbersome 
computational problem, Besides, we are forced tO 
calculate the electroexcitation cross section for each 
state with a complex structure. One can overcome 
these difficulties using the strength function method, 
the most simple form of which is presented in the 
book by Bohr and Mottelson [26], and for more 
complex cases it has been developed in papers [6, 
27]. The strength function for the electroexcitation 
cross section of the states, described by the wave 
function (3), is determined as 

1 da 
b2(dc@lO, rl)=~--~ ~ O~_rlL,,)2+A2/4 (d~)L f (4) 

It has been shown in [28] that for the function 
bz(da/df2,tl) one can obtain an expression which 
does not depend explicitly on the energy r/L ~ and 
coefficients Ri(Lv ) and P~]I2(Lv). The strength func- 
tion is determined by the matrix elements of the 
phonon interaction U]~/~(Li) and by the amplitudes 
q~c~ of the electroexcitation of one-phonon states 

+ QLM~ ~o" The physical grounds for the obtained in 
[28] expression for b2(da/df2, rt) is the assumption 
that excitation of the state proceeds through the one- 
phonon components and (da/d~d)L ~ I ~  Ri(Lv)cpLil 2. 

i 

The function analogous to b2(~) can be constructed 
also for the calculation of the (e,e')-scattering 
cross section with excitation of the one-phonon 
states, though from the computational point of view 
it is not necessary. In what follows we shall however 
use this way of presentation of the RPA-results 
for the sake of comparison. We shall denote this 
function by b 1 (da/df2, tl). 
The quantity A entering the definition of the 
strength function (4) is strictly speaking the parame- 
ter. But its value can be chosen so that it would not 
influence the physical results [27]. In the present 
calculations we use A =0.5 MeV. 
Constructing the two-phonon components in the 
wave function (3), we have taken into account all 
the phonons with momenta and parities 
2 ~ = 1 +, 2 + . . . .  7 -+- and the excitation energy 
co;~<30MeV. Since all the model equations, used in 
this paper, are obtained under the assumption that 
the phonon operators satisfy the boson commu- 
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Fig. 3. The strength functions of 1+-states excitation in z~ in 
(e,e')-reaction with E0=60MeV and 0=180 ~ Calculations are 
performed in RPA (a) and with one- and two-phonon states 
interaction (b). Parameters A =0.5 MeV 
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tation relations, i t  is possible the violation of the 
Pauli principle while constructing the two-phonon 
states. Though there is a possibility to  take the Pauli 
principle into account accurately within the model 
[29], it encounters considerable computational dif- 
ficulties. Therefore, we have neglected those two- 
phonon components in (3) for which the Pauli prin- 
ciple is strongly violated; these are the components 
including two noncoltective phonons. Thus, t he  two- 
phonon part of (3) includes the states in which either 

+ both phonons + and Q;~i_, or one of them is ~21 #I il 
collective. It should be noted that the two-phonon 
components left in (3) interact most strongly with 
the one-phonon states. One more approximation 
should be noted. Since in the present paper we are 
interested first of all in the 1 + states with an energy 
of E~>10MeV,  to simplify the calculations of the 
strength function b2(da/df2,tl ) we take  into account  
the spin-quadrupole part only of the interaction (1) 
while calculating the structure of one-phonon 1 + 
states. Figure 3b exemplifies the  calculated strength 
function bz(da/df2, tl). The calculation is performed 
for the case when tc]21)=0.5t2121). The results of 
RPA-calculation with the same values of the param- 
eters have been presented in Fig. lc. For the sake of 
convenience in Fig. 3a these results are presented by 
the corresponding strength function bl(da/ds 
with A=0.5 MeV. The comparison of Figs2 3a and 
3b shows that the interaction of one- and two,pho- 
non states slightly influence the distribution of the 

electroexcitation probability of 1 + states in the 
2~ spectrum at Ex>12MeV.  The position and 
width of the regions with intensively excited 1 § 
states are preserved. This means that the one-pho- 
non states are slightly fragmented; the distribution 
of strength of the one-phonon state proceeds over a 
small region in the close proximity to it. Therefore, 
the fragmentation manifests itself in the decrease of 
the amplitude of peaks in the strength function 
b2(da/dg2, tl) in comparison with bl(da/dQ,~l). The 
reason of a slight fragmentation of one-phonon 
states is their weak interaction with the two-phonon 
states, that follows from the values of the matrix 
elements of this interaction rtx~is(L i). ~22 i2 

4. Masking Effect of M2- and M3-States 

In this paragraph we should like to call attention to 
the fact which makes it difficult to observe the high- 
lying M1 resonance in the (e,e') scattering. In the 
experiment [3] it has not been attempted to de- 
termine spin and parity of a weakly expressed bump 
(/~x~24MeV), which can be imagined as a reso- 
nance. One can state that the observed bump is 
related to just the M1 resonance if he is sure that 
other states in this region are excited with a consid- 
erably less intensity. In the given case there is no 
such a confidence. The experimenters indicate that 
in the same energy region a noticeable contribution 
of the cross section will come from the transversal 
electric part of the isovector E2 resonance. Our cal- 
culations show that the magnetic states of other 
moltipolarities will be excited as strongly as the M 1 
states. F ig u re  4 shows the strength functions 
bi(da/df2, rl) for MI- ,  M2- and M3-states (E 0 
= 60 MeV, 0 = 180~ The calculat ion has been per- 
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Fig. 4. The strength functions of l +-, 2-- and 3+-state excitation 
in 2~ in (e,e')-reaction with E0=60MeV and 0=180 ~ The 
solid line is for Ml-states, the dash-dotted line for M2-states, the 
dashed line for M3-states 
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formed in the R P A  with the constants  (2). The one- 
p h o n o n  M 2 -  and M3-s ta tes  lying in the region 
1 0 < E x < 2 7 M e V  are either weakly collective or 
noncollective,  and the corresponding values 
B(ML, 0g+.s.-~) for them are not  large. It is seen 
f rom Fig. 4 that  the electroexci tat ion cross section 
for them is sufficiently large. The regions with in- 
tensively excited states of different mult ipolari t ies  
are very wide (F--~5MeV) and over lap between 
themselves. Therefore,  the sum cross section will 
change flatly, and the arising " resonance- l ike"  struc- 
tures will be related to the excitat ion of states of  
different mult ipolari ty.  With  the large density of  lev- 
els at Ex~_20-30MeV,  the exper imenta l  difficulties 
to separate  the cont r ibut ion  to the cross section of 
different mult ipolari t ies  will be large. 

5. Conclusion 

Let us summar ize  the basic results of  the investi- 
gat ions pe r fo rmed  in this paper.  They have shown 
that  in spherical  nuclei* at energies /~x=19 
+ 2 0 M e V  there exists a group of noncollect ive 1 + 
states intensively excited in the backward  (e,e')- 
scattering. The  states are localized in the excitat ion 
energy interval  with width of F,-~5 MeV. The po- 
sition of  the group, d imension of the region of local- 
izat ion and  the sum electroexcitat ion probabi l i ty  de- 
pend weakly on the paramete rs  of  the effective in- 
teraction. At certain values of  the constants  of the 
sp in-quadrupole  forces Itr ~(1/t)l there 
arise one- two collective 1 + states ( E x > 2 5 M e V )  
which are also intensively excited in the backward  
(e,e')-scattering. The excitat ion energy and structure 
of  these states depend strongly on the values of  ~:(21) 
and t runca t ion  of the single-particle basis. Therefore,  
even within the Q P M  we cannot  make  definite con- 
clusions neither abou t  their posi t ion and excitat ion 
probabi l i ty  nor  the existence itself of  these states. At 
least the calculat ions with the full single-particle ba-  
sis including single-particle con t inuum are needed. It 
follows f rom the calculat ions that  the interact ion 
with the two-phonon  states does not  change consider- 
ably the results of  calculat ion in the RPA.  The  
interact ion with compl ica ted  configurat ions does not 
cause d isappearance  of the collective high-lying M1 
state (if any). However ,  the exper imenta l  observa t ion  
of the high-lying M1 levels in the (e,e ')-scattering is 
difficult, because in the same region E x there are 
intensively excited states w i t h / 2  = 2 +, 3 - .  

* In this paper we present the results for 2~ alone. In [28] 
the calculations for 9~ have been performed, and the obtained 
results coincide qualitatively with those for z~ 

All the above ment ioned  conclusions have been ob- 
tained within the simple model  using separable  effec- 
tive forces in the spin-isospin channel. Therefore it is 
legit imate to inquire whether  the change of the re- 
sults presented will be essential, if one uses more  
realistic effective forces, in part icular,  the tensor 
componen t s  of  these forces and finite range forces 
[30]. There  exists also the a s sumpt ion  [24] that  the 
values of  the effective gyromagnet ic  factors in heavy 
nuclei are s trongly quenched (in 2~ g e f f  
0.5gfsree). If  this assumpt ion  is justified, the (e,e')- 
scattering cross section will decrease sharply (ap- 
proximate ly  by a factor of  2.5). Fur ther  investi- 
gat ions are needed to answer  all these questions 
profoundly.  
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