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Various electromagnetic properties of the anomalous coupling states (ACS) with spin 7 = / — 1
are shown to be well explained by a new point of view on structure of the ACS. In the new point of
view, the ACS are considered as the dressed three-quasiparticle modes which are regarded as a kind
of elementary excitation modes in odd mass nuclei.

§1. The anomalous coupling states (ACS) with spin I = j — \ have been known as the typical
phenomena in which the conventional phonon-quasiparticle-coupling theory is in complete
breakdown.

The importance of unharmonic effects or deviations from the random phase approxima
tion (RPA) have already become clear in even-even nuclei. It suggests to us the existence
of some hidden correlations in the "unharmonic effects," which may be difficult to take into
account properly within the "phonon space." In clarifing the hidden correlations and to establish

a new microscopic model, the importance of an odd-mass system has come to be recognized,
since the existence of the odd-quasiparticle may reveal the hidden correlations in a clear way
through their interplay with "phonons."

In recent years, a number of new examples of the ACS with spin 9/2" have also been
found in Cd, Te and Xe isotopes close in energy to the single-quasiparticle 11/2" state.
Furthermore, the measurement on the electromagnetic properties, such as 5(E2), g, S(M1),
have been providing us important information, showing various aspects of the structure of
ACS.^"®^ The characteristics of the electromagnetic properties of the ACS with spin j — \
may be summarized as follows;

1) Strongly enhanced E2-transitions between the (J — l)-states and the y-states. The en
hancements of the E2-transitions are comparable (or somewhat stronger) to those of phonon
transitions in neighbouring even-even nuclei.
2) The fif-factors of the (j — l)-states are nearly equal to (or slightly deviate from) those of
the single-quasiparticle states with spin /.
3) Moderately hindered Ml-transitions between the (y — l)-states and they-states. In some
experiments, however, they are only weakly retarded.

Based on these characteristic experimental facts, we have proposed a new point of view
on the structure of ACS,^°' where the main component of the ACS is regarded as the dressed
three-quasiparticle (3QP) modes which manifest themselves as relatively pure elementary
excitation modes. The concept of dressed n-quasiparticle modes and the theory of quasi-
particle-new-Tamm-Dancoff (NTD)-space spanned by these elementary excitation modes
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has been developed by the present authors and by Kanesaki, Sakata and Takada.^"'^^^ The
quasiparticle-NTD space is constructed in a complete one-to-one correspondence with the
quasiparticle-Tamm-Dancoff (TD)-space and, therefore, the introduced new collective modes
(dressed 3QP modes) are reduced to the Tamm-DancofT 3QP states in the limit of neglect
of the ground-state correlations. Thus, the strongly enhanced E2-transitions which char
acterize the collective nature of ACS can be naturally explained, contrary to the Kisslinger's
(Tamm-Dancoff) 3QP "intruder" states.'^' In the proposed point of view, the significance
of the ACS with spin / - 1 in spherical odd-mass nuclei may be compared with that of phonon
states with = 2"^ in even-even nuclei, in the sense that they are both the typical phenomena
of the collective excitation modes. The well-known phonon modes are, in our classification,
"dressed 2QP modes" which are described by the conventional 2QP-NTD method (RPA)
and the "dressed 3QP modes" are nothing but the ACS under consideration.

Under the special physical condition of shell structure for the appearance of ACS, the
creation operators of the physical dressed 3QP modes are constructed in terms of quasiparticle
creation and annihilation operators as'"'

S {VS^P<^)Tsi2 sni-tpa) + (p^„{npa): Tj/zTTjCTtpa):}
V ̂  • np<T

with the condition

+ 7? Z iVni'^PyW^alal + <p'„(T^Py)alat,ay},

Y, = Z = 0 •

Here Greek letters (n, p, a) are used to specify the single-particle states in the large-spin,
opposite parity level (such as gg/2 and h^i/2) Greek letters (a, P, y) denote the other states
(for both protons and neutrons). It should be noticed that the lowering of (J - I)-states occurs
in odd-mass nuclei in the region of spherical to transitional, when a level of large spin j with
unique parity in the major shell is being filled. In eq. (1), the operators T2/2saittpa) are the
quasi-spin tensors of rank 3/2 composed of quasi-particle trilinear products:

7^3/2 3/2i^P<^) = aWp^l,

7^3/2172(^1"'^) ~ -f" a^Spa^}.

The eigenmode operators Fj thus constructed transfer the seniority Au = 3 to the correlated
ground state |0> and create the dressed 3QP states |n>. Under the basic approximation of the
NTD method, it can be shown that the eigenmode operators Yl satisfy the quasi-Fermion
approximation,

<0|{r„,, f:}+|0> = 5„„. . (4)

The equations of motion for the dressed 3QP modes were solved with the use of the pairing-
plus-quadrupole (P + QQ) force in ref. 10). The excitation-energy systematics of the ACS,
which have some similarity with those of 2"^ phonon states in the sequence of even-even
isotopes, were reproduced very well in the numerical calculations.
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§2. Now, let us discuss how to calculate the electromagnetic quantities in the framework

of the proposed theory and whether the characteristics of the electromagnetic properties of

the ACS mentioned before are explained consistently by the proposed point of view or not.

Since the essence of our theory is to treat the (odd-mass nuclear) system within the "quasi-
particle-NTD-subspace" (which is formed with orthogonal basis vectors consisting of the
correlated ground state |0>, the IQP states |a> = al|0> and the dressed 3QP states |n> =
yj|0>.), we must transcribe any physical operator 6^^ (where X means the rank of tensor) into
the "quasiparticle-NTD-subspace." The transcription can be done unambiguously,"' the
result of which is

a,a' n,n'

+ H <a|^;i„l«> • ialY„ + Yla^). (5)
oi,n

The matrix elements of eq. (5) are evaluated by using the quasi-Fermion approximation

<a|dja'> = <0|{a„ [5,,, aM_} + |0>,

= <0|{a.,[e,„ yl]_} + |0> (6)

= <0|{y„, [^A.,aI]-} + |0>,
<n\6,,\n'} = <0|{y„, [6,„ yM_} + |0>.

In the same way, our original Hamiltonian H is expressed, after the transcription, as

^ = I E^ala, + X co„ Yl y„ + ̂  X„( Y^ + al VJ. (7)
a  R n,a

The third term of the effective Hamiltonian N represents the interaction between the different
modes of elementary excitations, and comes from the Ny-type (original) interactions which
have not played any role in constructing the elementary excitation modes, contrary to the

Hx- Hy-typQ (original) interactions (Fig. 1). As long as the ACS with spin j — 1 are re
garded as relatively pure dressed 3QP modes, the third term can safely be dropped. In other
words, the special condition to attenuate the effects of the third term is nothing but the condi
tion to guarantee the appearance of the ACS in their most simple and pure form. We show
at the first, therefore, the results on the E2-transitions and the magnetic moments of the ACS
in the first-step approximation (by neglecting the third term), with the use of the P -I- QQ force.
The effects of the third term {i.e., the interplay of the dressed 3QP modes and the IQP modes)
will be discussed later in connection with the Ml-transitions.

§3. The 5(E2) from the ACS with spin / to the IQP state with spin j is given by

5(E2; 7^7) = e,Q{pp),Jc}^^„{p^) +
2

+ Z e,Q{bc){\l/„{p; be) -I- (p„{p; be)} , (8)
b,c
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Fig. 1. Graphic representation of the matrix elements of the interaction.
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Fig. 2. Graphic representation of our basic states and their electromagnetic properties.

Q(bc) = ̂<Z)||r^y2l|c> • (MfcP, + v^u^),

Q = 1 + io|jj2} - ̂jr^2jy - r
In eq. (8), the 3QP-correlation amplitudes, ^„(Plbc)... etc, are related with those
defined in eq. (1), through
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J=even

^niT^Py) = bc)<2jMm^\IKy{jJjnpm^\2My,

■ ^n{p% • ■ ■ etc. (9)
It is interesting to note that, in the P + QQ force, the final results can be expressed in terms
of only the special amplitudes with intermediate angular momentum J = 2. It is also noted

that formally eq. (8) has the similar structure as the corresponding equation obtained by the
conventional RPA in even-even nuclei, in spite of the essential difference due to the incorpora
tion of the 3QP correlations. For the E2-transition from the excited ACS to the IQP states,
we therefore expect the well-known enhancement associated with the structure of eq. (8).
In particular, we have the usual relation: the lower the excitation energy of the ACS, the larger
the 5(E2) values. Such an enhancement, caused by the collective ground-state correlations due
to the QQ-force is a direct and natural consequence of the present theory.

With the use of eqs. (5) and (6), the magnetic moments of the ACS with spin / is given by

P = 91-I, (10)

g = g(0) /(/+ 1) +/•(/+ 1) - 6 (1)
2/(7 -f 1)

/(/-b 1) + 6-7(/ + 1). .

2/(7 -Hi)

The partial ̂ -factors m this equation are

gT = 9p ■

' = 9p-lL {Wp; bcf - (p„{p\ bcf)
fl/«

V ^ "I'p iJb 2 IJ

X [iPn(p; ca)}l/„(p; ab) - (p„(p; ca)(pfp; ab)], (14)

respectively. Here Pp means the gr-factor of a single-particle in the high spin, unique parity
level/ The meaning of each term in eq. (11) is clear. The first term, comes from the
quasiparticles in the unique parity level / If we restrict ourselves only within the unique
parity level / which is being filled, gy' becomes equal to gp (because in this case iplip^) —
<pI(p^) = !)• The second and third terms are of the same form as in the Lande-formula; the
second term comes from the odd-quasiparticle in the level J and the third term comes from
the quasi-particles in the core, respectively. It is important to notice that the contributions
from the quasi-particles in the core, (the amplitude of which is represented by il/„(p; ab) and
q)„(p;ab)), are accompanied with the kinematical factor, which becomes small especially
for 7 = 7 — 1. This means that, in some situations, the quasiparticles in the core give rise to
only small effects to the total ̂ r-factor and the magnetic moments of the ACS are determined
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mainly by the quasi-particles in the unique parity level j. Therefore, the observed value of g,
nearly equal to does not necessarily mean the simple 0")/-configuration. Even if the wave
functions under consideration be far from those of simple (j"),-configurations, the magnetic
moments give us nearly the same values in experiments.

In the first-order approximation with the P -I- QQ force, in which the ACS with I =
j — \ are regarded as relatively pure dressed 3QP modes, the M1 -transition between the ACS
and the IQP states with spin j is forbidden, as is easily seen by our construction of the eigen-
mode operator (1) with correlation amplitudes (9):

fi(Ml;/^y) = 0. (15)

The attenuation of the Ml-transitions is indeed observed in experiments^' and is a sensitive
criterion for the purity of the ACS as the dressed 3QP states. In some experiments, however,
it is only weakly retarded."^' In order to explain the small Ml-transitions, therefore, we must
consider the coupling effects of the dressed 3QP modes with IQP modes. The interplay
of the dressed 3QP modes with the IQP modes is originated from the third term of the effective
Hamiltonian (7) in the quasiparticle-NTD-space under consideration. In the P + QQ force
model, the coupling strength is given as follows;

• XiP'Wr^Y^Wp) (Mp'Up - Vp.v^)8j^.iV 2/ -t- 1

X Q(PPUC,i^il/„ip^) + Jj(p„(p^)^
+ Z QibcMniP', be) -I- (pfp; be)} ,

h,c J

where x is the (original) strength of the quadrupole-force. The characteristic of the coupling
term is its inclusion of the (u^.u^ - Vp,Vp)-{actoT, which comes from the (original) 7/y-type
interaction. In the special physical situations in which high-spin, unique parity level is
half-filled, we have

u\-v\kO (forp'=p).

Furthermore, since a single-particle level p' (which has the same parity with the level p) with
spiny'p. = I^jp does not exist in the same major shell and is lying in the next upper major
shell, the coupling effect is expected to be rather small.

Including the coupling effects, we obtain an expression for the Ml-transition under
consideration:

|ei<Pll/illP'>q.p. + e2<«ll/^ll«'>coll.l^

where

<p\\p\\p'\.p. = (eMp'} ■ (UpUp- + Vp')

and <nllMll«')coii. is th® reduced matrix element of <0| F„/rTj.|0>. The first term of eq. (17)
represents the contribution due to the admixture of the IQP modes with spiny'p. =jp— 1
(from the upper major shell) to the ACS with spin I = Up- 1) and usually small. The second
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Table I. B{E2) values for the transition from the ACS to the IQP states. The calculated values are
listed in unit of e^ x 10" cm* for polarization charge a = 0.5.

a) ref. 2, b) ref. 3, c) ref. 4, d) ref. 9.

B(E2; 9/2- - 11/2") B(E2; 7/2+ - 9/2+)

Nucleus Cal. Exp. Nucleus Cal. Exp.

"'Cd 9.8 "Tc 8.3

i"Te 10.5 / 9.3" 99Tc 12.0 23 ± 12*'
U1.5 ± 0.5"' 13.5 ± 1.5"'

"'Te 8.2 "Rh 9.4
i29Te 6.2 "'Rh 14.9

'^'Xe 15.3

Table II. Gyromagnetic ratio gi for the ACS with I = j — 1. The calculated values are listed in
unit of n.m. for effective spin ̂ -factor g^" = 0.6 g,. For the values of gp, the following experimental
values are directly adopted;

hri/2-odd-neutron: gp = —0.19 ("'Cd)
g^/2 -odd-neutron: gp = —0.22 (®^Kr)
Sfi2 -odd-neutron: gp = 1.37 ('^Nb)

a) ref. 5, b) ref. 6, c) ref. 7, d) ref. 8.

gin*

Nucleus Cal. Exp. Nucleus Cal.

'"Cd -0.26 »'Tc 1.41

i"Te -0.21 f-0.204 ± 0.007"' 99Tc 1.40
] -0.202 ± 0.016"' »«Rh 1.39
1-0.15 ±0.02*' '®'Rh 1.37

"'Te -0.22

i29Te -0.23 "Sr -0.24

"'Xe -0.22 83Kr -0.22 -0.268 ± 0.001

Table III. 5(M1) values for the transitions from the ACS to the IQP states. The calculated values
are listed in unit of (n.m.)^ for gl" = 0.6 g,.

a) ref. 2, b) ref. 3, c) ref. 4.

S(M1; 9/2"-11/2") 5(M1; 7/2

Nucleus Cal. Exp. Nucleus Cal.

"®Cd 0.16 "Tc 0.038

'"Te 0.0001 f0.0053"' 99Tc 0.033
10.0065"' ± 0.0003

»»Rh 0.0003

i"Te 0.0026 '®'Rh 0.0011
i29Te 0.014

"'Xe 0.026 "Sr 0.0025

83Kr 0.0080

Exp.

0.076 ± 0.009*'
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term comes from the admixture of the dressed 3QP mode with spin^p to the IQP state with
spin jp. Because the second term contains the {u\ — Up)-factor through the mixing amplitude
£2, the value depends quite sensitively on the single-particle energy adopted and can become
large as one moves away from the special physical situation (for the appearance of ACS)
mentioned before.

In Tables I ~ III, the calculated values on B(E2), ̂-factors and B(M1) are compared with
experimental values in some examples. In this calculation, the same values of the pairing-
force strength and of the single-particle energies with Uher and Sorensen'"^' were used and
the quadrupole-force strength % was determined to reproduce the excitation energies of the
ACS with spin / - 1. It is seen that the essential character of the various electromagnetic
properties of the ACS has been explained in a unified way by the present theory, if not in fine
detail.
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Discussion

H. Yamamura (Kyoto Univ.): Usually the low lying states of spherical odd nuclei are
investigated in terms of the phonon-quasiparticle-coupling model given by Kisslinger and
Sorensen. But your description seems to be different from theirs. What is the essential differ
ence?

Matsuyanagi: This figure clearly shows the essential difference between our theory
and the Kisslinger-Sorensen theory. The lowering of energies of the / = 7 — 1 states cannot
be explained by the Kisslinger-Sorensen theory, i.e. the conventional phonon-quasiparticle-
coupling theory completely breaks down in reproducing such low-lying anomalous coupling
states. However, we have obtained the result, shown in the figure, by using just the same
parameters as Kisslinger and Sorensen have used. The reason is that, in the conventional
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Calculated excitation energies of dressed three quasi-particle modes. Single quasi-particle energies
in orbit n are written by arrows. It should be noticed that all energies are measured from the ground
states of their modes. Thus the differences of these energies are those which correspond to the spectra
of odd-mass nuclei. The symbol " x " means that the calculated energy of (/ — 1) state becomes smaller
than the single quasi-particle energy E„. In this case other angular momentum states are written by
broken lines. The nuclei whose (J — 1) states are found below j states are denoted by the asterisk*.

phonon-quasiparticle-coupling theory, elementary excitation modes of spherical odd-mass
nuclei are assumed to be one quasiparticle modes, one phonon modes, and two phonon modes,
etc. On the contrary, in our theory, the elementary excitation modes are considered as one
quasiparticle modes, the 'dressed' three quasiparticle modes and the 'dressed' five quasiparticle
modes, etc. In the conventional phonon-quasiparticle-coupling theory, the three quasiparticle
correlations based on the Pauli Principle between the odd quasiparticle and the quasiparticles
composing the phonon are completely neglected. Such effects are fully taken into account
in our theory.

A. Arima (Stony Brook and Tokyo): I think that the main difference between your
theory and the Kisslinger-Sorensen theory is in the Pauli principle. In your method, I think,
the Pauli principle is correctly taken into account, but in the Kisslinger-Sorensen theory the
effect of the Pauli principle is ignored. That is a most important difference. Is this correct?

Matsuyanagi: Yes.




