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Abstract. Excited states in 2192192 Mo have been studied via the *°Si+'®®Er induced fis-
sion reaction at a beam energy of 142 MeV. Prompt ~-rays were detected with the EU-
ROBALL IV multi-detector array. The level schemes are extended with more than 20 new
transitions and interpreted in the framework of a soft-octupole vibration model.

1 Introduction

The appearance of octupole degrees of freedom in atomic nuclei is related to the
coupling of two single particle orbitals with opposite parities and a difference of
three units in the orbital and total angular momenta Al = Aj = 3 [1]. Such pairs of
orbitals are formed as a result of the odd-multipolarity octupole—octupole interaction
between an intruder sub-shell (I, j) and a normal-parity sub-shell (I — 3, j — 3) with
a difference AN = 1 in the major-shell quantum number N. They can be found
in the valence shells of nuclei with more than 28 identical particles (neutrons or
protons), where the spin-orbit coupling destroys the “normal” oscillator ordering
of the levels. The octupole degrees of freedom are of considerable importance for
the nuclear collective motion when the octupole correlated pair of orbitals is placed
near the Fermi level. This situation is realized in several regions of the nuclear chart,
such as the regions with identical particle number around 34, 56 and 88 where a
strong gg/2 — P3/2, hi1/2 — ds/2 and i13/2 — f7/2 octupole coupling takes place,
respectively [1].

From experimental point of view the fingerprints of octupole correlations in
even-even nuclei can be found in the presence of low-lying 1~ and/or 3~ collective
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states, in the observation of collective E3 transitions between the ground state and
the lowest 3~ state, as well as in the presence of alternating parity energy sequences
linked by enhanced E1 transitions [1]. The typical structure of an alternating parity
band is observed in the region of light actinide nuclei Rn, Ra and Th [2—4]. In the low
angular momenta I < 7 — 8 the negative parity levels appear above the neighboring
even levels with energy Iy~ > Fo+, E3- > Ej 4+, and so on. At higher angular
momenta [ > 8 the parity shift effect rapidly decreases and a single octupole band
with normally ordered levels is formed. This structure of the spectrum is related to
the specific evolution of collectivity with the angular momentum [5].

In the region A =~ 100 a presence of low-lying octupole structure can be ex-
pected for the nucleus *®Mo which has 56 neutrons. More generally the signature
of octupole modes can be found in the existence of the low-lying 3~ and 5~ states
and their v decay patterns in the isotopes 2%:100:102Mo, The parity shift effect, ob-
served at the low angular momenta in these isotopes is similar in form, but stronger
in magnitude than the effect observed in the region of light actinide nuclei.

The aim of the present work is to study the role of the octupole degrees of
freedom in the nuclei ?819%:192Mo. The mass region around **Mo, where strongly
pronounced octupole correlations are expected, is not well explored in terms of the
collective approach, in contrast to the region of the light actinide nuclei Rn, Ra and
Th [2]. We suggest that the stronger parity splitting observed in the octupole bands
of 98:100:102Mo, compared to the light actinides, can be explained as the result of
the respective larger octupole-softness. To analyze and interpret the excited states of
these nuclei in the above aspect, we apply a collective model approach based on the
presence of soft octupole degrees of freedom.

2 Experiment

Before our study, the low-lying excited states in “®Mo were populated through 3-
decay and a number of reactions mainly with light particles [6] giving access to
the low spin levels. The higher-lying yrast states in this nucleus were observed in
96Zr(cv, 2n7y) [6] and *F+!97 Au induced fission reaction [7]. In the present work we
use 30Si+!%8Er induced fission reaction mechanism at beam energy 142 MeV which
allows us to populate excited yrast states in 98:100:102Mo_ The target thickness was
1.15 mg/cm? and it was set on 9 mg/cm? Au backing in order to stop the recoiling
fragments. The complementary fragments of Mo nuclei are Zr isotopes, since no
protons are evaporated during the fission process. The prompt y-rays emitted from
the excited nuclei were detected with the EUROBALL IV multidetector array [8]
consisting of 30 single HpGe Compton-shielded detectors, 26 Clover and 15 Cluster
composite Compton-shielded detectors. The experimental data were analyzed with
RADWARE code package [9] and the preliminary results were reported in [10].
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Table 1. y-ray energies (in keV) and relative intensities in °®Mo. The v-ray energies are
determined with an accuracy of 0.5 keV. The level energies are obtained from a least squares
fit to y-ray energies. Error bars are given in italic.

E., (keV) Iy I — I; E;
334.5 52 (64) — (6T) 2678.9 7
385.1 6.4 13 (97) — (8%) 3657.17
394.2 94 (6,7) — (61) 2738.7 8
416.8 284 (8%) — (8T 3271.9 7
431.5 6.9 11 (8,9) — (77) 35279 8
475.3 16.4 20 (77) = (57) 3096.6 7
510.7 243 (84) — (6T) 2854.8 7
560.2 9311 9-) — (77) 3657.17
603.1 7.8 16 (57)—3 2621.16
662.7 8.3 10 (10,11) — (8,9) 4190.6 9
672.3 9.7 13 (97) — (77) 3769.0 8
722.4 100 4t — 2t 1510.6 6
752.7 698 (77) = (6T) 3096.6 7
767.1 10.09 (117) — (97) 44242 9
768.9 6.08 (117) — (97) 4537.9 10
776.7 3.74 (137) — (117) 5314.6 11
787.4 gate 2t ot 788.3 4
788.9 11.55 (8,9) — (6,7) 35279 8
802.6 285 (97) = (8 3657.1 7
803.4 405 (12,13) — (10,11) 4994.0 11
817.7 555 (157) — (137) 6133.3 11
833.6 754 (67) — 4t 2344.2 6
877.6 12015 (107) — (81) 4149.6 8

878 - (141) — (121) 5925.4 14
891.4 465 (137) — (117) 5315.6 10
897.8 555 (127) — (10™) 5047.4 9
927.9 21215 (8%) — (6) 3271.9 7
11103 14.3 13 (57) — 4% 2621.16
1168.5 286 (64) — 4t 2678.9 7
1230.3 6.4 14 37 — 2t 2018.0 4
1294.9 284 (10%) — (81) 4149.6 8
2017.3 379 37 —ot 2018.0 4

2.1 °8Mo

The use of the high-efficient high-sensitive multidetector array gave the opportunity
to confirm and extend the known level schemes of nuclei under study with more than
20 new transitions (Tables 1-3). Thus, the ground state band in *®*Mo (Figure 1) was
extended with two transitions 898 and 878 keV up to (147) level at 5925 keV energy.
The negative-parity band, based on the 3~ level at 2018 keV energy was extended
up to the level at 5315 keV. A new structure, based on the known 2739 keV level
was identified and extended up to 4994 keV level. The 432 keV transition links the
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Figure 1. Excited states in ®*Mo. The arrow thickness is proportional to the relative y-ray
intensity.

new structure with the (77) state at 3097 keV. Another new structure, above the
known 2855 keV level, was also observed for the first time here. It was extended up
to 6133 keV level.

In general the spin and parity assignments in this work are based on the known
adopted values [6, 11, 12]. The tentative spins and parities are assumed on the basis
of the yrast y-decay of nuclei, produced in induced fission reaction, on the y-decay
pattern of a particular level and on the observed band structure.

In particular, the spin-parity assignment of 2679 keV level (Figure 1) made in [6]
is (41). However, as commented in [6] it can also be 67 since in the («, o) reaction
the transferred angular momentum for the 2690 keV group is 6. Here, tentatively
assigned spin value I=(6+) is based on the observed decay pattern to 4™ and (6™)
levels and on the fact that the I=(4+) state at the same energy would be strongly
non-yrast. In spite of the observed relatively strong decay to (67) and 47 levels no
populating transitions were found.

The 2855 keV and 3657 keV levels (Figure 1) are seen in ?$Zr(c, 2ny) reac-
tion [13]). The spin value of the 2855 keV level assigned in [6] is (6,7,8) and it



Alternating Parity Structures in *%1°%192Mo 153

; T @ &
2 2N
200 - q
-
2
100 - ® 8
0 n Arsn 00 ~A\alln J\//j\’\ﬁr’\
9.

700 750 800 850 900 50
600

722
767

18

(b)

400 - [30) 2 B
2 =3 2
E " o~ <
St
o L - < =3 N =N i
200 J
2 ﬂ 2 ’\ I8%
0 lema f"AJ"\ Arj\«n'\ J\JHMMM./L'\"\,\J\I\ et oS ML,WN«-
400 500 600 700 800 900 1000
100
80 - (c) ,
$
60 « - 4
S 2
40 - ] 2 q

20

)
0 | MR (\M Ll aﬂl\nﬁﬂ i }L A 1M H Lol Mﬂl\ Tnants s Aon HJ\!\ dl ﬂ J\\J\ r\ﬂ il
250 300 350 400 450 500 550 600 650
energy (keV)

Figure 2. Coincidence spectra for: (a) ®*Mo, gated on 787/386; (b) '°°Mo, gated on 536/1204;
(c) 192Mo, gated on 447/1404.

is based on the observed v decay to 67 level. The spin assignment (8+) of the
2855 keV level, suggested here, is made on the basis of the observed 417 keV tran-
sition from (8V) state and 1295 keV transition from (107) level. The spin value of
the 3657 keV level (Figure 1) adopted in [6] is I=(6",7,8,97). Here, we made a ten-
tative spin assignment on the basis of the y-decay pattern to (77 ) and (87) states as
well as on the assumption that it should be yrast state. The spin assignment of this
level is also supported by the fact that there are no observed transitions to I=(6")
states.

The spin value of level 2739 keV adopted in [6] is (6,7,8) h. Here, we suggest
tentative (6,7) assignment since this level is weakly populated as compared to the
other (8T) levels.

Thus the level structures in “Mo reveal the following behaviour:

1. The yrast band shows near-vibrational behaviour since the energy of the states
increases almost linearly with the spin. The disturbance of the vibrational struc-
ture at the beginning of the band can be caused by interaction between the two
low-lying (67) state.

2. Below the (77) level at 3097 keV the positive and negative-parity quasi-bands
are connected via 2017 keV E3 and 1230 keV, 1110 keV and 753 keV El tran-
sitions.

Above that level no linking E1 transitions have been found.
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3. Bellow the (77) state at 3097 keV the negative-parity levels are shifted up with
respect to their even-parity neighbours. After the (87) level a “normal” ordering
of the levels takes place.

4. Above the (87) state at 2855 keV and (6,7) level at 2739 keV two new structures
arise.

2.2 100Mo

The level scheme of 1°°Mo was extended with 11 new transitions placed mainly
in the two side bands (Figure 3 and Table 2). The band based on the (57) level at
2339 keV was extended up to 4940 keV. The new 432 keV transition de-excites
the known (57) to the known 3~ level. We also observe the known from (3-decay
544 keV transition in coincidence with a 683 keV transition. A new sequence of
transitions: 641, 352, 944 keV has also been identified. Two new transitions at ener-
gies 371 keV and 589 keV feed and de-excite the new 2928 keV level.

Preliminary results on the study of the excited states in '°°Mo and °?Mo nu-
clei were presented in [14]. The excited states reported there were populated in a
different induced fission reaction 26S+!59Tb at beam energy 165 MeV.
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Figure 3. Excited states in *°°Mo. The arrow thickness is proportional to the ~y-ray intensity.
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Table 2. v-ray energies (in keV) and relative intensities in '°°Mo. The ~-ray energies are
determined with an accuracy of 0.5 keV. The level energies are obtained from a least squares
fit to y-ray energies. Error bars are given in italic.

E., (keV) L, I — I; E;
351.7 10.1 24 3142.5 10
370.5 9.118 (97) — (77) 3298.9 8
4315 17.6 24 (57) — (37) 233946
456.1 13.7 23 97) = (77) 3298.9 8
503.2 16.8 23 (77) = (57) 2842.8 7
528.4 125 ot - oF 1063.7 4
535.6 gate 2t ot 53574
544.1 134 (3%) — 2t 1607.7 5
588.8 14.2 25 (77) = (57) 2028.3 7
600.3 100 4t - ot 11358 6
640.5 7.015 3783.0 11
682.5 14 3 (51) — (3%) 2290.2 7
695.5 17.0 16 (12+) — (10T) 4061.8 11
711.1 69 4 (67) — 4T 1846.7 7
733.5 158 21 (117) — (97) 4032.4 9
739.5 30.4 22 (10%) — (81) 3366.3 10
780.1 39.9 25 (87) — (61) 2626.8 9
812.5 179 15 (147) — (127) 48743 12
844.5 213 37 — 2t 1907.8 5
907.1 797 (137) — (117) 4939.5 11
944.1 10.0 15 — (6™) 2790.8 9
965 1 6.9 23 (16%) — (14T) 5839.3 16
996.3 14.8 14 (77) — (61) 2842.8 7
1064 1 73 2t — 0t 1063.7 4
1071.9 6.721 (3%) = 2t 1607.7 5
1203.6 14.4 15 (57) — (4T) 233946
1371.4 4.111 37 — 2t 1907.8 5

2.3 102\

The level scheme of °>Mo, produced in the previous experiment [14] has also been
confirmed and extended (Table 3). In addition to the level scheme reported in [15]
we place a new transition of energy 400 keV depopulating the level (7-) to (57)
level. The (57) level is connected to the yrast band through the 1404 keV transi-
tion. The spin assignments are based again on the assumption that the spin should
increase with the energy, on the observed band structure and on the systematics of
the negative-parity bands in this region. Thus, on the contrary to stated in [15] spin
values of the 2547, 3006, 3615 keV levels, we suggest the (77), (97), (117) spin
assignments, respectively. Again, based on the assumption that the de excitation fol-
lows the yrast line we expect that the lowest possible spin value of the band head at
2459 keVis 6 h.
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Table 3. y-ray energies (in keV) and relative intensities in °*Mo. The y-ray energies are
determined with an accuracy of 0.5 keV. The level energies are obtained from a least squares
fit to y-ray energies. Error bars are given in italic With (a) are marked members of the yrast
band; (b) members of the band, based on 2146.7 keV level; (¢) members of the band, build
on 2459.4 keV level.

E., (keV) Iy I — If E;
295.9% gate 2t - ot 20595
369.2° 11.39 (87) — (67) 2828.6 11
400.1° 1134 (77) = (57) 2547.0 9
447.0° gate 4t — 2t 742.9 7
458.7° 10.6 5 (97) — (77) 3005.7 10
540.3¢ 7.8 10 (107) — (87) 3368.9 12
584.3% 100 61 — 4t 1327.0 9
608.9° 10.5 14 (117) — (97) 3614.6 12
690.8” 48.69 gt 6t 2017.8 10
771.8% 23313 10+ — 8+ 2789.6 11
834.9° 9512 (12%) — 10™ 3624.5 12
1132.4 11.6 10 (67) — 6" 2459.4 10
1220.1 565 (77) — 6% 2547.0 9
1403.6 1098 (57) — 4% 2146.7 9

In the present experiment '°?Mo is not so well populated as *8:19°Mo isotopes.
The negative parity band, based on 2147 keV level is only extended up to angular
momentum 117. It has to be noted that a 3~ level is not observed in the present
experiment, which might be due to the fact that it is strongly non yrast. For the
purpose of the discussion we shall use the adopted 3™ level at 1881 keV energy
seen only in a (d,p) reaction [12].

3 Discussion

In the considered ?%:199:192Mo isotopes the negative-parity levels with I™ = 3~
and 5~ are shifted up with respect to the 47 and 67 states. The observed parity
shift effect is similar in form and larger in magnitude, compared to the splitting
observed in the region of light actinides. Further, with the increase of the angular
momentum, a normal ordering of the energy levels takes place. From the collective
point of view the following physical interpretation of the observed phenomenon
can be given. In the nuclei with strong octupole correlations the collective potential
has two minima located at positive and negative values of the octupole deformation
parameter 3. The parity shift effect in the collective energy levels is due to the
tunneling of the shape between the two minima through the potential barrier sepa-
rating them. The decrease in the parity shift with the angular momentum is related
to the respective decrease in the tunneling probability as a result of an increase in
the barrier height [5]. On the other hand, the intrinsic degrees of freedom can es-
sentially influence the collective band structure by causing a sign inversion in the
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parity shift [16]. At certain critical frequency the Coriolis force can destroy a pair of
particles trying to align their angular momenta along the collective rotation. Then
the single-particle momenta give an essential contribution to the total angular mo-
mentum. The collective angular momentum decreases respectively, which leads to
a decrease in the potential barrier. Thus, the pair-breaking process causes a local
increase in the penetration probability and a respective increase in the parity shift
effect [16]. At the same time, if the separated particles (after the breaking) occupy
orbitals with opposite parity, the parity 7, of the single-particle wave function will
change in sign. This will entail an inversion in the parity 7,.; of the octupole po-
tential wave function and subsequently, an inversion in the sign of the parity shift
effect. Actually, the “total parity” 7 is related to the octupole and the single particle
parities as m = Toct * Tsp.

The above considered collective dynamics is observed in “®Mo (with a sign
inversion effect) and in 1°%:192Mo (without sign inversion). To analyze the structure
of alternating parity bands in these nuclei, we apply a collective model with soft
octupole degrees of freedom [17]. This model is based on a Hamiltonian describing
the collective motion of a system with respect to the octupole-deformation variable

fs s
oct _ " 4"
v 2Bs df3
The octupole potential is taken in the form of an angular momentum dependent
symmetric double-well with minima fixed at some value 33 i, of the octupole de-

formation
(6% - Bgmin)QI(I + 1)d§
(di + d2f33 i) (d1 + d2f33)

Bj3 is an effective octupole mass parameter, while d; and da have the meaning of
inertial parameters. The model energy levels are given by the equation

+ Ur(Bs)- (D

Uir(B3) = 5 2)

E(I)=E + % (1+7(=1)7) BTeet)(1), (3)

where the octupole parity m,.; = =+ is determined by the total and the single-particle
parities as Toe; = T« Mgp. E(7ect) is one of the octupole-vibration energy levels
E() or E(-) obtained by solving numerically the Schrodinger equation for the
Hamiltonian (1) with the potential (2). E™) is the lowest level in the potential (2)
and has positive parity 7,.; = (+), while E(~) is the next (higher) level which has
a negative parity m,.; = (—) (for more details see [17]). The second term in Eq. (3)
switches between F(T) and E(~) in dependence on the sign of the total parity , as
well as on the sign of the single particle parity 7,,. In the low angular momentum
region 7, is positive. Then according to Eq. (3) the states with positive total parity
7 correspond to E(1), while the states with negative total parity correspond to E(~).
As a result the negative (total) parity levels are shifted up with respect to the positive
ones. When 7, becomes negative (after a pair-breaking process) the states with
positive 7 correspond to E(~) while the ones with negative 7 correspond to F(*).
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Then the positive parity levels are shifted up and the sign of the parity splitting is
inverted. The quantity Fy determines the origin of the energy scale of the spectrum.

The model energy levels for the nuclei 9%:10%:192Mo are obtained by Eq. (3)
after adjusting the Hamiltonian parameters with respect to the experimental energy
levels of each nucleus. The obtained parameter values are given in Table 4. In **Mo
a change of 7, from positive at / < 8 to negative at I > 9 is assumed on the
basis of the sign inversion of the experimentally observed parity shift. In 12Mo an
additional parameter dy = 50h? is superposed to the term (I + 1) in the potential
(2) in order to describe the sharp exponential decrease in the parity shift at the lowest
angular momentum levels. (More details on the meaning of dy are given in Section 4
of [17].)

The theoretical and experimental energies are compared in (Table 5). The result
allows us to analyze the evolution of the spectrum with the angular momentum for
each isotope. Thus we can examine the behaviour of the odd-even energy displace-
ment (Al = 1 staggering) measured by the five-point staggering formula

Table 4. Parameter values for the model fits of energy levels in %8:100:192Mo.

Nucl. Eo di da b3min B3
keV h2/MeV h2/MeV dim.less h2/MeV
¥Mo 301.4 0.028 0.146 0.118 70
100010 160.2 0.026 0.129 0.109 70
102\ o -1767 0.004 0.013 0.080 90

Table 5. Theoretical and experimental energies in keV in **Mo and °°Mo.

%Mo 10000 102\,
I[A] Eth Eexp Eth Eexp Eth Eexp
1~ 1260 - 1135 - 1538 -
2+ 852 787 648 536 395 296
3~ 1921 2018 1786 1908 1749 1881
4t 1497 1511 1136 1136 766 743
5” 2524 2621 2323 2339 2099 2147
6" 2327 2344 1785 1847 1312 1327
7 3178 3097 2870 2843 2554 2547
gt 3222 3272 2544 2627 1990 2018
9~ 3887 3769 3457 3299 3096 3006
10" 4258 4150 3349 3366 2756 2790
11~ 4529 4538 4084 4032 3708 3615
12+ 5022 5047 4151 4062 3570 3625
13~ 5362 5315 4744 4940 4374 -
14+ 5804 5925 4931 4874 4403 -
15~ 6177 - 5427 - - -

16" 6594 - 5690 5839 - -
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Figure 4. Experimental (circles) and theoretical (diamonds) staggering plots for **Mo (a),
1000\ o (b) and 1°2Mo (c). The same energy scale is used for all the isotopes.

Stg(I) = 6AE(I) —4AE(I—-1)—4AE(I+ 1)+ AE(I+2)+ AE(I —2) (4)

The experimental and theoretical staggering patterns for the nuclei 2%-100:102Mo
are compared in Figure 4. It is seen that the magnitude of the staggering increases
from “®Mo to 192Mo. Also, we see that the odd-even staggering in the considered
Mo isotopes is larger with about an order in magnitude than the staggering observed
in the region of light actinides [17]. This observation provides a quantitative esti-
mation for the difference in the octupole softness of the collective potential in both
regions.

On the other hand, in each of the considered nuclei the staggering amplitude
decreases with the increasing angular momentum. As has been discussed above, this
is related to the decreasing tunneling effect and the respective stabilization of the
octupole shape towards higher angular momenta. In ?*Mo the staggering exhibits
faster decrease compared to 1°°Mo and '“2Mo showing better development of the
octupole collectivity in this nucleus.

In addition, in “®Mo the experimental odd-even staggering shows an irregularity
in the region I ~ 10 with an inversion in the phase of oscillations. As it was men-
tioned above, this effect can be considered as an indication for the change of the
single particle parity m,,. The analysis of the staggering quantity (4) suggests that
7sp changes from (+) to (—) for I > 9. This effect can be related to the presence
of a pair breaking process, which in this mass region arises from vhy; /5. Thus, the
decrease of the octupole potential barrier in °®Mo can be caused by the vhq /2 pair
breaking. Further, the sign inversion of the parity shift suggests that after the break-
ing both particles occupy orbitals with opposite parity, such as vhy; 5 and ds, or
vgr/2-

In conclusion, the present work provides extended level schemes of 98:100:102v[o
nuclei produced in induced fission reaction. The level schemes of *Mo and '°°Mo
were extended with 11 new transitions in each nucleus. 16 new levels where found in
these nuclei. Two new transitions, feeding and de-exciting the new 2147 keV level,
were found in 1°2Mo. New spin and parity assignments of 25 levels in 98:100:102Mo
were also made. So far obtained new level information reveal the possibility to study
the evolution of the staggering pattern with the change in neutron number. It was
shown that the magnitude of the observed odd-even staggering effect increases with
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the increasing neutron number and can be associated with the increase of the oc-
tupole softness from **Mo to 1"2Mo. On the other side, the sign inversion effect
observed in the staggering pattern of “*Mo indicates the influence of the intrinsic
(single particle) degrees of freedom on the octupole collectivity. It can be concluded
that the octupole degrees of freedom are of essential importance for the collective
properties of nuclei in the region of “*Mo.
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