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1 . Introduction 

An almost complete set of reduced E2 matrix elements for the ground'and I bands up 
to spin 14+ and 12+ , respectively, has recently been measured for 166 Er in a Coulomb 
excitation experiment [1]. In total 44 E2 matrix elements:have been determined in 
a·model-independent way. Some of them clearly show a non.adiabatic behavior ( the 
deviation from the Alaga rule). · 

The calculations of the E2 matrix elements within four collective models (the 
symmetric rotor model, tlie asymmetric rotor model (2] with , = 10° and , = 12. 7°, 
the rotation-vibration model (3], and the IBM-l·model (41), having been performed 
in [1] show that both the I deformation and rotation-vibration coupling may be 
responsible for the strong slope in the L.,-+ (I -·2)9r transition (see figure 1 taken 
from ref. (11). However, these models failed in explanation of the sudden increase of 
this E2 matrix element. 
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Fig 1: The experimental and calculated values (1] of the I,., -+ (I - 2)9 r matrix 
elements in Er166• The calculations were performed within the adiabatic approxi
mation (adi), the symmetric rotor model (sym), asymmetric rotor model (2] (10.0 
and 12.7 label 1 = 10° and 1 = 12.7° versions, respectively), rotational-vibrational 
model (3] (versions rvml and rvm2), IBA-1 model (4](iba) and phenomenological 
model [5 - 9] (cor). 
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~ffects in E2{,-+gr) transitions in the framework of the phenomenological model 
where the Coriolis coupling between 7 and ground bands through the one 1 + state 
(interpreted as a "scissors" mode) is taken into account [5 - 9]. This model uses the 
band head energies, moments of inertia, matrix elements of the Coriolis· coupling as 
well as some basic E2 matrix elements as parameters fitted so as to reproduce. the 
experimental data for the spectrum and electromagnetic transitions. In some sense 
the model takes into account (through their parameters) the 7- deformation. Figure 
1 shows that the model [5 - 9] succeeds in the description of the experimental data. 

From the physical point of view the main idea of the model [5 - 9] about the 
Coriolis coupling between 7 and ground bands through the one 1 + state seems to 
be rather reasonable. But it is apparent that the energy excitation interval 2-5 
MeV embracing the"scissors" mode has to include a large number of 1+ states. 
Therefore, it is rather attracti':'e . to perform the microscopic investigation of this 
problem, taking into account all the 1 + states in this energy interval and not using 
any free parameters. This is just the main aim of the present paper. We do not take 
here into account the 7- deformation since this would result in rather cumbersome 
calculations·. Of course, in this case we should not wait for the nice description of 
the experimental data from the very beginning. N~vertheless, as is seen below, such 
a consideration results in some interesting conclusions about the rule of the Coriolis 
coupling in the nonadiabatic behavior of E2(1-+gr), transitions. 

Also an interesting question arises: What 1 + states will contribute mostly to 
the nonadiabatic effects, those from the "scissors" mode region or the lowest ones? 
In the former case the· new way of manifestation of the "sdssor" mode appears. 
Although the 1+ states in the energy interval of.the "scissors" mode have been 
investigated very carefully within the microscopic models (see the review article [10] 
and refs. therein), the problem mentioned above has not been considered before on 
a microscopic footing and is also the ll,im of our investigation. 

2 The model 
The Hamiltonian of the model is written as a sum of the rotational, intrinsic and 
Coriolis interaction terms: 

H = Hrot + Hintr + Hcor, 

where in the familiar notation 

h2 2 2 
Hrot = 

2
J • ([ - /3), 

Hcor = -:; · (J+r + J-j+). 

Hintr =Hap+ Hpair + Hmm, 
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In eq. (4) Hap is the Woods - Saxon potential, Hpair is the monopole pairs 
ing and Hmm is the quadrupole isoscalar and isovector interaction with >.µ = 22 
and 21 [11]. 

The wave function of the Hamiltonian (1) has the form 

I /"Mp>= Lb~i<. I l"MKv >, (5) 
Kv 

where b~i< are th~ Coriolis mixing coefficients; M and K are the angular momen
tum projections in the laboratory and intrinsic systems, respectively; p and v are 
additional quantum numbers. Further [12] · 

I I" Ml(v >= 
2J+l I . 

l61r2(1 + 8K,o) . (DMK + (-l)l+K ni_KR;) · '11.,(K"), (6) 

where R.; is the operator of rotation by an angle 7f' around the second intrinsic axis 
and '11.,(l{") is a one-phonon state: 

'Vg(K") = QJ I> (7) 

where I> is the RPA ground state, g = >.µv,µ = K,v is the number of the state 
with given >.µ. 

The reduced probability of E>. transition between the states (5)° is written 
as [12] 

B(E>-, 1;-+ 1~n = <21 ~ 1> 1< 1~n1E>-111: >12 (8) 

In our case the reduced matrix element entering into expression (8) may be writ
ten as 

where 

< I~IIE2III; >= J2Igr + 1 · (M(E2)Qo + M(E2)i+'+ M(E2)"/), 

ff 
N 

1
9

, I-, 1-,Kp 19~ I-, I-,1 
M(E2)Qo = eQo. { L bp bp clg,Kp;20 + L ~it bitcig,1;20}, 

p=gr,"/ v=l 

N 

M(E2) rn2 ""LE2{blgrbl-, cI-,1 blgrbI-,cl-,0 . } 
t+ = V 'L.. L...J it gr it 19,0;21 - it gr 19,1;2-1 , 

v=l 

M(E2) = V2. LE2{blgrbI-,cl-,2 + blgrbI-,cl-,0 } 
"I "I gr "I 19 ,0;22 "I gr 19,2;2-2 • 

(9) 

(10) 

(11) 

(12) 

In (10)-(12) Lff2 is the matrix element of the E2 transition between the one-phonon 
state g and .the ground 'state, Q0 is the quadrupole moment calculated by microscopic 
way [11]. The operator of E>.µ :transition has the form .. 

fa(E>.µ) = ee;11r,\(Y.\µ + (-1)"½_',..)(1 + 8,..,0 )-
1

, (13) 
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where the effective charge e;JJ = (1 + r)/2 + eeff is fitted so as to describe the 
experimental B(E>.) values, T = -1 for neutrons and 1 for protons. 

The parameters of the Woods-Saxon potential were taken from ref. (13] and 
the single-particle spectrum from the bottom of the potential well up to +5 MeV 
was included. The parameters of the pairing interaction were chosen so as to re
produce the experimental pairing energies. The ,-vibrational 1<1' = 2+ state and 
30 K,r = 1+ states ( all 1+ states with excitation energies up to 5 MeV) have been 
calculated within the RPA using the isoscalar and isovector quadrupole interaction 
~ith >.µ = 22 and 21, respectively. The strength constants of the isoscalar quadrupole 

· interaction i.~22
> and i.~21

> have been adjusted so as to describe the experimental en
ergy of the K,r = 2+ state and to put the first solution of the secular equation for 1 + 
states to be zero. As is shown in ref. (14], the latter condition together with the use 
of the surface type of radial dependence of the quadrupole interaction is sufficient 
to extract spurious admixtures caused by the violation of the rotation invariance of 
the Hamiltonian. This is just the case in our calculation, where the derivative of the 
spherical Woods-Saxon potential is used as the radial depe~dence of the quadrupole 
intera~tion. The strength 'constants of the isovector inter~ction fulfil the condition 
(i.i""l = -1.5i.~"")) to reproduce the energy of the isovector giant quadrupole res
onance. We also use eeff = 0.02 to correctly describe the experimental value of 
B(E2, 0+09r-+2+2,,). The moment of inertia is the same for all the bands and its 
value has been fitted to describe the energies of the 2+, 4+ and 6+ members of the 
ground band using the prescription (15]. 

The Coriolis matrix elements for the coupling between the 7 and lj bands have 
·the form · 

< 2~ I j+ I 1t >=<I Q22ii+Qf1v I>= (14) 

= L i;;q2(uq1 Uq2 +.vqi vq,) · L(1P;12;, 1/J;;;, + 1/J;;;21/J;;; )(1 + c5K1+K2,1) 
n~~ n 

In (14) Uq and Vq are the Bogoliubov transformation coefficients, j~q2 is the single
particle matrix element for the operator j+ = ix + ijy, The Coriolis matrix of 
dimension 32 x 32 has been diagonalized. 

It should be noted tha_t if in the RPA calculations the rotational invariance is 
restored correctly, the Coriolis interaction between gr band and K" = 1 + bands is 
exactly zero or in other words we have 

< 1t I j+ 1>=<1 Q21vr I>= o. (15) 

.. Indeed, in this case the state j+ I> is the spurious one and, as a result, it should 
be orthogonal to all the one-phonon states (14, 16]. So in the f;amework of this 
approach the l(" = 1 + bands are· coupled by the Coriolis interaction with , band 
only. In this case, M(E2)q0 • = o· whereas M(E2) 1+ and M(E2),, contain the first 
terms only and influence of the Coriolis coupling should be rather weak which is 
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· confirmed by our calculations presented below. To switch on the coupling of the 
K,r = 1 + bands with gr band, we should generalize the approach ,e.g., taking into 
account I deformati~n (2]. 

3 The results and discussion 

In figure 2 the calculated spectrum for the ground, 7 and 1t bands in comparison 
with the experimental data is presented. Following the above consideration the 
spectrum of the ground band was calculated in the adiabatic approximation while 
for the , and lowest 1 + bands the Coriolis coupling was taken into account. It is 
seen that the description of the ground band and of the low-spin members (up fo 
10+) of the 7 band (only the E2 transitions from these levels are considered here) is 
quite satisfactory. 
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Fig 2: The experimental [1] and theoretical spectrum of the 
ground, 7 and If bands in 166 Er. 

In table 1 the largest Coriolis mixing co~fficients for the 7 bands are given. The 
mixing with the 1 +, states is shown to be noticeable both for the low-lying and 
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Table 1: The Coriolis mixing coefficients for the, band. 

I b'., 
1 :t 

It It It lT1 lj3 It1 1r2 1r3 'Y 
2 -.0277 -.0137 -.0076 -.0116 .0071 -.0066 .0063 -.0127 .9992 
3 -.0426 -.0212 -.0118 -.0180 .-109 -.0105 .0097 -.0181 .9981 

'4 -.0554 -.0276 -.0153 -.0234 .0142 -.0137 .0127 -.0236 .9968 
.5 -.0667 -.0334 -.0185 -.0283 .0172 -.0165 .0153 -.0285 .9953 
6 -.0768 -.0386 -.0214 -.0327 .0199 -.0191 .0177 -.0330 .9938 
1 -.0860 -.0433 -.0241 -.0368 .0223 -.0215 .0199, -.0371 · .9922 
8 -.0942 -.0476 ~.0265 -.0405 .0246 -.0236 .0219· '-.0408 ;9906 
9 -.1017 -.0516 -.0287 -.0439 .0266 -.0256 .0238 -.0443 .9889 
10 -.1085 -.0552 -.0307 -.0470 .0285 -.0274 .0255 -.0475 .9873 
11 -.1147 -.0586 -.0326 -.0499 .0303 -.0292 .0271 -.0504 .9858 
12 -.1205 -.0618 -.0344 -.0526 .0319 -.0307 .0286 -.0532 .9842 

high-lying (the "scissor mode" region) states. 
It is interesting to compare the collectivity of the 1 + states from the low-energy 

and "scissors" mode regions. For this purpose the structure and the B(E2, o+09 ,-+2+ K) 
values for the lowest and the two most collective 1 + states from the "scissors" mode 
region are presented in table 2. The same char~cteristics for the 1 - vibrational state 
are also given. It is seen that the 1 + states from both the regions ~re quite collective. 

The correlation between the collectivity of the 1 + states and the Coriolis matrix 
elements (14) is demonstrated in figure 3. The larger the collectivity of the 1 + band 
head the stronger the coupling between this band and the 1 band. Indeed,.it should 
be the case since according to (14) the coupling takes place only if the 1+ state and 
the 1 - vibrational state contain identical quasiparticles in their structures. This is 
most probable for the collective states and table 2 confirms this assertion. On the 
other hand, this correlation clearly shows the importance of the residual interaction 
for the 1 + states. 

It is interesting to compare the collectivity of the 1 + states from the low-energy 
and "scissors" mode regions. For this purpose the structure and the B(E2, o+09 ,-+2+ K) 
values for the lowest and the two most collective 1 + states from the "scissors'\ mode 
region are presented in table 2. The same characteristics for the 1 - vibrational state 
are also given. It is seen that the 1 + states from both the regions are quite collective. 

The correlation between the collectivity of the 1 + states and the Coriolis matrix 
elements (14) is demonstrated in figure 3. The larger the collectivity of the 1+ band 
head the stronger the coupling between this band and the 1 band. Indeed, it should 
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Table 2: The calculated excitation energies (MeV), reduced transition probabilities 
B(E2, o+09,-+2+ K) (Wu), and structure (the main two-quasiparticle components 
with their contributions in% to the states) of the K; = 2{, It, 1t1 and lf3 states.· 

K; The main K; The main 
Ev two-quasi particle % Ev two-quasi particle % 

B(E2) j components B(E2) j components 
2+ 1 nn523 L -521 L 30 lj\ nn532 L -521 L. 20 

0.786 pp411 i +411 L 28 3.66 pp402 j -411 j 16 
22 nn521 j +521 L 16 1.3 nn5l4 L -512 j 16 

pp4l3 L -411 L 6 , nn523 L -532 L 10 

It nn633 j -642 j 71 1r3 nn521 j -510 j 58 
1.81 pp514 j -523 j ,, 9 4.55 nn5l2 L -521 L 9 
3.5 nn512 j -521 j 8 0.75 nn523 L -512 L 8 

nn624 j -633 j 2 pp411 j -420 j 5 

be the case since according to ( 14) the coupling takes place only if the 1 + state and 
the 1 - vibrational state contain identical quasiparticles in their structures. This is 
most probable for the collective states and table 2 confirms this assertion. On the 
other hand, this correlation clearly shows the importance of the residual interaction 
for the 1 + states. 

It should also be noted that the signs of reduced E2 matrix elements 
< 0%,IIM(E2)lllt > and of the Coriolis coupling matrix elements < 2~ I j+ I It > 
are mainly positive and negative, respectively. It means that the contribution of 
1 + states to the matrix element (9) has to be rather coherent. This will favor the 
nonadiabatic effects caused by coupling with 1 + states: 

The results of the calculations within ,the microscopic approach of the reduced 
E2 matrix elerrient~ for the !"I -t (I - 2)9,, I.,-+ (I+ 2)9·., I'Y-+ 19,, I'Y-+ (I..:. 2)"1, 
19, -+ ( I - 2)9, and 19 , ~· Igr transitions in 166 Er as well 'as the experimental 
data [1] are shown in figure 4. Together with the calculations with the effective 
charge eeff = 0.02 another version is presented where for the It -+ 2~ transitions 
the value 'ee!J ~ 0.3 was use,d ( to demonstrate the tendency if the collectivity of 1 + 
states increases). It is seen that for all the transitions the microscopic calculations 
give nearly the adiabatic behavior which would be exactly the case ifany Coriolis 
coupling were .absent. Such a description is in agreement with the experimental data 
for all the transitions with the exception of the J'Y -+ (I - 2)9 r one. In latter case, 
the calculations provide only a slight hint of the deep minima which takes place 
in the experimental data. Thus, as was assumed before, the microscopic approach 
presented here fails to describe the nonadiabatic behavior of the I'Y -+ (I - 2)9 r 

transitions. 
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Fig 3: The calculited reduced E2 matrix elements < 0trllM(E2)jllt > 
and Coriolis coupling matrix elements < 2; I j+ I 1 t > in 166 Er. 

This confirms the conclusions [1] that for the description both the Coriolis cou
pling and 1 deformation should be taken into account. Indeed, the , deformation 
results in mixing of the ground and , bands. The corresponding enhancement of 
the Coriolis coupling should improve the description of this nonadiabatic behavior. 
Maybe, the experimental data [1] will turn out to be a rather interesting test for the 
'Y deformation in 166 Er. 
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J"Y -+ (J + 2)9r, 1-r -+ lgr, 1-r -+ (I - 2)-r, lgr -+ (I - 2)gr 
and I9 r -+ I9 r transitions in 166 Er: 
•- adiabatic case, o- experimental data [I], 
□- microscopic calculations with e,11 = 0.02, 
*- microscopic calculations with e,ff = 0.3 

for lt -+ 2~ transitions. 
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Conclusions 

The reduced matrix elements of E2 gr --+ 1 transitions measured in the Coulomb 
excitation reaction [1] were calculated within the RPA with exact extraction of spuri
ous admixtures caused by the violation of the rotation invariance of the Hamiltonian. 
The Coriolis coupling between I and ground bands through the 1 + states is investi
gated assuming the I deformation to be neglected. The microscopic analysis shows 
that in this case the Coriolis coupling between ground and 1 + - bands is exactly zero. 
This effect seems to be rather interesting and unexpected. 

The model gives the adiabatic behavior for all the transitions which is in agree
ment with all the experimental data except the nonadiabatic behavior of the .l-r --+ 

(I-;- 2)0 r transitions. In latter case, both the Coriolis interaction and I deformation 
have to be taken into account simultaneously. Recently, the nonadiabatic behavior 
of the 1-r --+ (I - 2)0r transitions can also be discovered in 168 Er [17]. Maybe, this 
type of E2 transitions can be used as a test for I deformation in this region of nuclei. 

The correlation between the collectivity of 1 + states and their Coriolis coupling 
with, band is demonstrated. Due to this effect 1 + states from the "scissors" mode 
region should influence noticeably the nonadiabatic behavior of the E2 transitions. 
On the other hand, this could be the new way of manifestation of "scissors" mode. 
It should be noted that the nucleus 166 Er is not appropriate for the study of the 
influence of the "scissors" mode on the E2(1 --+gr) transitions since in 166 Er the,
vibrational state is very collective and the competition between the strong direct 
(2t --+ Otr) and weak indirect ( due to the Coriolis interaction) transitions is very 
small. For this purpose, nuclei with 2t states of small collectivity (e.g., 172Yb) are 
more appropriate. 
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