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Chaos Assisted Tunneling from Superdeformed States

Sven Aberg

Mathematical Physics, Lund Institute of Technology,
P.O. Box 118, S-22100 Lund, Sweden
(Received 13 July 1998

The tunneling process that governs the decay from superdeformed to normal-deformed nuclear
states is shown to be enhanced by several orders of magnit@de 10°) if the normal-deformed
states are chaotic at the moment of decay out. The onset of (long-range) chaos may imply that the
tunneling enhancement increases with decreasing angular momentum. Experimental signatures are
discussed. [S0031-9007(98)08143-5]

PACS numbers: 24.60.Lz, 21.10.Ma, 21.10.Re, 23.20.—g

Superdeformed (SD) states in nuclei may be producethus provide an alternative explanation for the sudden
at high angular momenta where they are energeticallgecay out.
favored compared to normal-deformed (ND) states [1]. By considering quadrupole couplings between the dif-
The y decay along the SD rotational band proceeds fronferent configurations along the path between the SD and
supercollective, stretchef?2 transitions to considerably ND minima, e.g., within the generator coordinate method,
lower angular momenta than the point where the NDcollective transitions between ND and SD states may be
states are energetically favored. As the angular momentuihescribed (see, e.g., Ref. [12]). These couplings mainly
decreases the SD band thus gets more excited relative to tteke place between the SD state and the configurations
ND states, and is embedded in a surrounding of ND stateslong the barrier between the SD and ND minima. We
with an increasing level density. It suddenly decays toshall consider the ND states connected with the SD state
lower-lying ND states by tunneling through the barrierin this collective way asloorwaystates for the decay from
separating the two types of nuclear shapes. This decaye SD to the ND minimum. The energy difference be-
occurs at a relative excitation energy of 3—5 MeV in atween such doorway states in the= 150—190 region is
very large number of decay channels, making the actuaidf the order of 1 MeV (cf. [12]) while the energy distance
decay difficult to observe, and only in very few casesbetween neighboring ND states is 1—-100 eV at the excita-
have they rays connecting the SD and ND states indeedion energy where the decay out occurs. These states typi-
been measured [2—-4]. States in medium-heavy nucleally have mean-field configurations very different from
around the neutron and proton resonance regions, i.ehe doorway states. Through an increasing mixing be-
about 6—7 MeV of excitation energy, are chaotic [5] whiletween the ND states (due to the total residual two-body
(rotational) states at low excitation energies are regular [6finteraction) with increasing excitation energy, the strength
Consequently, as the decay along the SD band proceedanction of the doorway states is increasingly smeared out
it first passes a region of regular ND states, and then Ndn surrounding ND states, leading to a very strong en-
states with an increasing degree of chaoticity. In this Lettehancement of the tunneling process.
we shall show that the onset of chaos in the ND states We may estimate the chaos assisted tunneling enhance-
implies a strong enhancement of the tunneling processent in perturbation theory. In the limit of no mixing be-
from the SD states. This strong enhancement may b&wveen the ND states, i.e., a completely regular ND system,
considered as an exampledfaos assisted tunnelif@].  the wave function of the SD state mixes with the doorway

Several theoretical studies of the decay out from SDstates only. Assuming that the tunneling coupling between
states have been performed (see, e.g., Refs. [8—11]). he SD state and the doorway statd, is V, and the energy
changes of the barrier with angular momentum as welllistance between the doorway statexAs, the mixed SD
as changes of the number of possible decay channels ageate becomefSD) =~ |SD) + 1%|d), where we have as-
properly taken into account, the decay out occurs togumed the SD state to be situated approximately halfway

smoothly compared to experimental data [8]; an additionabetween the doorway states. The tunneling probability is
tunneling enhancement of a factor of 2—10 is needed ahen given by [13]

angular momentuni — 2 compared tdl (see Ref. [11], v 2
and references therein). The measured sudden decay out Treevar < (d|SD)|? = (—’) .
may be explained by a gradual increase of the tunneling AE
probability with decreasing angular momenta that has been In the other extreme situation when the mixing between
suggested to occur due to the onset of pairing [10]. We\D states is large, leading to quantum chaos, the tunneling
shall show that the onset of chaos in the ND states magtrength is spread out over all ND statéky)}, and is

also imply an enhancement of the tunnel probability, andf the orderV, =~ + V,’\,, whereN is the total number of
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states in the energy intervalE. Since the average level where the tunneling is assumed to occur with the strength,

distance between two ND states ds= /0_1 = AE/N, V,, between the SD state and one ND doorway state,

the SD state becomefSD') = |SD) + %m) ~ |SD) +  The doorway state is thus one of the unmixed ND states

VN . . . ... described bﬁND. We generally assumg, to be small

thAeE clﬁzgo&&ﬂ’aggpilsymg that the tunneling probability in («d), and put the SD state at the center of the ND states,
and the doorway state as state numiigs.

2
rehastic — |4 |SD)? ~ Vil y The numerical calculations are performed with=
AE ’ 400 and ensemble averages are studied within 50 realiza-
Consequently, tions. In the first stepi/yp is solved for a given value of
Jehaotic the parametea, giving HND(A)_Im = e, |u), where the
e N = pxp(U)/ pacorway » (1)  eigenfunctions are expressed in unperturbed states as
N
where pgoorway = 1 MeV~! is the density of doorway lu) = Z Ayunln). (2)
states. Since the relative excitation energy between the SD n=1

and ND yrast state i§/ = 3-5 MeV when the decay out Through this mixing, the strength of the doorway state is
of the SD band occurs, we expect the tunneling probabilitpread out over several surrounding ND states, and the
to be enhanced bynp(U)/pavorvay = 10*-10° times if  tunneling matrix element between the SD state and an ar-
the ND states are chaotic. _ bitrary ND state|u), become/sp , = (SD|Veoupi ) =

The mechanism for the enhancement of tunneling probad#dvt_ The doorway spreading width increases with in-
bility in the chaotic case is similar to that causing thecreasingA, and Vsp, finally reaches a constant value

chaotic enhancement of parity violation around the neutron approximately+V L oatA =1 corresponding to the
resonance region [15], where the dynamical enhanceme OE limit TN ’

; 1/2
is of the orderp "~ In the next step of the calculation the energy of ND states

th Tg%gr?dtuay etr;]halillger?etnt o:nthe;unnr;elénglj %r(i):essi:;o?é renormalized to have a constant average level density
€ state lo the States may be modele as I‘quual to one. Finally, the full matrix, including all of the

random matrix model. We write the total Hamiltonian as\p states and the SD state, is diagonalized. The wave

H = Hxp(A) + Hsp + Veoupt » function of the SD state can then be expressed as
N
where the different te_rms describe the ND states, the SD ISDy = a§p|SD) + Z a“,u), (3)
state, and the coupling between the SD state and the u=1

ND states (tunneling), respectively. The complexity of
the ND states is controlled by the paramefgrand the
Hamiltonian may be written as [16]

where the ND eigenfunction$u), are given by Eq. (2).
The probability of tunneling from the SD state to the
ND states is calculated aBsp—.xp = >.(a},)*, and is

) N N + shown versusA in Fig. 1. It is seen how the tunneling
Axp(A) = D enete, + A D Vilefer + ¢ien), probability drastically increases by about 400 timesX)
n=1 n>k

where the operators;,, refer to the basis states), .

which, in principle, are many-particle—many-hole excita- 10

tions based on the yeast normal-deformed state. In this

simple model we shall, however, neglect the intrinsic struc-

ture of the states and assume a residual many-body interac- 102 -

tion. All matrix elements are taken as Gaussian distributed
random numbers with zero mean, and with standard devia-
tions4/2/N and./1/N for the diagonal elements,,, and
nondiagonal element¥;,,, respectively. By the “chaotic- 10° L
ity parameter,”A, the structure of the ND states can be
smoothly changed from regular, with = 0, to chaos,
with A = 1 (that is identical to the full GOE [17]), thus
simulating the effect of an increasing density of ND states. 10% = B —
The Hamiltonian describing the SD state is trivially taken o® 100 107 107 100 1

N X A
asHsp = SSDc;rDcSD, where only one SD state (with en-

ergy esp) is considered. Finally, the coupling due to tun- FIG. 1. Tunneling probability,7sp—xp, from SD to ND
neling is described by states (ensemble median value) vs the chaoticity parameter
utilizing the simple model with dimensiov = 400 (log-log

TSDAND/\/t2

. N ¥ + scale). Notice the drastic increase in tunneling probability as
Veoupt = Z Viénalespe, + ¢ esp), the system changes from regular (smallvalues) to chaotic
n=1 (large A values).
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asA changes from about 0.001 to about 0.1, i.e., when thdifferentA values. Inthe GOE limit4 = 1), the Porter-
properties of the ND states change from regular to mor&@homas (PT) distribution [19] is obtained, but large devia-
or less chaotic. This behavior is qualitatively understoodions from this distribution are seen for smallervalues.
from the above discussion based on perturbation theorffor example, atA = 0.01 that corresponds to thé
[see Eqg. (1)]. value wherd'sp_.np changes most drastically (Fig. 1), the
Notice, however, that chaos, in terms of GOE behavioprobability for very large and very small matrix elements
of the nearest-neighbor energy spacings (NND), sets in als noticeably larger than predicted by the PT distribution.
ready whem = 0.01 in the simple model (see Ref. [16]). = We now estimate the discussed effects in some realistic
Long-range energy correlations, as, e.g., measurefi;by nuclear cases. The tunneling matrix eleméit, con-
statistics [18], on the other hand, show GOE behavior onlynecting the SD state with the doorway state, spreads out
in the limited energy interval up tdm../p = 2.5I',,  over surrounding ND states by the residual two-body in-
where p is the level density and’, = 2mpA? is the teraction,V,,.s, in an approximately Gaussian way [20].
spreading width of the wave function on unperturbedThe width of this Gaussian can be estimated from Fermi’'s
states [16]. The enhancement of the tunneling probabilitgolden rule, I',(U) = 27Tp2,,_2h(U)<V22p_2h>, where
seen in Fig. 1 is thus connected to the onset of chaos ip,,,(U) is the level density o2p-2h neighboring states
terms oflong-range spectrum correlatiorthat, in prin- to the doorway state at the excitation energyabove
ciple, could be measured by the study &f statistics yrast. The tunneling matrix element at an energy distance
of the ND states at the decay-out energies. PracticallyAE from the doorway state can thus be estimated as

this is, however, almost impossible since it involves accu- V2 L (AEV

rate knowledge of stretches of several thousands of energy v2(AE, U) = L p|:_ — (_) ]g,v(U)’
states with known parity and angular momentum. A more Vimo 2

feasible measure of the process is the fragmentation of \\heres = T, (U)/2.4,andd"" = p(U) s the total level
decay that will be discussed below. density atU. AssumingV, to be small implies that the

The fragmentation of decay from the SD state to the gecay proceeds through the mixing with one ND state
ND states can also be dgscrlbed within the simple modebmy [9]. The tunneling probability from the SD state to
Assume that each unmixed ND stafe), y decays to e ND state is then calculated from perturbation theory
onespecific lower-lying daughter statks), with a matrix asTsp_np ~ V2(AE,U)/d> = V2p2. From these rela-
elementM,, independent ok, i.e.,(@|M|m) = MyS8um-  tions, Tsp_np is easily calculated v&/ or, by specifying

Mixing of ND states thus creates fragmentation of he he relative energy of the ND and SD rotational bands, vs
decay. The matrix element between the SD state and thge angular momenturh

ND daughter statdi) becomes In 2Dy we calculate U(I) = Esp(I) — Exp(l) =
) 0.003(50> — I?) MeV, p = 0.07exp(5.9/U) MeV~!,
M, = (a|M|SD) = M, Za,maﬁﬂ and p,on = 15U° MeV~! [21]. As discussed above,
o

AE = 0.5 MeV. With these assumptions we calculate
where Eqgs. (2) and (3) have been used. In Fig. 2 thesp_np vsI for different values o3, (see Fig. 3).
distribution of matrix elementdM, /M, |?, is shown for
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FIG. 3. Estimated tunneling probabilityfsp—.xp, from SD
FIG. 2. Distribution of matrix elements size$M,/M,[>, 10 ND states in'?Dy vs angular momentum, calculated
calculated forA = 0.001 (short-dashed line), 0.01 (solid line), for three different assumptions on the size of the two-body

and 0.1 (long-dashed line) (log scale). The distribution forinteraction,vs;%, =5 (long-dashed line), 10 (solid line), and
A = 0.1 is almost identical to that oA = 1 (not shown), as 15 keV (short-dashed line). The thin dashed lines correspond

regular chaotic

well as the Porter-Thomas distribution (dotted line), while largeto estimates of'sp_.np (Iower curve) and’'sponp [= p(U));
deviations are seen for smallArvalues. upper curve], respectively.
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For Vzr’,‘}_szh = 10 or 15 keV, Tsp—np has saturated to elements for the first step transitions out of the SD states
the fully chaotic situation at the angular momenta wheramay reveal the chaotic nature of nuclear states at excitation
the decay out occurd, = 24 and 26 [1]. This would energies of 3—5 MeV.
imply that the decay out from the SD band is strongly This work was partly performed during a stay at the
enhanced by the chaotic nature of the ND states, but th&erkeley National Laboratory, May 1997, and | thank
the enhancement increases slowly with decreasing anguldtarie-Agnes Deleplanque and Jgrgen Randrup for their
momentum, as given by, /T4, = p(U())/p(U(I +  support. Jan Johansson is acknowledged for help with
2)) = 1.5 for I = 28. If, on the other handy,,>, is  the model simulations, and Thomas Dgssing for useful
smaller (e.g., 5 keV), the tunneling enhancement is abouwdiscussions and for comments on the manuscript.
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dynamical process of the onset of (long-range) chaos. The
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seems to be more reasonable than 5 keV. However, one
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