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The calculation within the quasiparticle-phonon nuclear model shows that there are fast E1 and M1 tran-
sitions with energy around 2.5 MeV between large components of wave functions differing by the octupole and
quadrupole phonon. The strong 2.5 MeV peak was observed in the first-generation 7y-ray spectra in the
two-step cascades following thermal-neutron capture and in the 1*Dy(®He, ) reaction at several excitation
energies. These experimental data indicate relatively large many-phonon components of the wave functions
and the possibility of excitation energy of less than 8 MeV order in well-deformed nuclei.

PACS number(s): 21.60.Ev, 21.60.Jz, 23.20.Lv, 27.70.+q

Based on the statement that there is order in the large
components and chaos in the small components of the
nuclear wave functions, the order-to-chaos transition is
treated as a transition from the large to small components of
the wave functions [1,2]. Therefore, it is highly desirable to
find a method of experimental observation of relatively large
many-phonon configurations in nuclear wave functions.

The aim of this Rapid Communication is to show that
there are fast £1 and M1 transitions between large compo-
nents of the wave functions of the initial and final states
differing by the octupole (K™=0"or 1) or quadrupole
(K™=17) phonon, and to analyze experimental data on the
2.5 MeV peak in the first generation y-ray spectra following
the thermal-neutron capture and one-neutron transfer reac-
tion.

Nonrotational states in many even-even well-deformed
nuclei have been calculated within the quasiparticle-phonon
nuclear model (QPNM) [3]. A two-quasiparticle state is
treated in the QPNM as a specific case of a one-phonon state
when the root of the RPA secular equation is very close to
the relevant pole. The states below 2.3 MeV are practically
one-phonon states. The K"=4" double gamma vibrational
states in ®*Dy, 1°Er, and '%®Er are the exception. Relatively
large two-phonon components of the wave functions appear
at energies above 2.3 MeV. As is shown in [2], two-phonon
states consisting of both collective phonons are fragmented
strongly. Two-phonon states consisting of the collective, and
weakly collective, or both weakly collective, phonons are not
so strongly fragmented. Fragmentation of two-phonon states
increases with excitation energies. Three-phonon compo-
nents of the wave functions appear at energies above 3.5
MeV and so on.

The vy-ray transition rates between excited states were cal-
culated within the QPNM. E'1- and M 1-transition rates be-
tween one-phonon components of the wave functions of the
initial and final states are small. The experimental reduced
transition probabilities and the decay rates per second are the
following: B(E1;371,—3%2,)=1.2X1077 e?fm?, T(E1)
=108 s7'; B(E1l; 373;—2%2))=41Xx10"° &*fm?,
T(E1)=2%x10" s71; B(E1;474,—474,)=5.5%x10""*
e*fm?, T(E1)=3x10* s7!; BM1;373,—474)
=3X10"2uy, T(M1)=3%x10'° s and
B(M1;373;—373,)=5.8X10"*u}, T(M1)=10° s°!
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in 'Er [4] and B(E1;171,—070,)=2X10"*% e%*fm?,
T(E1)=5%10" s™'; B(E1;2%0;—171,)=5%x10"°
e*fm?, T(E1)=8x10"Y s7!; B(E1;270;—170;)
=1.6X10"*  €2fm?, T(E1)= 1ot s and
B(M1;272,—271)=8X103uy, T(M1)=2x10" s7!
in 1%Gd [5]. An excited state is denoted by /™K, where
n=1,2,3, ... is the number of the fixed K™ excited state.
According to the calculation [6,7] within the QPNM, similar
small B(E1) and B(M 1) values and decay rates have been
obtained for y-ray transitions between one-phonon states in
these and other nuclei.

Let us compare the decay rates between relevant one- and
two-phonon components of the wave functions of the initial
and final states with the decay rates between the initial and
ground states. We calculated the energies and wave functions
of excited states and the relevant B(EN) and B(M\) values
and decay rates within the QPNM with the wave function
consisting of one- and two-phonon terms. The phonons with
K™=0" and 1~ (denoted by 30i{ and 31i, where
i=1,2,3,... is the root number of the secular equation)
have been calculated in the RPA with the particle-hole
(ph) and particle-particle (pp) isoscalar and isovector octu-
pole and ph isovector dipole interactions. The phonons with
K™=1"% (denoted by 21i) have been calculated with the ph
and pp isoscalar and isovector quadrupole and spin-spin in-
teractions with approximate exclusion of the spurious state.
Other phonons (denoted by A i) have been calculated with
the ph and pp isoscalar and isovector multipole interactions.
Several typical cases of the E1 and M1 decay rates per
second to the excited and ground states in '9°Gd, Dy,
162Dy, and %Dy are presented in Table I. One-phonon com-
ponents Aui that are larger than 2% and the relevant two-
phonon components {\{ i1, 2205} of the wave functions
of the initial states are also given in Table I. The final states
are the one-phonon A\ ui or ground O+Og_s_ states.

As is shown in Table I, the intensities of the E1 and M1
transitions between the relevant excited states are 10— 10°
times larger than the intensities of the £1 and M1 transitions
to the ground state if the wave function of the initial state has
a relatively large two-phonon term consisting of the octupole
phonon with K™=0" or 1~ or has a quadrupole phonon
with K™=1" and another phonon that is the same as the
phonon of the wave function of the final state. The energies
of the £1 and M1 transitions between large relevant two-
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TABLE I. Calculated decay rates from the levels to the excited and ground states.
Initial state E1l Final state
E, or E, E, Decay rate
Nuclei I"K, (MeV) Structure % M1 (MeV) I"K, i (MeV) (sec)
160Gd 1714 3.2 3117 3 E1l 2.2 2%2, 221 0.99 8x10"3
3118 10 E1l 3.2 0%0, 0 1x10"2
{311,221} 26
{312,221} 45
171, 3.9 21 14 5 M1 2.9 2%2, 221 0.99 1x10%
2115 58 M1 3.9 0% 0, 0 7x 10
{213,221} 10
160py 171, 3.6 3116 62 E1l 2.6 272, 221 0.97 4x10"3
{312,221} 8 E1l 3.6 070, 0 4x10?
{313,221} 5
170, 3.7 30 10 3 E1l 23 070, 202 1.44 2x10"
{301,202} 96 E1l 3.7 0%0,, 0 2x10°
162py 171, 3.6 219 3 E1 2.3 170, 301 1.28 2x10%
{301,311} 87 E1l 2.0 171, 311 1.64 3x10%
M1 3.6 070, 0 4x 101
171, 3.6 31 14 7 E1 2.7 2%2, 221 0.89 2x10%
3115 5 E1 3.6 0%0,, 0 7% 10'?
3116 13
{313,221} 39
171, 3.9 2118 19 E1l 2.6 170, 301 1.28 1x101
{301,313} 4 M1 3.9 070, 0 2x 101
1715 4.0 3117 6 E1l 2.6 00, 201 1.40 7x10%
3119 11 E1l 4.0 070, 0 4x10%?
3121 11
{313,201} 58
164py 171y 3.4 3111 11 E1l 2.6 2%2, 221 0.76 2x10%
3112 13 E1l 34 0%0,, 0 3x10°
3113 34
{313,221} 28
171y 35 318 3 M1 2.5 272, 321 0.98 6x101
3111 3 E1l 35 0+0, 0 2% 10"
3114 4
{213,321} 29

and one-phonon terms of the wave functions of the initial
and final states equal 2.0-3.0 MeV with the maximum at 2.5
MeV. The decay rates of these transitions equal 10'>—10'*
s~1; they are larger compared to the decay rates to the
ground state equal to 10°—10'! s™! and transitions between
one-phonon states equal to 10*— 10! s™1. According to our
calculation, the intensities of the FE1 transitions are
103— 10 times as large as the relevant E3 transitions.

As is shown in Table I, a contribution of the two-phonon
{213,221} configuration to the normalization of the wave
function of the K7=13; 3.9 MeV state, equal to 10%, results
in the decay rate T(M1)=10"3 s™! of the y-vibrational 221
state in '®Gd which is 10? times larger compared to the
decay rate into the ground state. The contribution of the
{301,311} configuration to the 155 3.9 MeV state, which is
only 4%, gives rise to T(E1)=10'3 s~ for the transition to
the octupole state in '9°Dy. The decay rate T(E1)=10"
s~ ! from the 1,5, 3.6 MeV to the gamma-vibrational state in

162Dy is due to the 39% contribution of the {313,221} con-
figuration. There are many cases where a very large two-
phonon configuration leads to the fast £1 and M1 transition
to the excited state. There are many fast £1 and M1 transi-
tions with energy around 2.5 MeV in all even-even well-
deformed nuclei in the rare-earth region.

This means that fast E1 and M1 (2—3) MeV transitions,
with maximum 2.5 MeV to low-lying vibrational states in
even-even well-deformed nuclei, take place due to the con-
tribution of the relevant two-phonon configurations to the
wave functions of the states with energy 3.5-4.5 MeV. A
broad peak centered at 2.5 MeV should be observed experi-
mentally in y-ray transitions from the levels at 3.5-4.5 MeV
to the low-lying excited states in well-deformed nuclei. A
strong 2.5 MeV peak is of a nonstatistical origin.

It is possible to state that the fast E1 or M1 transition
with y-ray energy around 2.5 MeV should be between large
three-phonon components of the initial-state wave function
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consisting of the phonon with K™=0" or 1~ or 1" and
other two phonons containing the final-state wave function.
We expect the fast E1 or M1 transition between relatively
large components of the wave functions of the initial and
final states differing by the operator of the octupole Q3y;
(K=0 or 1) or quadrupole Q5; phonon. The fast 2.5 MeV
E1 and M1 transitions are due to the following large matrix
elements:

(U T(EDQHR,0T), (1)
(Q,T(E1)03,03),
(Q,T(M1)Q7,05), @

where 1, {),, and ()3 consist of several phonons or quasi-
particle® several phonons.

One may expect that a broad peak centered at 2.5 MeV in
y-ray spectra should be observed independently of the exci-
tation energy in well-deformed nuclei. This peak becomes
lower and the width is broader with excitation energies. This
peak should exist up to an energy limit for order-to-chaos
transition.

Let us consider experimental data on the fast y-ray tran-
sitions between excited states in well-deformed nuclei with
the energy around 2.5 MeV. Neutron-resonance states can be
considered as a key for studying order-to-chaos transition. As
has been shown in [1,8], a large contribution of the many-
quasiparticle or quasiparticle® phonon configurations to the
normalization of the neutron-resonance state wave function
would enhance E1 and M1 transitions from the neutron-
resonance states to the levels lying 1-3 MeV below them.
The first indication of this type of enhancement of +y-ray
transition rates from the thermal-neutron-capture state to the
levels 2-3 MeV below it has been given in [9-11] while
studying the two-step cascades in *°Gd, 8Gd, '**Dy, and
other nuclei. The peak structure located at 2.5 MeV cannot
be explained within a pure statistical model like the Fermi
gas model [12]. We can interpret the 2.5 MeV peak in two-
step transitions as a fast primary E1 or M1 transition with
the matrix element (1) or (2) between relatively large com-
ponents of the wave functions of the capture and intermedi-
ate states differing by the octupole K™=0" or 1~ phonon or
by the quadrupole K™=1" phonon. The second step is the
transition from the one-phonon components of the wave
functions of the intermediate states to the ground state.

The most convincing experimental data on the 2.5 MeV
peak have been obtained in [13]. The levels in the excitation
region up to 8 MeV were populated by means of the 9Dy

RAPID COMMUNICATIONS

R2887

(®He, a)'%’Dy reaction, and the first-generation  rays in the
decay of these states were isolated. The broad 2.5 MeV peak
was observed in the first-generation spectra from the excita-
tion regions of 4.9, 5.1, 5.9, 6.1, 6.8, 7.1, 7.8, and 8.0 MeV.
The peak structure is located at the same energy indepen-
dently of the excitation energy. A theoretical description of
the first-generation vy-ray spectrum within the Fermi gas
model gives good fits to the exponential tails but underesti-
mates the main peak structure present in the experimental
results. More closely the 2.5 MeV peak has been investigated
in [13], where the centroid and standard deviation of the
peak were evaluated by subtracting the Fermi gas curve from
the experimental spectra. The centroid and standard devia-
tion are nearly constant in the whole region. This peak
cannot be the result of the level density since that would
require a shift of the peak according to the shift in the exci-
tation energy of the gate. The 2.5 MeV peak is most likely
the result of the E1 and M1 transitions with the matrix ele-
ments of (1) and (2) with approximately the same strength
throughout the whole excitation region. It is difficult to ex-
pect fast y-ray transitions between one-phonon components
of the wave functions of the initial and final states.

These experimental data indicate relatively large many-
phonon components in the wave functions in the excitation
region up to 8 MeV in well-deformed nuclei. Therefore, one
may expect that the order takes place up to excitation energy
where the 2.5 MeV peak exists.

The present consideration is in agreement with a study
[14] of the (*He, @) reaction mechanism in deformed nuclei.
According to [14], the transferred spin is consistent with a
pure one-neutron pickup reaction from the ground state up to
around 5 MeV excitation energy. Above 20 MeV, the ob-
served spin transfer indicates that preequilibrium processes
play an important role and that the contribution from the
compound reaction channel is negligible.

Experimental information on the many-phonon compo-
nents of the wave function at excitation energy above 2.5
MeV in deformed nuclei is very important for understanding
the nuclear structure and for studying the order-to-chaos
transition.
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