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Energy and isospin dependence of nuclear chaos
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Energy levels and wave functions, obtained in realistic shell-model calculations for Ca and Sc isotopes up to
A=52 and “Ti, are analyzed using standard statistics such as the nearest level spacing distribution, the
Dyson-MehtaA 5, and the mean localization length. These statistics are calculated for different energy regions
of the spectrum. For all the Ca isotopes, in the ground state region the energy levels show strong deviations
from Gaussian orthogonal ensemble predictions. It is shown that a transition to a more chaotic regime takes
place as excitation energy increases. However, even when the full spectrum is taken into accaungrttie
the degree of localization of the eigenfunctions in the mean-field basis prove that Ca isotopes are less chaotic
than Sc isotopes. A comparison wiffiTi shows that this nucleus is still more chaotic. Thus we find a clear
isospin dependence in the degree of nuclear chaoticity.
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[. INTRODUCTION nucleon emission threshold, where a large number of neutron
and protonJ™=1/2" resonances are identified. The agree-
Quantum chaos has made important progress during th@ent between this Nuclear Data EnsemiN®E) [ 7] and the
last two decades. As far as stationary systems are concernégdQE predictions is excellent. In the low-energy domain,
the amount of compiled results shows a clear relationshifnowever, it is rather difficultif not impossible to get large
between the fluctuation properties of the energy levels of &nough pure sequences. For this reason, even if the data
system and the large time scale behavior of its classical angoming from different nuclei are conveniently scaled and
log. The pioneering work of Berryl], Bohigaset al. [2],  gathered, the conclusions are less clear. There is some evi-
and others leads to an important and concise statement: tlience that, at low energy, the spectral fluctuations are close
spectral properties of simple systems known to be ergodic ito GOE predictions in spherical nuclei while they deviate
the classical limit follow very closely those of the Gaussiantowards the Poisson distribution in deformed nu¢&i#11].
orthogonal ensembl@gGOE) of random matrices. In this case  In order to get a deeper understanding of what happens in
the distribution of the nearest-neighbor spacings is given to ¢he low-energy region we can use the shell model with con-
good approximation by the Wigner surmig&4]. It corre-  figuration mixing. Since the nucleus has no classical limit,
sponds to the existence of linear repulsion between adjacettiere is no rigorous interpretation of regular or chaotic
levels. On the contrary, integrable systems lead to level flucAuclear motion. One can, however, distinguish an approxi-
tuations that are well described by the Poisson distributionmate independent particle motion from the true correlated
i.e., levels behave as if they were uncorrelated. particle motion. In spherical nuclei, the nuclear shell model
However, real and complex systems are usually not fullyhas been very successful in the description of low-energy
ergodic; neither are they integrable. The chaotic orbits onlyhuclear states. This model is based on the existence of a
occupy a certain part of its phase space. There exist studisymmetric mean-field potential which gives rise to single-
considering a class of Hamiltonians that depend on somparticle states characterized by several good quantum num-
parameters and whose behavior ranges from integrable feers. This picture is destroyed by the strong nuclear residual
chaotic depending on the parameter values. When the systemteraction, leading normally to a chaotic nuclear motion.
is quantized and its fluctuations studied, it is shown that thédowever, the perturbation of the independent particle motion
first neighbor distribution is progressively modified from is expected to be less effective in the ground state region
Poisson- to Wigner-like. Intermediate cases where mixed stawhere the level density is much lower than at higher ener-
tistics occur are well described by the Berry-Robfbk dis-  gies.
tribution. These intermediate situations are often described in Realistic shell-model calculations have shown thatste
terms of a single parameter by means of the Brody distribushell nuclei show a strong chaotic behavi@a2—14. In the
tion [6], which is just an interpolation formula between the pf shell nuclei, however, the situation seems to be more
Poisson and Wigner distributions and has no obvious physinteresting. In two previous pap€is5,16 the spectral prop-
cal meaning. erties of the Ca isotopes and tAe= 46 isobars were studied.
The atomic nucleus can be considered as a small labordt was found that in the low-energy domain the Ca isotopes
tory where the principles obtained in schematic systems maglid not follow the GOE predictions. Moreover, the simple
be tested. The information on regular and chaotic nucleaaddition of a proton led to spectral fluctuations compatible
motion available from experimental data is rather limited,with the GOE. Thus in this region of the nuclear chart it
because the analysis of energy levels requires the knowleddrcomes possible to study with realistic shell-model calcula-
of sufficiently large pure sequences, i.e., consecutive levaions how nuclei evolve from quasiregular to chaotic motion
samples all with the same quantum numbelsm(T) in a  as a function of isospin and excitation energy.
given nucleus. The situation is rather clear above the one- In this paper we present a detailed study of the energy
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level and wave function statistics 4fTi and the Ca and Sc the “unfolded energy levels{e,=N(E;,aq)}i—1q cONSsti-
isotopes fromA=46 to A=52. We calculate three statistics: tute a quasiuniform spectrum. Hedldés the dimension of the
(a) the nearest-neighbor level distributi®{s), associated to given JT matrix.

short-range energy level correlatior{l) the A5 introduced It has been known, since the pioneering work of Mon and

by Dyson and Meht417], which measures the departure of Francn[22], that the smoothed level densjiyfor n nucleons

the spectrum from uniformity and is mainly related with iy 3 major shell interacting via one- plus two-body forces has
long-range level correlatiorj42,18); and(c) the localization  asymptotically Gaussian form. Sometimes Edgeworth cor-
lengthl [19], which is related to the complexity of the wave rections are added to improve the agreement between the
functions. The Iarge shell-model SpaceS inVOIVed, with fullsmoothed and actual level densities' especia”y at the Spec-

diagonalization of matrices with dimensions up to 6107, protrym edges. Therefore, when the full spectrum or an appre-
vide reliable values for these statistics. We shall see how agjaple part of it has been calculated, we take

order to chaos transition takes place as the excitation energy
increases in Ca isotopes. A similar, but more abrupt transi-
tion takes place as one or two neutrons are replaced by pro- ;(E): exp(
tons in these nuclei, showing the existence of a clear isospin JTA(1+BE,)
dependence in the degree of nuclear chaoticity. ©)

The paper is organized as follows: First, the model, i.e.,
the valence space, the interaction, the unfolding method, angk a reasonable approximation to the true shell-model density
the three statisticB(s), As, andly, are briefly presented in  113], whereE,, A, andB are thea set we must fit in order to
Sec. II. Then, the results for these statistics in Ca, Sc, and Thinimize the distance2).

iSOtOpeS are discussed in Sec. ll. Fina”y, we summarize the When we want to analyze the |0w_energy part of the spec-

_ 2
w (1+BE),

conclusions in Sec. IV. trum or when dimensionalities are so large that we only can
obtain a small fraction of the energy levels, we describe the
Il. BASIC FORMULAS mean level density by the constant temperature forri0a

We follow the shell-model procedure to obtain the low- 1
energy levels for a given nucleus. Th_e most bou_nd_ particles p(E)= = exf (E—Eo)/T], @)
are assumed to form an inert core while the remaining nucle- T
ons move in a few single-particle orbits, the so-called va-

lence space. For the lower part of thé shell it is usual to where the constantg and EO are taken as parameters_

take a core of**Ca and a valence space made of thg, The distributionP(s) of the nearest-neighbor spacings,
P32, f52, andpy, shells. We extract the single-particle en- s, =, , —e,, is the best statistic to study the short-range
ergies from experiment and the residual two-body interactiofzorrelations in the level spectrum. It is obtained by counting
is @ monopole improved version of the Kuo-Brown interac-the spacingss; that lie in a certain intervalls,s+As] and
tion called KB3[20]. The construction and subsequent di- normalizing the resulting distribution. To quantify the chao-
agonalization of thel T matrices was carried out using the ticity of P(s) in terms of a single parametar, we fit it to

codeNATHAN [21] in an Alpha 500au workstation. the Brody distributior{ 12]:
Fluctuations are somehow defined as the departure of the
actual level density from a local uniform density. For this P(s,0)=B(w+1)s” exp — Bs®* 1)

reason, and because of the exponential-like increase of the
nuclear density, it is essential to eliminate this secular varia-
tion. There are several methods to map the actual spectrum _
onto a quasiuniform spectrum. We introduce a mean level B=
densityp(«a,E), wherea stands for some parameters defin-
ing the functional form of the density. The mean cumulatedajthough it has no obvious physical meaning, the interesting
level density is feature of this distribution is that it interpolates between the
. Poisson distribution=0) and the Wigner distributionaf
N(a,E)=J p(a,E"dE’. (1) =1). The true GOE nearest-neighbor spacing distribution
0 gives a fitted value ¢=0.953) slightly smaller than the
) ] ] o ) Wigner surmise. The value for which we obtain the best fit
The a optimal valueao is obtained minimizing the “dis- o the actualP(s) is calculated using the least-squares
tance method.
E N The long-range co_rrelations betwe(_an_unfold_ed energy lev-
G(a)=J [N(E)—N(e,E)]2dE, (2)  els can be characterized by thg statistic, defined for the
Emin interval[ a,a+ L] in the cumulative unfolded level density as

w+1

®)

w+2
w+1

whereN(E) is the actual number of levels with energies less 1 arl
than or equal td&, andE,,;, andE,,, are taken as the first As(a,L)= _minf [N(e)—Ae—B]3de. (6)
and last energies of the level sequence. It is easy to show that AB Ja
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TABLE I. Nuclei, J values, and number of energy spacings for the different cutoff energies included in
the calculations. Onl\I =T, states are considered.

Nucleus %Cca “ca Sca Sca “*sc 483¢ 505¢ 525¢ 46T

J 0-12 0-12 0-12 0-12 0-12 0-4,7-12 0-1,9-12 0,11,12 0-5, 8-12
E<5 MeV 96 128 140 133 155 173 120 55 77
E<10 MeV 441 654 818 658 1050 1328 950 405 553
All E 3937 11981 17203 11981 25498 14207 8031 11493 4508

Thus it measures the deviations of the quasiuniform spedailed comparative analysis of spectral properties and wave
trum from a true equidistant spectrum. To calculAteas a  functions of theA=46, 48, 50, and 52 Ca and Sc isotopes
function of the lengthL we follow the method explained in and “Ti. To get information on th& dependence for a given

Ref.[2]. _ _ mass numbed, it is sufficient to study th& =T, states in all
The complexity of a normalized stafer) can be mea- the cases. The dimensions of the shell-malfEl matrices
sured by means of the information entroj2g] involved are very large, up to 36 287. We have made a se-

d lection of J matrices in which a full diagonalization could be
() = — w2 In(|w?|?), (7) performed, including up to dimension 6107 for tG&ET
H(la)) 21 fwiin(w? =075 states of’Sc. For some largelspaces inf®Sc, 5%Sc,

_ _ ) ) and °2Sc only some thousand energy levels and wave func-
wherew;" is the set of amplitudes of this state in the mean-ijons were calculated.
field basis. For any state of the basjs=0, and it takes its The spectral fluctuations are measured by means of the
maximum value, Irg), for a uniformly distributed state. Ob- g statisticsP(s) and A5 described in Sec. II. To get a
viously, there cannot exist many states with all their compoeener understanding of the statistical properties of these nu-

nents nearly equal to d/Orthogonality and also symmetries clei we have also studied the behavior of the wave functions

like rotational and time-reversal invariance give rise to a : - . .
smaller average value. For GOE matridés)= In(0.48) analyzing the localization lengtly . The first neighbor spac

[12]. The information entropyl,, measures, somehow, the ing distributionP(s) has been studied including all the levels
. H ) 1

degree of delocalization of a certain state with regard to th&'P 0 5 MeV and 10 Mev above the yrast line and without
any cutoff. In the first case the mean level deng8y was

mean-field basis. However, its dependence on the dimensio Led to unfold the spectrum, while B&) was employed in
d of the malrix raises a problem when we are comparin he other two casesp The u,nfoldin is erform%dyfor each
states with differen”T. In order to circumvent this prob- I T=T ' Ig 8 h h folded
lem the normalized localization lengfi9] has been intro- ,T=T, pure sequence separately and then the uniolde
duced as spacings are gathered into a single sgt for each _nucleus to get
better statistics. Table | shows the differéninatrices con-
exp(l ) sidered for each nucleus and also the total number of spac-
TRV (8) ings included, depending on the energy limit. Obviously the
' number of spacings increases quickly with the energy cutoff
&nd with the number of active particles, and for the full en-
ergy spectrum the large number of spacings provides excel-
lent statistics, ranging approximately between 4000 and
exp({Iy)) 25000 spacings per nucleus.
(In)= o4& €) The values of the Brody parameter are displayed in Fig. 1
' separated in three subpanels according to the energy cutoff.
where (I,) is obtained averaging the entropy over all the Figures 2—4 compare the(s) distributions of Ca and Sc
eigenstates of a givedT matrix. isotopes forA=48, 50, and 52, depending on the energy
cutoff. Up to 5 MeV above the yrast line, Ca isotopes show
spectral fluctuations intermediate between those of regular
and chaotic systems, excepfCa which essentially is a regu-
lar system. On the contrary, all the Sc isotopes &fd are
Recently[15,16 we studied the spectral fluctuations of very close to GOE fluctuations. For a givén the big dif-
the Ca isotopes in the low-energy domain and significanferences between Sc and Ca isotopes must be due to the
discrepancies with GOE predictions were found. Howeverresidual two-body interaction, because the single-particle en-
other A=46 nuclei such a€Sc, “®Ti, and “®%v showed a ergies are the same in both cases. In RES] the results for
clear chaotic behavior in the low-energy region. It was sugA=46 were introduced and it was argued that the neutron-
gested, as a plausible explanation, that because of its largaeutron force is much weaker than the neutron-proton force
strength, the proton-neutron interaction disturbs the regulaand thus the central field motion is less affected in the former
mean-field motion more than the neutron-neutron interactiorcase.
does. In order to verify this effect we have performed a de- Another interesting feature observed in Fig. 1 is that the

To avoid strong fluctuations from one state to another,
mean localization length is defingg4],

Ill. CHAOTICITY OF Ca AND Sc ISOTOPES: ANALYSIS
OF THE P(s), A3, AND |y STATISTICS
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FIG. 1. Brody parametep for the A=46, 48, 50, and 52 Ca and ; S | N
Sc isotopes and®Ti, using all the energy levels up to 5 MeV and ] N - ] S ]
10 MeV over the yrast line, and the full spectrum. °o 1 - s °s 1 ; 2 3
parameter for the Ca isotopes shows a strong fall fréin r\\ 525
=48 toA=52, wherew=0.25. It can also be observed look- \
ing at Fig. 2. As we go down from the top left to the bottom _ N
left panel, the Brody line moves away from the Wigner curve £ 3 eatr .
and progressively approaches the Poisson line. This astonist \\
ing result means the two-body interaction is almost unable to A
perturb the single-particle motion in the low-energy levels of s, 3
52Ca. The large slope of» as a function ofA raises the o T °o L2 3
-F T T o] FIG. 3. Same as Fig. 2, but setting the energy cutoff at 10 MeV.
:‘\ Sc
AN question why spectral fluctuations are so different*ica
aal AN and °2Ca. Actually, in our description, both nuclei are related
ol N i to each other by a particle-hole transformation. Therefore, if
. ] the former nucleus consists of eight particles, the latter can
~ be viewed as eight holes evolving in tipd shell. As the
° . . - particle-particle and hole-hole interactions are identical, the
0 L 3 observed differences can only be due to the central field. If
AR 5°s ] we calle; the single-particle energies angthe correspond-
SN c ] ing single-hole energies, it can be shown that
@l [fr 1 — 1 20+1 o,
a o \\\ | SJ—SO 8j+ 2]+l Ek ® 1+5j’kvjkjk ’ (10)
b wheregg is a constant given by
o B B
-F - - 3 eo=2 (2j+1)ej+ > X (23+D)V]ch, (1D
\\ 525, ] =k Q)
paa ] with j,ke{7/2,5/2,3/2,1/2, and (J) means that the sum is
Zal F N\ Kk 4 restricted to angular momenta allowed by the Pauli principle.
AN The single-particle and single-hofef spectra are com-
. ] pared in Fig. 5. The gaps between adjacent single-hole levels
< ] are in general larger and therefore in this case single-hole
°o 1 2 3 motion is less disturbed by the residual interaction than

single-particle motion. Thus the combined effect of the weak

FIG. 2. Distribution of nearest-neighbor spacirgs) for Ca  Neutron-neutron residual interaction and the large gaps in the
and Sc energy levels up to 5 MeV over the yrast line. The dottedSingle-hole energies seems to be the reason why the spectral
dashed, and solid curves stand for the GOE, Poisson, and best fltictuations of the lower states of eight holes in fifeshell
Brody distributions, respectively. follow rather closely the Poisson distribution.
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b ] "N ] mediate between Poisson and Wigner distributions, while

° . L e ° L el they are clearly Wigner like for Sc isotopes. In this 10 MeV
0 s 2 3 0 Vs 2 ®  region w decreases smoothly froffCa to *°Ca, as Fig. 1
R ' e ] R ' ' s2g 7 shows. Finally, when the whole energy spectrum is taken
v Ca \ ¢ into account, thd>(s) distribution is dominated by the high-

NanY 1 \ density central part of the spectrum and the Ca isotopes be-
Zul A Gual ] come almost fully chaotic systems. Because of the high level
& N ! &e N density at higher energies, the strong residual interaction

\\ 1 \\ mixes each independent-particle state with many other
S ] >3 nearby states.
o ; et ° \ Dt The w value for “Ti has been included in Fig. 1 to show
0 s 2 3 0 ts 2 *  that, for all the energies, the Brody parameter already

. . reaches its maximum fdt°Sc. Therefore, according to short-
FIG. 4. Same as Fig. 2, but using the whole energy level spec- level lation behavi laci indl
trum. range level correlation behavior, replacing a single neutron

by a proton in Ca isotopes causes a transition from a quasi-

As we go up in the energy spectrum, the new states b regular to a chaotic regime. It is remarkable that this transi-

come more and more complex combinations of many differtion takes place abruptly at all excitation energies in all the

ent configurations and thus the details of the one-bod)'/SOtOpes' A second replacement .Of a neutron by a proton
does not seem to produce appreciable effects.

Hamiltonian will become progressively less important. When In order to confirm the previous results, we have com
he ener ff i 10 MeV over the yrast line, ther L : i
the energy cutoff is set at 10 MeV over the yrast line, there uted theA;(L) statistic for some)™, T=T, sequences. To

still exists a clear difference between the short-range lev btain theA (L lue f H take it |
correlations of the two isotope sets. Comparison of Figs. potain the 3(L) va ue for eactL, we take Its average value
ver many overlapping intervals df unfolded spacings

and 3 shows that Ca isotopes become more chaotic at 1 :
MeV than at 5 MeV, but thé(s) at 10 MeV are still inter- along the whole spectrum. Therefore, the results given below
' concern the full spectrum and not only the low energy re-

0. . gion. Figure 6 showa (L) values forL=<50, using thel™

=0",T=T, levels of “6Ca, “6Sc, and*Ti. Of the three nu-

clei, only “¢Ti follows the GOE line, at least until=50. For

8l - 43¢ the A, is close to GOE predictions up to a certain
— separation valué s, =30, where it unbends from the GOE

curve. In *6Ca the upbending starts at a smaller valug,

~ b ’ P =10. In a chaotic system, Wigner level repulsion gives rise

% to a rigid spectrum, where long-range correlations are sup-
s pressed in comparison with a random sequence of levels. For
E b m 5| such a system\; increases logarithmically following the

GOE prediction. The upbending from the GOE curve and a
linear growth of this statistic reveal a departure from the
L Il ] chaotic regime. This kind of behavior of the; statistic was
first seen in one-body systems like billiafd®5,26] and then
- in shell-model calculations by several authpi8,27. The
Mok ] values ofL ¢, differ from one case to another depending on
the valence space or the effective interaction for reasons
FIG. 5. Comparison of the single-particle and single-hole exci-which are not fully understood as yet. But for the same in-
tation energy spectra in thef shell. teraction and configuration space, thg behavior clearly
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FIG. 7. Same as Fig. 6 for all thEF'=5", T=T, levels of *°Ca oo ‘ ‘ ‘ ‘
and %%sc. ‘ 46 48 50 52

A
shows a strong isospin dependence inAlve46 nuclei, with o P
chaoticity increasing a¥$ decreases. This happens not onlyof S':el\?e'ri'l é\;e;i%eggcizgfst'gg ;ef?a%th for tE=0",T=T, states
from Ca to Sc, but also from Sc to Ti. The same phenom- P '

enon is observed for othdrvalues.
As another example, we compare in Fig. 7 thevalues at the lower and upper edges of the spectrum are very local-

for the J7=0", T=T, spectra of5Ca and*’Sc. Here we ized, while{l) practically coincides with théy values in

see again that?Sc is clearly more chaotic thaiCa. Notice the central part of the spectrum, where the level density is

that in this casé 4> 50 for 52S¢, and comparing with Fig. much higher. Fig. 9 shows that even in the most chaotic
6 it seems to besemore chaotic 'théFSc The main reason central region of the spectra, the Ca are more localized than

may be that there are more proton-neutron interactions itﬁhe Sc states. Since the space d!mensm_ns are almost the same
525 in both cases, the differences in localization cannot be an

Summarizing the analysis of the spectral quctuationsSpurious effect related to the space dimensions. These results

there exists a clear excitation energy and isospin dependené‘ée consistent with the spectral fluctuation results.

in the chaoticity degree of nuclear motion. It increases from

Ca to Sc and from Sc to Ti. It is observed not only in the IV. DISCUSSION AND CONCLUSIONS

ground state region, but along the whole spectrum. When the ) ] )

full spectrum is taken into account, ths) distribution is The spectral properties of experimental and theoretical
not very sensitive to the isospin dependence, but the effect f3uclear energy levels have been studied by many authors
clearly seen in the\; statistic. and_, in most cases V\_/here large pure level sequences are

We undertook the study of the wave functions to see ifavailable, nuclear mo'glon was found _to be very chaotic. In
they also show the differences observed in the spectral fludhe ground state region pure experimental sequences are
tuations. To be more precise, we have calculated the aveflort and the analysis is less reliable. There is some evidence
aged normalized localization lengtifl,) for the J” of chaotlc' motlon_ in spherical nuclei, espemally in the light
=0*, T=T, states of the Ca and Sc isotopes 4fiti. Be-  ON€S, while _dewatlons tov_vards regularlty appear for de-
cause we calculate the mean value using the complete Sg)_rmed nuclei. But the available data are_lns_uff|0|ent to es-
quence of states, the results do not only concern a smadlifblish border lines in mass number, excitation energy, an-
energy region, but all the spectrum. It can be seen in Fig. 8
that there is a clear difference between the Ca and Sc chain T
of isotopes and, again, the results f88c and*Ti are rather 804 J=6
similar. For all the Ca isotopedy;)=0.2, while it increases g} g
to (I,y)=0.4 for the Sc isotopes. A value ¢f,)=1 means
that the wave functions of the system are GOE like and have g
thus maximum delocalization. The smédll;) in Ca isotopes o[
means that the states are mainly localized in a relativelyF
small number of components. In Sc isotopes the wave func- $|
tions are much more spread, although still far from the GOE
limit.

The (l,) values give only the average spreading of the
whole set of eigenfunctions for fixel'T. However |, has a
strong energy dependence. This can be seen in Fig. 9, wher 4
Iy is plotted as a function of excitation energy for the 6 0
states of°°Ca and thel=1, T=2 states of**Sc. We have
chosen this example because both spaces practically have ther|G. 9. Localization length as a function of excitation energy for
same dimension, 2051 and 2042, respectively. The shape tise 20513"T=6"5 states of°Ca and the 2042"T=1"2 states
essentially Gaussiaf28], and therefore the wave functions of “¢Sc.

456 J=1

0.8

0.4

0.2
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gular momentum, etc., between order and chaos in nuclethe GOE limit from a certaih value which clearly increases
Therefore, theoretical calculations are essentially the onlyor decreasing isospif, both from Ca to Sc and from Sc to
tool to obtain that kind of information. All the shell-model Ti.
calculations in thesd shell have shown that these light nuclei ~ The wave function analysis in terms of the localization
are very chaotic and thus they do not give insight into thigength | shows clear differences between Ca and Sc iso-
problem. But thepf shell is more interesting in this context. topes as well. The Ca states are more localized than those of
As we have shown in this and previous papers, nuclear mo=C in the mean-field basis. The difference is evident even in
tion in the ground state region of Ca isotopes is intermediatd€ central part of the energy spectrum, where the states are
between regular and chaotic, and in one of the isotopes it ig10St chaotic. But even in this region thg values are far
essentially regular. Thus it has been possible to study th&om the GOE value. _ _
evolution of the chaoticity degree as a function of mass num- According to these results, it seems necessary to consider
ber, excitation energy and isospin. various statistics S|multaneously_ to assess the degree of
We have studied the fluctuation properties of energy levchaoticity of a quantum system like the nucleus. The com-
els in terms of theP(s) and A statistics, and the wave bined _a_naly5|s of the three statistics cqns_ldered for Ca, Sc,
and Ti isotopes reveals a smooth excitation energy depen-

functions in terms of the localization length . The shell- . )
model description of Ca isotopes involves only active neud€nce and a very sharp isospin dependence of nuclear chao-

trons and depends only on the single-particle energies arifty- o ) ) ) .
the residual neutron-neutron interaction. The short-range cor- A POssible interpretation of the isospin dependence is the
relations of energy levels up to 5 MeV above the yrast lincffectiveness of the residual interaction in destroying the

are far from the GOE limit. The Brody parameter falls regular mean field r_notion_. As is_well_ known, the average
from 0.6 in %%Ca to 0.2 in52Ca. Thus there is a strong de- neutron-neutron residual interaction is much weaker than

pendence on the number of active neutrons. Pte) analy- proton-neutron one. Since Ca isotopes only involve active

sis has also been performed for energy levels up to 10 Me\peutrons, the mean_—fiel_d motion is Ies; perturbed t_han in Sc
above the yrast line and for the whole energy spectrum. A&nd in Sc less than in Ti. Another possible explanation of the
we move up in energy, the chaoticity in Ca isotopes in_remarkably_ regular motion in Ca isotopes is the existence of
creases smoothly untib=0.9. an underlylng_ symmetry, like the one related to seniority.
In order to study if there is an isospin dependence, w Itho_ugh. seniority 1S a broken symmetry of the nuclear
made similar calculations for thB=T, states of Sc isotopes amiltonian, it is well known that it becomes almost a good

and “°Ti. For all these nuclei and for all the excitation energy dUantum number for states in the, shell. To the extent that

regions the short-range energy level correlations are close {£MOMLY is @ good quantum numberJ&T sequence of en-

GOE limit, although some increase with excitation energy iseray levels becomes a mixture of uncorrelated sequences of

also observed. The variation of thevalues from Ca to Scis €Neray levels of different seniority. In that case there is no

always quite large, especially at low energies. Thus it seemI vel re.pullsion between stqtes of different seniority and the
that replacing a single neutron by a proton in Ca produces a (.S) d'StT'b.““O” becomes !ntermed@te betwegn GQE gnd
abrupt order to chaos transition. Poisson limits. These questions require further investigation.

When the whole energy spectrum is taken into account,
the w values for Ca and Sc, are very similar, although
slightly larger for Sc for allA. However, the behavior of the This work was supported in part by Spanish Government
A5 statistic is very different. ThA z(L) curve upbends from Grant No. DGES-PB96-0604.
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