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Abstract

The N = 34 isotope >°Sc has been investigated using in-beam ~y-ray spectroscopy at the RIKEN
Radioactive Isotope Beam Factory. Spectra from the direct (p, pn) reaction as well as indirect reaction
channels have been investigated. -y rays with energies 496(10), 570(12), 682(14), 1510(30), 1780(36),
2345(57) and 2470(50) keV have been observed. A level scheme was constructed based on vy
coincidence analysis and relative intensities. The results have been compared to the level scheme already
reported in literature, as well as to large-scale shell model calculations in the sd — pfmodel space. A new
level at 1510keV, decaying directly to the ground state, has been proposed and spin-parity J" =7/2~
was tentatively assigned. The effect of including the v/gy /, orbital is discussed. It can be concluded that
the main low-energy properties of >>Sc seem to be included in the original sd — pfmodel space.

© 2024 The Author(s). Published by IOP Publishing Ltd
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1. Introduction

Recent studies have shown the disappearance of the well-known shell-model ‘magic numbers’ and the appearance
of new ones in nuclei very far from stability [ 1-3]. Those structural changes can be explained by the differences in
the energy and ordering of single-particle orbitals with respect to stable isotopes. A particularly interesting example
is the appearance of subshell closures at N = 32 and N = 34 around the Ca isotopes, among others.

Evidence for the N = 32 and N = 34 subshell closures was experimentally observed in the Ca isotopes via
measurements of energies of first excited 2 states [2, 4], masses 3, 5], and knockout cross sections [6, 7]. Their
existence has been investigated in the context of tensor-force-driven shell evolution in the pfshell [8, 9], in which
weakening of the attractive proton-neutron interaction is observed when protons are removed from the 7f;
orbital, causing the v/f; , orbital to shift up in energy with respect to the vp; /, orbital. Moreover, alot of effort has
been dedicated to address the N = 34 subshell closure in the effective shell model framework [10] and with
coupled-cluster theory [11].

The evolution of these subshell closures has also been studied in nuclei above and below Ca. The N = 32
subshell closure has been confirmed above Z = 20 for >*Ti[12, 13] and *°Cr [14-16], and below Z = 20 for *°Ar
[17, 18]. The N = 34 subshell closure has been confirmed below Ca in **Ar [19], however no indication of its
existence has been found for >°Ti[13,20-22] and >®Cr [15, 16]. Those results have sparked interest to study the
Scisotopes, located between the Ca and Ti isotopic chains, since information on the evolution of the proton
orbitals can reveal the nature of the observed magicity [23, 24].

In the Sc isotopic chain mass measurements have been performed in recent years [21, 22, 25], concluding
that the N = 34 subshell closure does not extend to the Sc isotopes. The first spectroscopy of >°Sc, at the N = 34
shell closure, has been reported in [26]. The first excited state was found to be at an energy of 695(5) keV, based
on -ray spectroscopy following *Be(*°Ti,**Sc+7)X and *Be(**Sc,**Sc+1) reactions. Additional y rays were
measured and placed in a tentative level scheme [26]. Those results were compared to large-scale shell model
calculations in the sd — pfmodel space, which adopted the full sd and pf shells for protons and neutrons. The
theory suggests a first excited state with spin-parity 3/2~ ataround 700 keV. Based on this good agreement with
the calculation, a rapid weakening of the N = 34 subshell closure has been concluded for Z = 21. Furthermore, a
more recent study [27] exploring the effects of the different components of the proton-neutron GXPF1B
interaction (with modification listed in [27]) also reproduces the available experimental data and recognizes that
the low energy of the 3/27 state is caused by the weakening of the N = 34 semimagic gap and not duetoa
decrease in the Z = 28 magic shell gap.

To further explore the shell evolution towards the N = 40 pf-shell closure we have performed an experiment
to study neutron-rich isotopes in that mass region. Here we report the results from «-ray spectroscopy of the
N = 34isotope >Sc.

2. Experiment

The experiment was performed at the Radioactive Isotope Beam Factory, operated by the RIKEN Nishina
Center and the Center for Nuclear Study of the University of Tokyo. A primary beam of "°Zn was accelerated to
345 MeV /u and impinged on a 10-mm-thick °Be target. The cocktail beam was separated and identified using
the Bp — AE — TOF[28] technique at the BigRIPS two-stage magnetic separator [29]. The velocity was obtained
by measuring the time of flight (TOF), provided by the difference in time signals from three plastic scintilators,
located at focal planes F3, F5, and F7. The magnetic rigidity, B,,, was calculated using position and angle
measurements in parallel plate avalanche counters at F3, F5, and F7 [30], together with optical matrices for the
ion paths in the magnetic field. The atomic number Z was calculated using the Bethe-Bloch formula for the
energy loss AE of the particles in an ionization chamber [31]. The incoming particle identification, gated on
outgoing >>Sc ions, can be seen in figure 1(a).

Aliquid hydrogen target (LH2) of 150 mm, surrounded by a Time Projection Chamber (TPC), was used to
induce proton-knockout reactions. This device, called MINOS [32], could provide information on the reaction
vertex in the LH2 target with a precision of 5mm (FWHM) and had a proton detection efficiency of over 90% for
(p, 2p) reactions [32, 33]. After the reaction with the LH2 target, outgoing ions were identified using the
SAMURAI dipole magnet [34]. A similar Bp — AE — TOF method was used for the particle identification. The
ions’ trajectories were reconstructed using position measurements in drift chambers [35], located upstream and
downstream of the magnet. The magnetic rigidity Bp and the flight length, FL, were obtained usinga GEANT4
[36] simulation of the particle trajectories in the magnetic field of SAMURALI. The velocity of the particles was
determined using the simulated flight length and the TOF measured between a plastic scintilator, placed before

© 2024 The Author(s). Published by IOP Publishing Ltd
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Figure 1. (a) Particle identification plot for incoming ions in BigRIPS, gated on >*Sc outgoing ions. The different isotopes, which
contribute to the production of *>Sc, are observed. (b) Particle identification in the SAMURAI magnet. >*Sc is highlighted in a black
circle.

Table 1. Summary of different reaction channels producing >*Sc.
Total number of events in each channel, efficiency of MINOS
(ennos)> as well as inclusive cross sections (o7;,,) are listed. The
transmission and efficiency of MINOS were used to obtain the
inclusive cross sections for each channel.

Reaction Events emmnos(%) Oinmb)
Sc(p,pn)>® Sc 122 684 71(1) 38.6(10)
>Sc(p,p2n)>® Sc 4759 68(1) 30.4(8)
*8Sc(p,p3n)™ Sc 1754 69(1) 51.9(20)
Ti(p,2p2n)>> Sc 12184 93(2) 5.8(3)

*Ti(p,2p3n)>> Sc 19 239 90(1) 7.9(2)

OTi(p,2p4n)> Sc 11581 87(1) 10.9Q2)

the target, and a 24-segment Hodoscope. The atomic number was determined by measuring the energy loss of
the fragments in the Hodoscope. The outgoing particle identification can be seen in figure 1(b).

For the y-ray detection, the DALI2 " [37, 38] array was used. It consisted of 226 NalI(T1) detectors, which
were arranged in 10 layers and offer full-energy peak efficiency of 30% at 1 MeV and energy resolution of 11%
for a moving source with velocity of 0.6¢. Energy calibration was done using standard calibration sources - “°Co,
88y 133Ba, and *’Cs. GEANT4 simulations were performed to obtain the response function of the array.

3. Results

>>Sc was populated by direct and indirect reactions. The statistics of all channels are listed in table 1. Precise
Doppler correction was performed on the detected 7y rays using the velocity of the fragments reconstructed at the
vertex position and the angle between the vertex position and the DALI2™" crystal where the -y ray was detected.
To improve the peak-to-total ratio, an add-back procedure was performed by adding up the energies of yrays,
interacting within 15 cm radius. An energy threshold of 250 keV was applied at low energies and a time gate of
(—5;-+7) ns was used to reduce background. Figure 2 shows the y-ray spectra obtained from the **Sc(p,pn)>> Sc
reaction with -ray multiplicity (a) M, < 5and (b) M, = 1. The M, = 1 spectrum has been used to highlight the
~yrays decaying directly to the ground state and to suppress Compton background. The M., < 5 spectrum has
been chosen as the y-ray intensities saturate at that point, while the atomic background does not and therefore
this multiplicity condition allows for the best peak-to-background ratio without sacrificing valid events in the y-
ray peaks. Five distinct peaks can be observed at energies 570(12), 682(14), 1510(30), 1780(36) and 2470(50) keV.
Two weaker transitions at 496(10) and 2345(57) keV were also observed. The 2345- and 2470-keV transitions are
very close in energy, however, it was possible to separate them in the 7y coincidence analysis, as will be shown
below. The transition at 496(10) keV will also be further discussed below. Figure 2(b) shows enhancement of the
682- and 1510-keV transitions in comparison to the 570-keV transition for M., = 1, which suggests that those ¢
rays populate directly the ground state. The difference in intensity of the 570-keV transition between the M, = 1
and the M, < 5 spectra suggests that it most likely belongs to a cascade.
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Figure 2. Doppler-corrected 7-ray spectra for the reaction **Sc(p,pn)*> Sc with add-back for (a) M., < 5and (b) M, = 1. The green
dashed lines represent the simulated y-ray response functions of DALI2 ¥, the black dashed line is a double exponential fit to the
background. The sum of all contributions is represented by the red line, whereas the blue points represent the experimental data.

(b)

Counts/ 20 keV
Counts/ 40 keV

S
(=)
(=

200 ¢

#

0;.:;..........7""::

L 1 1 L 1 1 L 1| 1 1 1 1

500 1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 3508
Energy (keV) Energy (keV)

90
80
70
60
50
40
30
20
10

=

(d)

Counts/ 60 kev

Counts/ 30 keV

It ;

n.Ik

| TaeMbr Ao

LA

-}

TTTTTTTTT T TT I [ TTI T T [TTIT[TTT T TTTI]TTT]]
F 1
L i —

S00 1000 1500 2000 2500 3000 3300
Energy (keV)

OO

500 1000 1500 2000 2500 3000

350?(
Energy (keV)

Figure 3. Doppler-corrected y-ray spectra for the reaction >*Sc(p,pn)* Sc after applying energy gates. The colored areas show how the
gate was chosen. Background has been subtracted for the spectra in panels (a), (b) and (c), while in panel (d) the background is plotted.
Panel (a) shows the y-ray spectrum in coincidence with the 682-keV line. Panel (b) shows the y-ray spectrum in coincidence with the
1510-keV line. Panel (c) shows the y-ray spectrum in coincidence with the 1780-keV transition. Panel (d) shows the y-ray spectrum in
coincidence with the 2345-keV peak (red color), the 2470-keV peak (blue color) and background (black color).

In order to construct alevel scheme, a coincidence analysis was performed using the M., < 5 spectrum. y-ray
spectra after applying energy gates on the 682-, 1510-, and 1780-keV transitions, as well as the region around
2300-2500keV, are presented in figures 3(a), (b), (c) and (d), respectively. The gates applied are as follows - (a)
630to 720 keV, (b) 1440 to 1560keV, (c) 1720 to 1860keV, (d) three gates with width of 60 keV with centers at
2330, 2500 and 2730keV. From figure 3(a) it can be seen that the 682-keV transition is in coincidence with the
570-keV and 2470-keV transitions. In addition, the transition at 496 keV is also present here. Figure 3(b) shows
that the 1510-keV transition is in coincidence with a transition at around 570 keV as well as with the transition at
1780(36) keV with relative intensities of 100(6) and 44(5), respectively (relative intensity taken to the intensity of
the 682-keV transition in each spectrum). The 1780 keV-transition gives back coincidences with the 570- and
1510-keV lines with the same relative intensity, as can be seen in figure 3(c). This puts those three transitions in a
cascade, with the 1510-keV transition on the bottom, followed by the 570- and then 1780-keV transitions.
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Figure 4. Summed up y-ray spectra from different reaction channels, producing **Sc. Panels (a) and (b) show the summed up spectra
of *®Ti(] p,2p2n )°° Sc, > Ti(] p,2p3n )°° Scand *°Ti( p,2pdn )°° Scwith M., < 5and M., = 1, respectively. Panel (a;) shows the area around
500 keV zoomed-in. Panels (c) and (d) show summed up spectra of;!"Sc(p,pn)55 Sc, ’Sc(p,p2n)** Scand **Sc(p,p3n)>® Scwith M., < 5
and M., = 1, respectively.

From the coincidence analysis it can be seen that the 682- and 1510-kev transitions are not in coincidence,
supporting the conclusion that they show the decays of different levels directly to the ground state. The fact that
the 682-keV transition as well as the 1510-keV transition are both in coincidence with the 570-keV peak points
atitbeing a doublet. Otherwise, if the 570-keV line would be a single transition on top of the 1510-keV
transition, which would then decay to the 682-keV state via an intermediate state, a strong transition at around
820 keV would be observed, which is not the case. The 2470-keV transition can only be seen in coincidence with
the 682-keV transition, which places it directly on top of the former. A transition placed in the same manner and
with the same energy (within uncertainty) was also reported in [26]. However, when gated on the area around
2400keV coincidences with both the 682- and 1510-keV peaks can be observed. It was determined that around
2400keV two transitions are present, which decay to the 1510- and 682-keV levels, respectively. Those have very
similar energies and partially overlap, but from the coincidence spectra on figure 3(a) and (b) it can be observed
that their centroids are different. The energies of 2345(57) and 2470(50) keV, have been determined from the
coincidence spectra. Using those energies narrow gates have been performed on the two peaks and shown in
figure 3(d), together with a gate on the background for comparison.

Additional non-direct reaction channels, producing >*Sc, were also analyzed and are presented in figure 4,
summed up. Panels (a) and (b) show summed-up nucleon-knockout reactions from Tiisotopes, all producing
5S¢, with M, < 5and M, = 1, respectively. Transitions at 570(12), 682(14), 1510(30), and 1780(36) keV can be
observed, as well as additional transitions around 496 and 1100 keV. Here it can be observed that the ratio
between the 682- and 570-keV peaks favors the higher-energy transition, not only in M, = 1 (like in figure 2(b)),
but also in higher M.,. Moreover, the transition at 496 keV can be distinguished in figure 4(a;). The region
between 486 and 582 keV was determined to be a triplet between a weak transition at 496(10) keV and a doublet
at 570 keV of two yrays with indistinguishable energies, sitting on top of the 682- and 1510-keV transitions,
respectively. The region around 1100 keV was determined to contain two transitions, which were populated in
different indirect reaction channels. Since statistics were limited, those transitions were not placed in the
level scheme. Figure 4(d) and (e) show neutron-knockout reactions from heavier Sc isotopes. Peaks at 570(12),
682(14),1510(30), 1780(36), and 2470(50) keV can be observed. No noticeable differences in the population of
states is observed between the one- and multiple-neutron removal reaction channels. In the M, = 1 spectrum
the transitions at 570, 682, and 1510keV have relative intensities of 51(1), 100(1), and 85(2), respectively. In the
M., < 5 spectrum the same intensities are 105(3), 100(2), and 98(2), respectively.
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Figure 5. Experimental level schemes (on the left) from a (p,p—n) reaction and a (p, 2p) reaction, adapted from [26], compared to
calculations in the framework of the SDPF-MU shell model (right). Two different calculations have been performed—with and
without activation of the gy /> orbital. The widths of the y-ray transition lines correspond to the relative intensities of the transitions.
The theoretical levels in red and blue have significant spectroscopic factors (= 0.1) in (p, 2p) and (p,p—n) reactions, respectively.

For all reaction channels inclusive cross sections have been obtained. They are presented in table 1. The
transmission of *>Sc (determined to be 53(1) %) along the beam line, which includes the efficiency of the beam
line detectors and the reaction losses in the target, and the efficiency of MINOS for the detection of protons in
the respective reaction channels were used for the calculation. The SAMURAI magnet has a large acceptance and
all channels mentioned are well within it, so no correction is needed. The direct (p, 2p) reaction channel was not
available in this experiment due to the setting of the BigRIPS fragment separator, which cuts out *°Ti from the
incoming beam.

4. Discussion

The level scheme obtained for *>Sc is shown in figure 5, left. The widths of the transition arrows represent the
intensity of the yrays in the M., < 5 spectrum. Based on the coincidence analysis, the 682- and 1510-keV
transitions were placed decaying directly to ground state. The two transitions from the doublet at 570 keV were
placed on top of the 682- and 1510-keV levels, respectively. The transition at 1780keV was placed on top of the
1510- and 570-keV transitions, since it comes in coincidence with both. The 2345-keV transition was placed on
top of the 1510 keV level, while the 2470-keV transition is placed decaying to the 682-keV level. The two levels at
3855 and 3860keV are at the same energy, within uncertainty, however it cannot be confirmed if they are indeed
the same state or not due to the high density of states. The transition at 496 keV, which can be seen in figure 4(a)
and (a;), has not been placed conclusively in the level scheme.

The suggested placement of the first excited state at energy of 682(14) keV agrees well with the one reported
in literature at 695(5) keV [26]. This placement of the first excited state, which is much lower than the first 2™
state in >*Ca, cannot be explained by the 7f; ,®)>* Ca(2 ") configuration. As suggested in [26], this would mean a
rapid weakening of the N = 34 subshell closure with even one proton in the 7f; /, orbital. Additionally, a
transition at 572keV has also been reported previously, depopulating a state at 1267keV, which has been placed
in a similar manner in our data. However, the 1510-keV line, which has been placed as decaying to ground state,
has not been observed previously. A transition at similar energy of 1539(10) keV has been noted in [26], but it
does not correspond to the one observed here, since if this was the case, it would be in coincidence with the
transition at 682 keV.

The experimental data have been compared to calculations using the SDPF-MU shell-model effective
interaction [39]. Full sd and pfmodel spaces were used for protons and neutrons, respectively, with effective
charges of e, = 1.1eand e, = 0.1e, which is very similar to the one used in [26], but considers also contributions
of up to 4 particle-hole configurations in the wave function. The results are shown in figure 5. Spectroscopic
factors have been calculated for the **Sc(p,pn)°> Sc and *°Ti(p,2p)”° Sc reactions. For the (p,pn) reaction for >°Sc
aground state with /™ = 17 was assumed, based on shell-model calculations [40] and supported by 3-decay
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Table 2. Theoretical spectroscopic factors (C?S) for *°Ti(] D:2p )>> Sc one-proton removal reaction and
*Sc(p,pn)> Sc one-neutron removal reaction from the 7 and v nlj orbitals. The spin-parity (/) and energy (E,)
for the populated states in >*Sc are given.

56Ti(p,Zp)55 Sc 56Sc(p,pn)55 Sc
c’s s

J" E[keV] st/z 7rd3/2 TS1/2 7Tf7/2 Vf7/2 st/z vp3 2 vpi/2
7/2° 0 1.42 0.67
3/2° 670 0.8
7/25 1622 0.42 0.26
1/2- 1659 0.55
3/25 2071 0.37
3/2" 2440 2.64
3/23 2450 0.29
1/2* 2794 1.02
5/25 2878 0.23
3/27 3021 0.15
5/25 3185 0.17 0.21
5/27 3433 0.78
5/2" 3605 0.18
3/25 3656 0.76
1/25 3780 0.47
7/25 3919 0.15
3/25 4067 0.27
1/25 4301 0.37
3/27 4402 0.25

systematics [41]. States populated in (p, 2p) and (p,pn) reactions with spectroscopic factors larger than 0.1 have
been highlighted in figure 5 in red and blue, respectively. These values are listed in table 2. The one-proton
removal reaction is expected to populate positive parity states with significant spectroscopic factors, the highest
population going to the first positive-parity state J ™ = 3/2" at 2440keV. More states are expected to be strongly
populated in the one-neutron removal reaction due to the many possible couplings of the neutron. The first
excited state at 670 keV, aswellasa5/2 anda3/2" states ataround 3500keV are expected to be dominantly
populated.

The calculated ground state of >>Sc has spin-parity assignment (J™) of 7/2 ", which complies with the one
suggested in [27, 41]. The first excited state is predicted at energy of 670keV with J"=3 /27, which agrees well
(m30 keV) with both literature and this work. It is then probable that the 682-keV state we observe is the first
J7=3/2" excited state. The observed second excited state at 1252keV is close in energy to the predicted
theoretically 11/2" state ataround 1.5 MeV. However, J" = 11/2" cannot be assigned to the 1252-keV state,
since if this was the case no decay to the underlying 3/2~ state would be expected and rather a decay to the 7/2~
ground state. The 1252-keV state would better fitaJ™ = 1/27, which is also what was suggested in [26].

The newly observed level at 1510keV, decaying directly to the ground state, would fit to the calculated 7/2 5
state atan energy of 1622keV, since it is expected to decay with a strong M1 directly to ground state
(B(M1) = 0.0058 1i*). The theoretical model, which includes excitations beyond the pfshell, calculates higher
neutron occupation number of the f; /, orbital for the 7/2 ; state as compared to the first excited state (1.19 and
1.03, respectively). In addition, the proton contributions to the wave function of the 7/2 | and 7/2 ; states are
very similar with occupation number of the f; , orbital 0f0.97, while the 3/2 ; state has a notable contribution
from the p; /, orbital with occupation number 0.15. In this sense the 7/2 ; has a dominant neutron character.
Additionally, this state is expected to be strongly populated in a neutron-knockout reaction (33% of the
spectroscopic factor of the strongest populated state), but not so much (16% of the spectroscopic factor of the
strongest populated state) in a proton-knockout, which would explain the fact that it was not observed in [26].

In our experiment a level at 3152 kev has been observed decaying to the first excited state with a yray at 2470
(50) keV. This is similar to the observed level at 3135(46) keV in [26]. However, this state was observed to decay
to the 695- and 1267-keV states with very similar intensity. In contrast, in our data no transition to the 1252-keV
state was observed. Therefore it is unlikely that the levels at 3152 and 3135 keV are one and the same, which is
supported by the high density of states predicted in this energy region.

The effect of considering neutron excitations beyond the pfshell has been investigated by performing two
calculations—with and without activation of the gy, orbital. The calculation, excluding the gy, orbital, has
been used to predict a larger number of states, since it requires less computational time. Furthermore, it was also

7
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used for the calculation of spectroscopic factors. The calculation including the g5/, has been limited to the first
10 positive parity and 10 negative parity states, producing results on the spin-parity ™, level energies E. and
reduced transition probabilities B(E2) and B(M1). Minor differences can be observed between the two
calculations. The triplet of states around 1600 keV (1/27,5/2™ and 7/27) has different arrangement, as can be
seen on figure 5. The same is valid for the doublet around 2100keV (3/2™ and 13/27). Both calculations predict
the first positive parity state to be 3/2" state with similar energies (=150 keV difference). It can be concluded
that the current manner of including the gy /, orbital does not present differences to the calculation in the
original model space, to which the experimental data is sensitive. The energy placement of the low-lying states is
satisfactory reproduced in both calculations. Conversely, excitations beyond the pfshell and the single particle
energy of the gy, orbital become relevant when going towards N = 40, as was shown in a recent work on Ca
isotopes beyond N = 34 [42]. Further test would be the ability to reproduce the level schemes of heavier Sc
isotopes, which will be addressed in an upcoming publication.

5. Conclusions

The neutron-rich *°Sc was investigated via the one-neutron removal reaction and multinucleon removal
reactions at the RIKEN Radioactive Isotope Beam Factory. Based on vy coincidence analysis, a level scheme was
constructed. It contains already reported excited states, as well as new ones. The experimental level scheme was
compared to large-scale shell model calculations in the SDPE-MU framework. It can be assumed that the first
excited state in >>Sc has a spin-parity of J,, = 3/2~ and energy of 682(14) keV, which agrees with previous
suggestions that the N = 34 subshell closure breaks down even when only one proton occupies the 7f; /, orbital.
The experimental level at 1510(30) keV, not observed in previous studies, was tentatively assigned J,, = 7/2; due
to its observed decay to ground state and the expected strong population in neutron-knockout reactions.
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