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Abstract. A new experimental setup to measure prompt-delayed ~-ray coincidences from isotopically iden-
tified fission fragments, over a wide time range of 100 ns—200 us, is presented. The fission fragments were
isotopically identified, on an event-by-event basis, using the VAMOS++ large acceptance spectrometer.
The prompt v rays emitted at the target position and corresponding delayed  rays emitted at the fo-
cal plane of the spectrometer were detected using, respectively, thirty two crystals of the AGATA ~-ray
tracking array and seven EXOGAM HPGe Clover detectors. Fission fragments produced in fusion and
transfer-induced fission reactions, using a ***U beam at an energy of 6.2 MeV /u impinging on a ?Be tar-
get, were used to characterize and qualify the performance of the detection system.

1 Introduction

The study of atomic nuclei in the phase space of large
isospin, angular momentum and excitation energy, pro-
vides new insights to understand and predict the evolution
of nuclear structure and the emergence of new phenom-
ena in exotic nuclei [1,2]. Prompt and isomeric v-ray spec-
troscopy of discrete states are powerful methods to achieve
this goal. The occurrence of isomeric states in atomic nu-
clei is a manifestation of the underlying nuclear struc-
ture arising from specific collective or individual single-
particle configurations of nucleons. The properties of iso-
meric states, their excitation energies, lifetimes and decay
patterns, provide valuable constraints for understanding
the structure of these nuclei [3,4]. Additionally, excitation
modes built on isomers, observed through prompt ~-ray
spectroscopy, can further help to characterize these spe-
cific structures. However, in the case of long-lived isomers
(t1/2 > 1 ps), it is challenging experimentally to correlate
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transitions feeding and depopulating the isomer and in-
dependent experimental setups are often required. There-
fore, simultaneous measurement of correlations over a long
time range for both prompt and delayed v rays along with
isotopic identification (Z, A), are critical to obtain unam-
biguous and complete level schemes.

Nuclear reactions at energies around the Coulomb bar-
rier, such as fission [5,6] and multi-nucleon transfer [7, 8]
are powerful tools to populate neutron-rich exotic nuclei
at large angular momentum. The recent combination of
large acceptance spectrometers such as VAMOS++ [9,10]
and PRISMA [11] with large arrays of Ge-detectors like
EXOGAM [12], AGATA [13,14] or CLARA [15] has led
to significant progress in the spectroscopy of exotic nuclei
using prompt ~-ray spectroscopy [2,6,16-18]. The simul-
taneous measurement of the prompt, delayed and prompt-
delayed ~ rays of isotopically identified nuclei at energies
around the Coulomb barrier will extend the experimental
sensitivity and provide new insights into the evolution of
nuclear structure far from stability.

A large experimental effort has been devoted to mea-
sure isomeric states in nuclei and an exhaustive discus-
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Fig. 1. (Color online) Experimental setup: (a) Top view of the focal plane detectors of VAMOS++ spectrometer and EXOGAM
HPGe Clover detectors. (b) Picture of the EXOGAM HPGe Clover detectors at the VAMOS++ focal plane. (c) Picture of the

target chamber and AGATA ~-ray tracking array.

sion of the various setups for isomer studies is presented
in ref. [4]. These methods include delayed ~-ray spec-
troscopy coupled with isotopic identification from mag-
netic separator [19-21] or recoil decay-tagging [22] and
prompt-delayed ~-ray correlations [23-28] using large -
ray spectrometer array or recoil decay tagging [29]. How-
ever, it should be pointed out that prompt and delayed
~-ray correlation with simultaneous isotopic identifica-
tion using a spectrometer was only reported for a lim-
ited number of cases such as ref. [30] and [31]. In this
context, the present work reports on a new experimen-
tal setup, at GANIL, allowing a simultaneous measure-
ment of prompt « rays using AGATA and delayed ~ rays
using EXOGAM and their correlations, within a broad
time range of 100ns < t;/o < 200 us, together with fis-
sion fragments isotopic identification obtained using the
VAMOS++ spectrometer.

2 Experiment

The fission fragments were produced in fusion and trans-
fer induced fission reactions using a 238U beam at the en-
ergy of 6.2MeV/u on a YBe target (1.6 and 5pum thick)
at GANIL. The typical beam intensities between 0.3 and
1pnA were used. A schematic of the experimental setup
is shown in fig. 1. Fission fragments were isotopically
identified in (Z, A,q) using the VAMOS++ spectrome-
ter [2,9,10], placed at 20° relative to the beam axis. The
focal plane detection system of VAMOS++ consisted of a
multi-wire proportional counter (MWPC) (time-of-flight),
two drift chambers and a segmented ionization chamber
(AE, E) having 6 rows (with a thickness of 5, 6, 12, 12,

12 and 10cm) and 5 columns (with a width of 20.0 cm
as shown in fig. 1). The ionization chamber was operated
with CF, gas at 70mbar. At the entrance of the spec-
trometer, the Dual Position-Sensitive MWPC [32] (DPS-
MWPC) provided the start signal for the time-of-flight
and the recoiling angle of the reaction products. The fo-
cal plane MWPC and drift chambers were operated with
isobutane gas at 6 mbar. The fission fragments had a typ-
ical time-of-flight of 200 ns and were stopped in the ion-
ization chamber (fig. 1(a)).

Prompt v rays (yp) emitted at the target position by
the recoiling reaction products were detected using the
AGATA [14] y-ray tracking array consisting of thirty two
crystals (fig. 1(c)). To maximize the detection efficiency,
the array was translated 10cm towards the target com-
pared to the nominal configuration, where the target is
placed at the center of the array at 23.5cm [33].

Delayed ~ rays (yp) were detected using seven EX-
OGAM HPGe Clover detectors [12] arranged in a wall-
like configuration at the focal plane of the VAMOS++
spectrometer (fig. 1(a) and (b)). A 2mm thick aluminum
window between the ionization chamber and the Clover
detectors was used to minimize the attenuation of the
emitted v rays. A 3mm thick lead shielding was placed
after and in-between the Clover detectors to minimize the
events arising from the room-background and Compton
scattering between the Clover detectors. Typical off-beam
background rates of EXOGAM were ~ 550Hz for each
Clover detector with typical energy threshold of ~ 60keV.
The typical in-beam rate was ~ 750 Hz per Clover.

The event correlation between AGATA, VAMOS++
and EXOGAM was carried out using the time stamp
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Fig. 2. (Color online) Particle identification spectra from the VAMOS++ spectrometer. (a) Energy loss (AE from the three
first rows of the ionization chamber) versus total energy (E). (b) Atomic number (Z) obtained from the projection of the AE-E
correlation matrix. (c) Charge state (q) versus mass over charge (M/q). (d) Reconstructed mass (A) (see text).

method with a clock frequency of 100 MHz. The prompt
trigger was generated when both AGATA and VAMOS++
events were present within 300 ns. Typical singles trigger
rates were ~ 7kHz for the VAMOS++ and ~ 40kHz for
the AGATA array respectively. The delayed trigger for de-
tecting delayed v rays was generated when delayed v-ray
followed prompt trigger within 200 ps. The time between
the ion implantation and the delayed y-ray event was mea-
sured using time stamps difference.

3 Performance
3.1 Fission fragment identification

Event-by-event isotopic identification of fission fragments
was obtained following a similar analysis procedure of the
VAMOS++ spectrometer described in ref. [10]. In the
present case, the total energy E was obtained from the
sum of the energy deposited in all rows of the ioniza-
tion chamber (while it was formerly measured in ioniza-
tion chambers and the silicon wall). The atomic number
was obtained from the two-dimensional spectrum AE-FE
shown in fig. 2(a), where AE was obtained from the sum
of the first three rows of the ionization chamber and F
from the sum of all rows. A typical Z spectrum, obtained
from the projection on the Z lines is shown in fig. 2(b).
The obtained resolution was AZ/Z = 1.3% (FWHM) and
represent an improvement compared to the previous setup
described in ref. [10] (where AZ/Z = 1.5%). Figure 2(c)
shows the two dimensional spectrum of charge state (g)
versus mass over charge ratio (M/q) used to obtain mass

identification and fig. 2(d) shows the resulting recon-
structed mass (A). Typical resolutions of Aq/q = 1.3%
(FWHM) and AA/A = 0.4% (FWHM) were achieved.

3.2 ~-ray spectra

In the following section, we present the prompt and de-
layed v-ray spectra of isotopically identified 32Te and
94Y. The well studied 3?Te [23, 34, 35] will be used to
demonstrate the performance of this new setup. For com-
pleteness, the partial level scheme from ref. [23,34], up to
an excitation energy of 4.3 MeV, is shown in fig. 3.

Prompt  rays (yp)

The v rays emitted in-flight were corrected for Doppler
shift, on an event-by-event basis, using the velocity vector
of the recoiling ions (measured by the DPS-MWPC detec-
tor) and the v-ray emission angle (measured in AGATA).
Gamma-ray interaction points were determined by the
pulse shape analysis (PSA) using GRID search algorithm
based on simulated pulse shape (AGATA data library) as
described in ref. [36]. The interaction points were tracked
using the Orsay Forward Tracking (OFT) algorithm [37]
with standard input parameters to obtain the first inter-
action point and ~-ray emission angle for each of v rays.
The resolution of tracked Doppler corrected ~-ray energy
was 5.0keV (FWHM) for the 2* — 0% transition in %®Zr
at 1222.9keV. The tracked Doppler corrected 7-ray en-
ergy resolution was limited by the ~-ray interaction point
position resolution as discussed in ref. [32]. In the present
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Fig. 3. (Color online) The partial level scheme of **2Te (below
4.3MeV). The transitions above (below) isomeric states are
indicated in blue (red).
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Fig. 4. Tracked Doppler corrected prompt «-ray (yp) spectra
for 132Te “Singles” (Z, A) gated spectrum.

compact configuration, a y-ray photo-peak efficiency (af-
ter tracking) of the AGATA of 9.5% at 1.2MeV was mea-
sured using standard calibrated sources '°?Eu and °Co.
Effect from the Lorentz boost at typical fragment velocity
of 8 = 0.1 was simulated resulting in an in-beam tracked
efficiency of 8.6% at 1.2 MeV.

The tracked Doppler corrected prompt v-ray spectra
(vp) measured in coincidence with isotopically identified
132Te [23, 34] using AGATA detectors are presented in
fig. 4. The ~-ray transitions depopulating states above
the 10" isomeric state with ¢y, = 3.7pus (E,, = 208,
334, 343, 560, 624, 742, 835, 900keV), above the 7~ iso-
meric state with ¢1/,, = 28 us (E,, = 292, 1040keV), and
the side band (E,, = 138, 383keV) can be seen. Also
the transitions from the states below the isomers popu-
lated directly in fission were observed (E,, = 697, 776,
974keV). The broad peaks in fig. 4 are due to incorrect
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Fig. 5. (Color online) Delayed v-ray spectra (yp) demonstrat-
ing the background reduction procedure: (a) A schematic side
view of the ionization chamber and a single EXOGAM Clover.
(b) In coincidence with '*?Te fragments for a time window of
0 ps < tdecay < 84 ps. (c) Same as in (b) but with an additional
condition that a front Ge-crystal was present in the event. The
upper part of the figure shows the ratio of peak counts Y2/Y1
(with/without the condition). Filled circles (triangles) indicate
the peaks belonging to *?Te (room background). (d) Same as
in (c) with background subtraction using the time stamp dif-
ferences shown in the inset. The upper part of the figure illus-
trates ratio of peak counts Y3/Y7 (with all conditions/without
condition) and the selected time windows obtained from the
differences in time stamps.

Doppler correction of « rays emitted from partner fission
fragments. The appropriate Doppler correction for part-
ner fission fragment can be carried out using kinematics
calculation (e.g. see ref. [6,38]).

Delayed ~ rays (yp) and background reduction

Figure 5(a) shows the schematic side view of the ioniza-
tion chamber and a single EXOGAM Clover detector.
To recover events undergoing Compton scattering, the
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Fig. 6. Prompt-delayed coincidence spectra of 132Te and %Y
(a) 132Te Doppler corrected prompt y-ray (yp) spectrum with
the condition that a delayed ~y-ray (yp) was detected, (b) Same
as in (a) with the condition that a delayed ~-ray with energy
E,, = 151keV was detected. (c) *2Te delayed y-ray (yp)
spectrum in coincidence with prompt E,, = 1040keV ~v-ray
(d) °*Y Doppler corrected prompt v-ray (yp) with the condi-
tion that E,, = 432keV was detected. (e) 'Y delayed ~-ray
(vp) spectrum in coincidence with prompt E,, = 306keV ~-
ray (see text).

measured signals from various crystals belonging to same
Clover were added back. The delayed ~-ray (yp) spec-
trum obtained in coincidence with 132 Te identified by VA-
MOS++ in the time window O0pus < tgecay < 84 ps, is
shown in fig. 5(b). The delayed v rays (yp) belonging to
132Te, transitions from the isomeric 107 state, E,,, = 776,
926keV, and 7, E,, = 103, 151, 697, 974keV, can be
identified. The transition £,, = 798keV is not intense
enough to be visible and the E,, = 22keV (107 — 81)
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is highly converted and below the experimental thresh-
old. Gamma rays arising from the room background were
observed as random coincidences and are labeled (BG).
In the first step of the background suppression, it was
required that a Ge-crystal facing the ion trajectory (red
crystal in fig. 5(a)) was present in the event (i.e. events
with ~ rays hitting only the back crystals, shown as a blue
crystal in fig. 5(a) were removed). The corresponding spec-
trum is shown in fig. 5(c). This condition reduced the room
background by ~ 50% (see upper part of fig. 5(c)). In the
subsequent step of the background suppression, the spec-
trum obtained in the time window 113 us < tgg < 197 us,
normalized by the gate width, was subtracted (fig. 5(d)),
reducing the room background to 20% (see inset in upper
part of fig. 5(d)). This procedure preserved the area of -
ray peak from 32Te (~ 90%). Gamma-ray spectra shown
later are treated with the background reduction procedure
described above.

Prompt-delayed v-ray correlation

The purpose of the present setup was to obtain the cor-
relation between prompt and delayed v rays along with
an event-by-event isotopic identification of fission frag-
ments. In fig. 6, prompt and delayed v-ray spectra for
isotopically identified °*Y and '32Te are shown to demon-
strate the capabilities of the present setup. The Doppler
corrected prompt y-ray spectrum obtained in coincidence
with any delayed v-ray (7p) detected for the case of 132Te
is shown in fig. 6(a). Transitions from states placed below
the isomeric states are not observed. Figure 6(b) shows
the Doppler corrected prompt ~-ray spectrum obtained in
coincidence with the delayed E,,, = 151keV. The transi-
tions feeding both isomers are observed as they are inter-
connected [34]. The delayed y-ray (7p) spectrum obtained
in coincidence with prompt E,, = 1040keV transition
feeding the 7~ state isomer (fig. 6(c)) shows only the v
rays from states below the 7~ isomeric state. Similar anal-
ysis in the case of Y was also preformed and prompt (de-
layed) «-ray spectra in coincidence with delayed (prompt)
~ rays are show in fig. 6(d) and (e), respectively. The
known delayed transitions (432, 770 and 1202keV) depop-
ulating the known isomeric state at 1202.4keV reported
in ref. [39] are observed. In addition prompt ~-ray transi-
tions are observed in coincidence with the delayed ~-ray
transition at 432keV (fig. 6(d) and (e)). These transitions
at 306, 584 and 718keV are in agreement with recently
reported levels in *4Y [40,41].

3.3 Delayed ~-ray detection efficiency

The detection efficiency of the delayed ~-ray setup
strongly depends on the penetration depth of the ions
stopping in the ionization chambers and is thus to be
determined case by case. Specific efficiencies can be ex-
tracted by gating on the prompt transitions feeding the
isomeric state. The efficiency (€) can be deduced as
follows:

YD(]. + K?EC) 1
7 ’ (1)

P

6 f—
Rpr
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Table 1. Efficiencies of delayed 7 rays measured below the
isomeric transitions in °*Y and !3?Te with prompt ~-ray gate
on 306 and 900 keV, respectively (see text).

94y 182,
by, € By, €
(keV) (%0) (keV) (%)
103 1.9£0.2
151 1.5£0.1
432 1.8£0.1
697 0.8+0.1
770 1.3£0.1 776 0.6£0.1
926 0.6 £0.1
974 0.5£0.1
1202 0.8£0.1

where Yp is the number of the coincident delayed transi-
tions, Rpg is the branching ratio [42], k¢ is the internal
conversion coefficient [43] and Yp is the number of the
prompt transitions feeding the isomer. Typical efficien-
cies for the case of '3?Te and ?*Y are summarized in ta-
ble 1, the prompt transitions used for gating were 900 keV
and 306 keV, respectively. The larger efficiency observed
in lighter and faster °*Y as compared to the heavier 32 Te
is due to the difference in penetration depth. These re-
sults are consistent with expectation from the geometry
of the setup. Based on the present detection efficiencies
of prompt and delayed ~ rays, a typical overall prompt-
delayed y-ray detection efficiency of the order of 1072 is
obtained for the present setup.

3.4 Half-life measurements

Half-lives measurement were also investigated in the
present experimental setup. The half-lives measurement
of isomers in 3?Te will be used to exemplify the analy-
sis procedure and performances. The typical in-beam rate
of EXOGAM during the experiment was 5.3 + 0.5 kHz.
In such a case, the probability that an uncorrelated ~v-ray
triggers the system before the genuine isomer’s decay is de-
tected, becomes significant. Two effects arising from the
uncorrelated random coincidences influence the raw fit-
ted half-life that deviates from its true value. The first ef-
fect is the time-dependent background distribution, a typ-
ical time distribution obtained by gating on background
counts is presented in fig. 7(a). It shows an exponential dis-
tribution, characteristic of random start (ions) and stop
(v-ray), similar to that shown in ref. [49]. This background
time distribution was reproduced using the simulation as-
suming the random rate of 5.0kHz (using Poisson dis-
tribution). Therefore, the ~v-ray background subtraction
of the time distribution is necessary. The second effect
is the wrong stop time arising from the random coinci-
dences. For a given isomer, the probability of detecting
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Fig. 7. (Color online) (a) Time distribution gated on ~y-ray
background (black filled circle) and simulated assuming the
random ~-ray rate of 5.0kHz (red solid line). (b) The back-
ground subtracted decay curve for the '*?Te isomeric tran-
sitions E,, = 151keV (filled red triangles) and the E,, =
926keV (filled black circles). The blue (green) dashed lines
are the raw fitted two (single) component exponential curves
corresponding to the 151 (926) keV transitions. The raw fit-
ted half-life obtained from the fit along with the corrected
true half-lives are given (see text). (c) The correlation between
raw fitted half-life and true half-life for different random ~-
ray rate of 5.0kHz (black solid line), 4.5kHz (red solid line)
and 5.5kHz (blue solid line). The raw fitted half-life of *3*Te
77 (23.7 £ 0.4 pus) and '?2Sn 10" (42.3 £ 2.4 us) is indicated
by black solid/dotted vertical line and the corrected true half-
life and the corresponding error accounting for the fluctuation
of the rate is shown as a horizontal black solid and blue/red
dotted line, respectively.

~v-ray from random background before the v-ray depop-
ulating isomer, within 200 us coincidence gate increases
as a function of half-life. This random coincidence results
in a time distribution with fitted half-life shorter than its
true value. The exemplified time distributions of the 32 Te,
E,, = 151keV and the E,, = 926keV transitions with
background subtraction are shown in fig. 7(b). The fit us-
ing Bateman equation to the E,, = 151keV time distri-
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Table 2. Half-lives: Measured half-lives for the isomeric transitions in %4Y, 1221248y 13213476 and ¥6Xe. A comparison with

literature values is also shown.

Isomers E,, [keV] Irsomer Ii — Iy tiy2 [ps]
(This Exp.) (Ref.)
oy 770 + 432 (5%) (57) = (37) — 2~ 1.334£0.01 1.35 4 0.02 [39]
1229y 281 (10h) (81 — (77) 60.8 + 8.3 — 7.0 62 + 3 [44]
12480 120 (77) (77) — (57) 2.8340.12 3.14 0.5 [45]
253 (10™) 8t —=77) 55.0 + 4.7 — 4.1 45 4 5 [44]
132 e 151 - 77— 6T 28.6 + 1.2 — 1.1 28.1 £ 1.5 [35]
926 10t g8t — 6t 3.52 £ 0.09 3.70 & 0.09 [34]
3.9+ 0.3 [35]
134 e 115 + 297 4 1279 6 6t -4t -2t ot 0.19 4 0.01 0.197 £ 0.020 [46)
0.165 = 0.006 [47]
0.164 4 0.001 [48]
136Xe 197 6" 6" — 4t 2.92 £ 0.03 2.95 4 0.09 [42]

bution, accounting for feeding from a shorter-lived 10" iso-
meric state, provides a raw fitted half-life of 23.7 + 0.4 us.
The fitted value is three sigma shorter than the literature
value of 28.1 & 1.5 us [35]. The fitted half-life of E, =
926 keV transition was 3.43 4+ 0.08 us which is shorter but
similar to the literature value 3.70 + 0.09 us [34].

Simulation of decay time spectra was carried out to
quantify the effect of the random coincidence on the half-
life measurement, similar to that in ref. [49]. The result of
the correlation between raw fitted half-life and true half-
life, assuming random + rates of 4.5, 5.0 and 5.5kHz, is
presented in fig. 7(c). The figure also shows the case of
132Te 7= and '?2Sn 10T isomers. The necessary correction
of experimental half-life results in an increased uncertainty
due to the instability of the experimental rate, which is
of the order of 0.5kHz. The effect from the random rate
is significant for isomers with raw fitted half-life > 30 us
causing more than ~ 20% correction in half-life with error
~ 3 times larger than the fitted value and illustrate the
sensitivity of half-life to random rate in this type of exper-
iment. The half-life of 132Te 7~ and 10 isomer after the
correction was 28.6 + 1.2 — 1.1 us and 3.52 £ 0.09 us, re-
spectively, which is in good agreement with the literature
value [34,35] (see fig. 7(b)).

To further demonstrate the capabilities of the present
experimental system, table 2 reports measured half-lives
in various time ranges for different isotopes compared to
the values given in the literature. The experimentally ob-
tained half-lives are in good agreement with the literature
values.

4 Summary and perspectives

A new experimental setup for prompt-delayed coincidence
of isotopically identified fission fragments with isomeric
states was presented. This setup consists of the unique
combination of the AGATA and EXOGAM ~-ray detec-

tors and the VAMOS++ large acceptance spectrometer.
The performance of the system was studied using fission
fragments produced in fusion and transfer induced fission
reactions of a 238U beam on a ?Be target. Various types of
~-ion and v-y-ion coincidences were demonstrated includ-
ing the measurements of half-life over a wide time range
that are in agreement with the values reported in litera-
ture.

This powerful system at GANIL will be a unique tool
to study nuclei produced from a variety of nuclear re-
actions around the Coulomb barrier with stable and ra-
dioactive ion beams (SPIRAL1 and SPIRAL2), compati-
ble with the VAMOS++ detection system and its work-
ing modes. These include i) direct transfer reactions [50],
ii) multi-nucleon transfer reactions [16], iii) fusion and
transfer induced fission [2], iv) spontaneous fission v) fu-
sion using VAMOS++ in the gas-filled mode [51].

In the near future, planned upgrades will further im-
prove the sensitivity of the present system. First, dedi-
cated digital electronics NUMEXO2 [52,53] for EXOGAM
Clovers will be used for each crystal, providing individual
time stamping and pileup treatment that will result in an
improved data collection for long-lived isomers. Further-
more, the VAMOS-++ detection system will benefit from
digital electronics allowing a significant improvement of
the data throughput and pileup treatment.
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