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Abstract The energy levels of the SO(6) limit of super symmetry U/(6/4) belonging to odd-A nucleus are calculated with the in-
teracting boson-fermion model. Its emphasis is to study the statistical properties of the nearest neighbor spacing distribution(NSD) and
the spectral rigidity ( A;) . And the factors that affect the properties of level statistics are also investigated. The calculated results in-
dicate that the finite boson number N effect is prominent. When N has a value close to a realistic one, both the interaction strength
of subgroup SOBF(5) and the spin play an important role in the energy level statistics. However, in the case of N close to infinite,
the statistics all tend to be Poisson type.
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1 Introduction

It is of important significance to do quantum energy level
statistics for nuclei with random-matrix theory( RMT)[I] . The
structure and property of nuclei may be further studied with
RMT. Recently, many theoretical and experimental energy
level statistics of nuclei with different models have been
done. For example, Shu et al. theoretically studied the
statistics of the energy levels in U(5). 0(6) and SU(3) dy-
namical symmetries in the interacting boson model!; Cheng
et al. discussed the experimental energy levels of odd-odd
nucleus *Nb using the axially symmetric rotor plus quasi-par-

13). In this paper, we calculate the theoretical en-

ticle model
ergy levels in the SO(6) limit of super symmetry U(6/4)
belonging to odd-A nucleus in the interacting boson-fermion
model[ IBFM] . On one hand we study the statistics of the en-
ergy levels of odd-A nucleus briefly discussed previously, on

the other hand IBFM can be tested by RMT.
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2 Hamiltonian

More than twenty years ago, Arima and Iachello put for-
ward the interacting boson model( IBM) Ml IBM, valence
nucleus pairs are treated as bosons. It is a very effective phe-
nomenological model for describing the low-lying collective
propetties of middle-heavy even-even nuclei. On the basis of
IBM, it is obtained that the interacting boson-fermion model
which adapts to collective properties of odd-A nucleus by
coupling the freedom of single nucleus on the system of
bosons. In this model, the Hamiltonian of odd-A nucleus is
written as

H = Hy + Hp + Vg, (1)
where Hy is the boson Hamiltonian of even-even nucleus
core, which is the same as IBM. While Hy is the single
fermion Hamiltonian, and Vgp is the interacting component
between bosons and fermion.

The biggest symmetry group is the direct product of boson

* Supported by NSFC (10265001,10347115) and Key Scientific Research Fund of Inner Mongolian Educational Bureau (NJo4116)

1) E-mail : hbbai @ vip. sina. com

752—756



% 8 1

HELHE S IBFM L8 U(6/4)BXIFR SO(6) R PR BEIE ST 753

symmetry group UP(6) and fermion symmetry group U'(m),
that is UP(6) x U'(m), where m = 2(2] +1),andjis
the orbit angular momentum of single nucleus. Many boson-
fermion dynamical symmetries are produced when the boson
freedom couples with pseudo-orbit freedom or pseudo-spin
freedom of fermion. As to different broken symmetries of
UB(6) x U"(m), the dynamical super symmetries are given by
enbedding UB(6) x U (m) into super symmetry U(6/m).

The super symmetry U(6/4) has been widely studied
since it was given as the first super symmetry by Iachello in
198051, which was used to explain the Os-Ir isotopes suc-
cessfully. To super symmetry U(6/4), the single particle oc-
cupies the orbit j = 3/2 and the biggest symmetry group of
fermion is UF(4). Therefore, there are two boson-fermion
group chains including SO(6) . The state vector of the SO(6)
is labeled as

UB(6) UF(4) SOB(6) SO®(6) SO%(5) SOP(3)
IN] Ml D) ’

(010203) (7172) vaJ
(2)
where, every quantum number labels irreducible representa-
tion of the corresponding subgroup respectively. As to the
odd-A nucleus, M is equal to 1. In the SO(6) symmetry,

the Hamiltonian is expressed by Casimir operator as:

H = ACy5° (6 + BCys0™ © +
CCy50™ (5 + DCasgp™ (35 (3)
So the energy eigenvalue is:

E=A42>) Q) +4) + Bloyo, +4) + 0y(0, +2) + 53] +
Clzi(z1 +3) + ool + D] + DI(J + 1), (4)
therefore, we can calculate the energy levels of the SO(6)
symmetry under different spins and further perform the statis-

tics of the quantum energy levels.

3 Method of level statistics

At first, we take the unfolding process for a given spec-
trum {E;}, separating it into the fluctuation part and the
smoothed average part. The number of the levels below E is
written as

N(E) = N,(E) + Ny(E), (5)
where N(E) = E@(E — E;),N(E) is named as energy

level staircase function and ¢ unit step function. When E =
E;,0=1,else §=0. Then we fix the N_( E) semiclassically

by taking a smooth polynomial function to fit the staircase

function V( E). Finally, we obtain the unfolded spectrum
{Xi} , where X; = Nav(E) .

According to the random-matrix theory (RMT) , the near-
est neighbor spacing distribution (NSD) and the spectral rigid-
ity (A3) (0] were used to do energy level statistics for nucleus.
The nearest neighbor spacing is defined as S; = X; — X;_;.
The normal nearest neighbor spacing is s; = S;/D, where
D= <Si>. The distribution P (s) is defined in such a way
that P(s)ds is the probability for s; within the infinitesimal
interval [s,s + ds], which measures the level repulsion and
short-range correlations between levels. For a regular system,

it is expected to behave like the Poisson statistics

P(s) = e, (6)
while, if the system is chaotic, a Wigner distribution
P(s) = (K/Z)exp(— ns2/2), (7

is expected, which is consistent with the GOE statistics. Be-

tween these two kinds of systems, the Brody distribution

P(s) = a(l + w)s”exp(- ast+e)) | (8)
w+1
where @ = {F ( g—:%) } should be obeyed. Obviously,

@ =0 corresponds to the Possion distribution, and w =1 cor-
responds to the GOE distribution.

The spectral rigidity( A;) that is a measure of the devia-
tion of the unfolded staircase function from a straight line is

defined as

As(L) = {miny %Ji/z/z[n(x) - Ax - B%dx),

9
where n(x) is the staircase function for an unfolded spectrum
in the interval [ — L/2,x] and the average (-+-) is taken
over a suitable energy interval over x in a given ensemble. A

and B are fitting parameters. For Possion distribution,
As(L) = L/15, (10)

and for GOE distribution,

A(L) = (InL - 0.0687) /7. (11)

As( L) measures the long-range correlations between levels.

4 Numerical results and discussion

The properties of odd-A ®!0s can suitably be explained
by the SO(6) limit of super symmetry U (6/4)1, in which
the boson number is 14. At first, we choose the boson num-
ber 14 of uncertain nucleus to do level statistics so that the
theoretical level statistics have practical significance. The

positive parity is chosen and all the degenerate states are tak-
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en into consideration just as one single state. From Fig.1 to
Fig.2, the calculated results indicate that the degree of
chaoticity depends on the parameters and boson number of
Hamiltonian.

From Fig.3, the level statistics show that J=15/2 is a
critical spin for the boson number 14. When the spin increas-
es, Initially there is a steady increase in chaoticity and then a
maximum of onset of chaos is reached around J=15/2. For
spins above J =15/2, we see a rapid decrease in chaoticity
with increasing spin. This is consistent with the conclusions
from papels[3 ‘111 which are calculated with IBM and the axi-
ally symmetric rotor plus quasi-particle model respectively. It
is explained that when the Coriolis interaction is comparable
to the pairing interaction, the degree of chaoticity seems to be
maximal . When spin J is increased, the Coriolis interaction is

bigger than pairing interaction, which makes the decoupling

@

of the quasiparticles from the core and their spin alignment
along the rotation axis, so the dynamical system trends to a
regular system.

From Fig.4, the calculation indicates that when boson
number is not big, the level statistics is mainly decided by
the interaction strength of SO (5). When it is smaller or
larger, the level statistics trend to Poisson, while it is some
value in between, the degree of chaoticity reaches to a maxi-
mal value. This indicates that the interaction strength between
the single particle and even-even core affects the level statis-
tics of odd-A nucleus greatly.

Finally, we have calculated the level statistics in each set
of parameters for N =60, and N =180, where N is the boson
number of uncertain nucleus. The results for these different NV

are plotted in Fig. 1 and Fig. 2, respectively. The results of

N=60 N=180
©=0.09

®

N=60 N=180

N=14

N=60 N=180
®=0.16

N=60 N=180
@=021 @=0.13

Fig.1. Nearest-neighbor spacing distribution P(s) of the states J = 3/2 with four sets of Parameters:

(a) A= -0.5,B=0.07,£=0.2,D=0.001;(b) A= -0.5,B=0.07,C=0.15,D=0.001;

(¢) A= -0.5,B=0.07,=0.1,D=0.001;(d) A= -0.5, B=0.07, C=0.05, D=0.001.

In all figures, the sold lines and dashed lines describe the GOE and Poisson atatistics, respectively.
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Fig.3.

A=-0.5,B=0.07,C=0.01,D0=0.001 and N =14.

Quantum measures of chaos versus spin for

N=180

The same as Fig. 1 but for the spectral rigidity.
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Fig.4.
SO(5) for A= —=0.5,B=0.5,D=0.001, N =14 and J =3/2.

Quantum measures of chaos versus interaction strength of
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level statistics indicate that when the boson number N in-
creases, the statistics trend to regular distribution indepen-
dently of the interaction parameters. So, when the boson
number N—>  , the statistics trend to a Poisson type ,which

is consistent with the conclusion of paperm .

5 Conclusion

We study the energy level statistics of the states in the

S0(6) limit of super symmetry U(6/4) belonging to odd-A
nucleus. The calculated results indicate that the finite boson
number N effect is prominent. When /V has a value close to a
realistic one, both the interaction strength of subgroup
SO™(5) and the spin play an important role in the energy
level statistics. However, in the case of NV close to infinity,

the statistics tend to a Poisson type.

The authors are greatly indebted to Prof. G. L. Long for

his continuing interest in this work and his many suggestions.
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