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Background: Superdeformed (SD) bands are suggested by theory around **Ca and in lighter alpha-conjugate
nuclei such as Mg, 2Si, and *28. Such predictions originate from a number of theoretical models including
mean-field models and antisymmetrized molecular dynamics (AMD) calculations. While SD bands have been
identified in “°Ca and its near neighbors, evidence of their existence in the lighter, midshell nuclei is circum-
stantial at best. The key evidence of superdeformation would be the observation of transitions with high B(E2)
transition strengths connecting states in a rotational sequence. This is challenging information to obtain since the
bands lie at a high excitation energy and competition from out-of-band decay is dominant.

Purpose: The purpose of the present study is to establish a new methodology to circumvent the difficulties in
identifying and quantifying in-band transitions through directly populating candidate states in the SD band in
88i through inelastic alpha scattering, selecting such states with a spectrometer, and measuring their gamma-ray
decay with a large array of high-purity germanium detectors, allowing direct access to electromagnetic transition
strengths.

Methods: Excited states in 2*Si were populated in the 2Si(a, a’) reaction using a 130-MeV *He beam from
the K140 AVF cyclotron at the Research Center for Nuclear Physics. Outgoing alpha particles were analyzed
using the Grand Raiden spectrometer positioned at an angle of 9.1° to favor the population of states with J & 4.
Coincident gamma rays were detected with the CAGRA array of 12 HPGe clover detectors augmented by a set
of four large LaBr; detectors.

Results: Data analysis showed that it was possible to identify additional low-energy transitions in competition
with high-energy decays from excited states in *Si in the vicinity of 10 MeV. However, while the candidate 4*
SD state at 10.944 MeV was populated, a 1148-keV transition to the candidate 2* SD state at 9.796 MeV was
not observed, and only an upper limit for its transition strength of B(E2) < 43 W.u. could be established. This
contradicts AMD predictions of ~ 200 W.u. for such a transition.

Conclusion: The present study strongly rejects the hypothesis that the candidate set of states identified in 2Si
represents an SD band, which demonstrates the potential of the methodology devised here.

*david.jenkins @york.ac.uk
"Present address: Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China.
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I. INTRODUCTION

Nuclear structure physics has historically categorized nu-
clei as spherical with associated vibrational spectra and
deformed with associated rotational spectra. Taking a global
view of nuclear excited states, deformation and rotational
excitation appear to be the model with the widest explanatory
power. Indeed, even in the textbook examples of spherical
nuclei, i.e., those with doubly closed shells, deformation and
rotational excitations are in evidence at a low excitation en-
ergy, heavily supporting a paradigm of shape coexistence [1].
Examples include the deformed band built on the first-excited
0% state in '°0 and the superdeformed (SD) bands in 40Ca
suggested to be associated with 4p-4h and 8p-8h excita-
tions across the doubly magic shell closure. The existence of
the latter was first evidenced nearly 50 years ago in multi-
alpha-particle transfer reactions [2] and later convincingly
demonstrated through in-beam gamma-ray spectroscopy [3].
In these light alpha-conjugate systems, the origin of deformed
and SD structures has been described within various alpha-
cluster models, e.g., antisymmetrized molecular dynamics
(AMD) [4], within mean-field models [5], and within shell-
model descriptions [6]. It is an open question whether these
theories describe the same underlying physics and whether the
additional degrees of freedom associated with alpha-cluster
models are essential to understanding the associated nuclear
structure.

Testing the models of shape coexistence in these light
alpha-conjugate nuclei requires pushing down from “°Ca into
the midshell region. An SD band has been observed in an
in-beam study of **Ar [7] but the corresponding structures,
which theoretical studies have predicted for M g [8], 288 4],
and 328 [5,9,10], have only limited experimental evidence in
favor of their existence. For example, a recent internal pair
measurement has determined p(EQ) from the excited 0 state
in 2*Mg at 6.432 MeV to the ground state, which suggests that
this state is the bandhead of a highly deformed band [11].

In this work, we focus on 8Si, which has long been
described as manifesting shape coexistence [12]. Prolate de-
formation is known to be the dominant form of deformation
found in nuclei. By contrast, 28Si is one of the relatively few
stable nuclei which has been shown to be oblate deformed in
its ground state as evidenced by the deformed band built on the
ground state and the positive sign of the quadrupole moment
of the first-excited 27 state [13]. The ground-state band coex-
ists with a prolate deformed band, well studied in experiments,
with a bandhead energy of 6691 keV. Narrow resonances have
been observed in breakup reactions into 2c 4150 [14] as
well as in radiative-capture cross sections [15,16], which are
suggested to correspond to '>C + !0 molecular states at a
high excitation energy in 28Si. This would correspond to a
third coexisting structure of highly deformed states that could
be described as “hyperdeformed”; such states play a potential
role in '2C 4 90 fusion in massive stars [17].

AMD calculations predict a rich pattern of rotational bands
associated with 28Si [4,18] based on 24Mg +a and 2C+1%0
cluster configurations. A search in the literature and recent
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FIG. 1. Key elements of the band structure of 2Si relevant to the
present work. The ground-state band is oblate deformed and coexists
with an excited prolate band. Candidate states for a superdeformed
(SD) band are indicated. Transition strengths, i.e., B(E2) in W.u., are
indicated where known, including limits. Transition strengths shown
in red are those derived in the present work, as presented in Table 1.

experimental data in response to the AMD calculations for
28Si led to the identification of the set of candidate SD states
shown in Fig. 1 [19]. These comprise a rotational sequence
with an implied moment of inertia matching the predictions
of the AMD calculations for the SD band. Moreover, the
transition strengths between this candidate band and the pro-
late deformed band are two orders of magnitude larger than
the transition strengths to the corresponding states in the
oblate ground-state band, suggesting some structural selec-
tivity. Subsequent to the identification of these candidate SD
states in 28Si, a study of the 2Si(«, o) reaction at very for-
ward angles clearly identified the strong population of an
additional 0" state at 9.71 MeV in 28Si. Such reactions are
expected to strongly populate cluster states, and therefore,
while the excitation energy of this 0T state is not compatible
with the 9.3 MeV expected from a smooth extrapolation of the
candidate SD states, it has been suggested as the bandhead
of the candidate SD band based on its strong population in
3BSi(a, o) and the absence of any other excited 0T states in
the region from around 8.8 to 10 MeV [20].

The key observable in support of assigning a superde-
formed character to a rotational band would be the observation
of strong B(E?2) transitions connecting successive states in
the candidate band. In the case of “°Ca and neighboring iso-
topes, this has been readily achieved because the rotational
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bands lie close to the yrast line and are strongly populated
in fusion-evaporation reactions. In the case of 288, the sit-
uation is much more challenging, as the candidate band lies
at a high excitation energy and is far from being yrast. This
implies that out-of-band transitions are high in energy, and
since transition rates for E2 transitions scale as E>, the decay
branching of an SD state would strongly favor the out-of-band
decay. Moreover, the states of interest lie on or above the
threshold for breakup into **Mg +« and so the gamma branch
of these states may not necessarily dominate. In this sense, it
is of great value to develop an experimental technique which
can populate and select the state of interest and compare
the relative intensities of the gamma-decay branches. If the
population of the state in inelastic alpha scattering is selected
with a magnetic spectrometer, then, in principle, comparing
the efficiency-corrected gamma decay of this state to the
population allows a correction to be made for the gamma
branch.

Specifically, we seek to populate the 4" state at 10 944
keV in the candidate SD band of 2%Si and establish a
transition strength for the B(E2) transition to the candi-
date 2% state at 9796 keV, i.e., a transition energy of
1148 keV. If the candidate superdeformed band is correctly
identified, then this transition strength should be very large—
predicted by AMD calculations to be around 200 W.u. [4].
Prior to the present study, the lifetime of the 10 944-keV
state was known but the gamma branching of this state
with respect to competing charged-particle breakup was not
known.

II. EXPERIMENT

Excited states in 23Si were populated using the 2Si(a, o)
reaction with a 130-MeV *He beam from the K140 AVF
cyclotron at the Research Center for Nuclear Physics (RCNP)
impinging on an 11-um-thick (2.6 mg/cm?) "*Si target.
The outgoing alpha particles were analyzed using the Grand
Raiden spectrometer. The spectrometer was positioned at an
angle of 9.1° to favor the population of states around J = 4.
The focal plane of the Grand Raiden comprised two multi-
wire drift chambers, MWDC1 and MWDC?2, followed by two
plastic scintillator detectors, PS1 and PS2. Prompt gamma
rays from the target position were recorded with the CAGRA
array comprising 12 HPGe clover detectors and four large
LaBr3 detectors. All but two of the clover detectors had BGO
suppression shields. The LaBr; detectors were mounted at for-
ward angles (45°), while eight HPGe clovers were mounted at
90° and four at 135°. Shielding was applied to the front of the
HPGe detectors to absorb x rays and bremsstrahlung radiation
comprising 2 mm of Pb and 2 mm of Cu. Given the forward
focusing of intense scattered alpha particles and associated
radiation, the LaBr; detectors employed significantly thicker
shielding, namely, a 10-mm thickness of lead and a 4-mm
thickness of Cu.

Data from both the Grand Raiden and the CAGRA array
were collected with a fully digital data-acquisition system,
where the Grand Raiden readout was fully independent,
allowing focal-plane data to be separately analyzed. A dis-

tributed time stamp allowed the data from the Grand Raiden
focal plane and CAGRA array to be synchronized.

III. DATA ANALYSIS

The Grand Raiden focal-plane data were analyzed using
the GR-analyzer framework developed at the RCNP. Focal-
plane data were corrected according to standard prescriptions,
i.e., correction of particle ID gates for time of flight and kine-
matic corrections to remove the scattering-angle dependence
from the measured X position on the focal plane. The excita-
tion energy resolution achievable was ~170 keV (FWHM), of
which ~70 keV (FWHM) could be attributed to straggling in
the target.

Data from the CAGRA array were processed using the
GRUTinizer analysis framework developed at the National
Superconducting Cyclotron Laboratory. The HPGe detectors
were operating at a very high rate and significant efforts were
needed in the data analysis to optimize their energy resolution.
A detailed explanation and rationale for these corrections are
provided in Ref. [21]. Briefly, the focus of improvements was
on the signal baseline, pole-zero correction, and gain shifts.
The signal baseline for the germanium detectors was found to
oscillate strongly as a function of the detector rates, driven by
the incident beam current, but was also observed to fluctuate
on shorter time scales. This baseline oscillation on short time
scales likely causes the most significant degradation in the
germanium detector energy resolution that could be achieved;
its origin is not completely clear but it may have arisen from
electromagnetic interference originating from the accelerator.
The issue with the baseline of the germanium detector signals
was improved as much as possible by fitting the baseline with
a moving average using the Kalman filter method. Due to
the high rates, pulses in the germanium detector signal were
frequently riding on the decaying tail of the previous pulse.
This could be corrected by adjusting the pole zero parameter
in the pulse-shape analysis routine. This was optimized to
remove tails observed in the prominent 511-keV annihila-
tion photopeak. The most severe impact of the high rates
observed was a rate-dependent gain shift in the germanium
spectra, which led to photopeaks appearing as multiple peaks.
This was resolved by creating an algorithm which tracked
the 511-keV-peak centroid position. It was fitted every 30 s
for every run and for each crystal. Each peak’s measured
centroid shift relative to 511 keV was tabulated. Then in the
sorting process depending on the time stamp and crystal, the
appropriate shift was applied. This method was found to be
more robust than other methods explored, being more sensi-
tive to discontinuities and large sudden changes in baseline.
Following optimization of the energy resolution for individ-
ual germanium crystals, a standard add-back methodology
was applied to the events in the HPGe clover detectors and
BGO suppression was employed for the detectors with BGO
shields. An event-by-event Doppler-shift correction was then
applied using the kinematics of the 28Si recoil extracted from
the alpha-particle energy and angle as detected in the spec-
trometer focal plane. Sensitivity in the Doppler reconstruction
was found for relatively long-lived states, e.g., 1 ps, for which
the recoils largely stop in the target. Since the focus in this
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FIG. 2. Calibrated focal-plane spectrum. Peaks in the spectrum
associated with the population of known excited states in 252*30Sj
are identified with a letter. Peaks corresponding to excited states in
rotational bands in 2Si are shown in red (see Fig. 3).

work was on unbound states with short half-lives, ~10 fs, the
effects of the stopping process are largely unimportant.

IV. RESULTS

The calibrated focal-plane spectrum for the Grand Raiden
is presented in Fig. 2. The majority of the peaks identified in
the focal-plane spectrum could be associated with well-known
excited states in 23Si (see Fig. 3), while the remaining few are
related to excited states in 2°Si and *°Si due to their presence
in the natural silicon target employed in the measurement. The
majority of 28Si states excited are natural-parity states, which

accords with the 2*Si(a, o’) reaction mechanism employed. A
few unnatural-parity states such as the 37 state at 6276 keV
are also excited, which must be due to a two-step reaction
mechanism, as both the beam and the target are spin-0 bosons.
The most strongly excited states in the focal-plane spectrum
are the 3~ and 5~ states in the two “octupole” bands in 23Si
(see Fig. 3). This appears to be in broad correspondence with
the expectation that the angle range selected by the spectrom-
eter would favor the population of states with J ~ 4.

A. Example analysis

Having identified the peaks in the focal-plane spectrum,
it is now possible to create a matrix of gamma-ray events
detected in prompt coincidence with the population of a given
state with a normalized random background subtraction ap-
plied (see Fig. 4). The detailed decay branching of a state can
be examined by projecting a gamma-ray spectrum (or gamma-
gamma matrix where statistics allow) from the coincidence
data, gated on a given state.

Figure 5 presents an example of the analysis selecting
events associated with population of the 6276-keV state in
28Si; the expected transitions depopulating this level are
clearly identified in the resulting spectrum. In addition, tran-
sitions associated with the decay of excited states in 2°Si
and *°Si are also observed. This is a consequence of the
limited focal-plane energy resolution, which makes it difficult
in some cases to fully disentangle the population of multiple
overlapping states in the focal-plane spectrum; this effect is
also evident in the coincidence matrix presented in Fig. 4.
In practice, the impact on the data analysis is low, as the
gamma-ray peaks due to the contaminant isotopes are well
known and well separated in energy from the transitions of
interest in 28Si.

151
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FIG. 3. Subset of the excited states and rotational bands in **Si. The rotational bands are labeled with the K™ assigned to them in the
literature. The rotational sequence labeled “SD” is the candidate superdeformed band. States shown in red were populated in the present study;
they are labeled with a letter which corresponds to the peaks observed in the focal-plane spectrum (see Fig. 2).
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Y-ray energy (keV)

Ex (MeV)

FIG. 4. Background-subtracted coincidence matrix of gamma
rays in prompt coincidence with detection of alpha particles in the
focal plane corresponding to the population of excited states in 28Si.
The red line indicates the locus corresponding to transitions to the
ground state; the yellow line, to the 2 state; and the black line, to
the 47 state in *Si.

B. Demonstration of ability to find new transitions

Critical to the present work is the ability to discriminate
previously unobserved low-energy gamma rays in competi-
tion with high-energy transitions. In some cases, the present
data analysis has allowed this to be achieved. Figure 6 presents
an example with the low-energy portion of the gamma-ray
spectrum for events associated with the doublet of states at
10 182 keV (37) and 10 190 keV (57) in the Grand Raiden
focal-plane spectrum. Two previously unobserved low-energy
gamma-ray transitions are identified in this spectrum, with
energies of 799.5 and 865.4 keV. These would correspond to

450 —
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FIG. 5. Sample gamma-ray spectrum obtained by gating on the
37 state at 6276 keV in the focal-plane data. Single- and double-
escape peaks are labeled “s” and “d,” respectively. Contaminant
peaks from other silicon isotopes, °Si and *°Si, are labeled “c.”
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FIG. 6. Gamma-ray spectrum obtained by gating on the
10 182/10 190-keV doublet. Single- and double-escape peaks are
labeled “s” and “d,” respectively. Inset: Expanded view of the
gamma-ray spectrum between 700 and 950 keV, where two new
transitions with energies of ~800 and ~865 keV are identified.

transitions from the 3~ state at 10 182 keV to the 2/ state at
9382 keV and to the 3} state at 9316 keV, respectively; both
transitions would accordingly have E'1 multipolarity.

C. Candidate SD transition

Having verified that identifying low-energy peaks is possi-
ble, we turn our attention to the principal focus of this study:
searching for a 1148-keV transition from the 10 944-keV
(4F) state to the 9796-keV (2},) state in the candidate SD
band. Given the overlapping peaks in the focal-plane spectrum
and the limited energy resolution, a gate on the 10 944-keV
(4;L ) state in the focal plane appears to select at least two
other states: the 11 079-keV (3;) state and a further state at
11 012 keV, whose assignment we discuss below. Figure 7
presents the high-energy portion of the gamma-ray spectrum
in coincidence with the focal-plane selection. In this spec-
trum, high-energy (~9-MeV) transitions from the 43 and 34
states to the Zfr state, with their associated escape peaks, are
clearly observed. A transition (with associated escape peaks)
is observed at 11 007 keV, which must be a direct decay to
the ground state. Taking account of the nuclear recoil cor-
rection for such a high-energy gamma ray (4.6 keV), this
would imply the existence of a narrow 11 012-keV state with
possible J*= 17, 17 or 2*. We note that, given the transition
energy is so high and so far outside the range of the standard
calibration carried out with a 3®Co source, a systematic de-
viation is possible. In this case, the 11 012-keV state, whose
excitation energy is extracted solely from its gamma decay,
could correspond to the 17 state at 10 994(2) keV previously
observed in several studies, which was shown to have an 85%
gamma-decay branch to the ground state [22].

Figure 8 presents the coincident gamma-ray spectrum in
the energy range 2—5 MeV. In this spectrum, additional known
decay branches of the 10 944-keV state are observed in-
cluding the 2685-keV (47 — 27), 3527-keV (47 — 27), and
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FIG. 7. High-energy portion of the gamma-ray spectrum gated
by the 10 944-keV state. Each transition is labeled and the positions
of single- and double-escape peaks with respect to the photopeak are
indicated by dotted lines. A previously unreported transition with an
energy of 11 007 keV is marked.

3563-keV (41 — 27) transitions. This provides further sup-
port that the correct state is selected at the focal plane and
that the coincidence analysis is functioning well. As noted
in the caption to Fig. 8, a single peak associated with *°Si
is observed in this spectrum, reflecting the difficulty in fully
separating excited states in the focal-plane spectrum given the
focal-plane energy resolution.
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FIG. 8. Midenergy portion of the gamma-ray spectrum gated by
the 10 944-keV state. Transitions are labeled and the locations of
single- and double-escape peaks relative to the photopeak are indi-
cated by dotted lines. Inset: Expanded view of the region between
3500 and 3700 keV where three transitions of interest are located.
For reasons of clarity, only the key transitions relevant to the present
analysis are marked. The remaining peaks are all associated with
known transitions in 2*Si with the exception of the peak labeled “c,”
which is a known transition in *°Si associated with weak selection of
the state labeled “u” in Fig. 3, which sits on the shoulder of the state
of interest, “t.”
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FIG. 9. Low-energy portion of the gamma-ray spectrum gated by
the 10 944-keV state. The single-escape peak corresponding to the
intense 1778-keV 2* — 0% transition is labeled “s” and the (35) —
2/ transition is marked.

Figure 9 presents the low-energy portion of the spectrum
where the 1148-keV transition should appear. There are only
three identifiable features in this spectrum: the Compton back-
ground and single-escape peak associated with the 1778-keV
2 — 0] transition and the previously known 1697-keV tran-
sition [(34) — 2g]. It is therefore only practical to obtain
an upper limit for the intensity of the unobserved 1148-keV
transition. This was achieved by fitting a Gaussian peak to
the spectrum with a fixed centroid energy of 1148 keV and an
FWHM for the peak fitting fixed at 6.93 keV; this FWHM was
obtained by parametrizing the observed FWHM of gamma-
ray peaks observed under different gating conditions. The
result of the fit yielded 60 £ 64 counts above background, i.e.,
consistent with 0.

D. Gamma branching and transition strengths of decays from
the 10.944-MeV state

In principle, it would be possible to correct for the unseen-
particle branch of states above the particle-decay thresholds
by comparing the sum of the intensity of gamma rays directly
deexciting the state of interest to the population of the state
observed in the Grand Raiden spectrometer when account is
taken of the relevant efficiencies. This was not practical for
the 10.944-MeV state because several states were found to
be overlapping given the effective Grand Raiden excitation
energy resolution. However, the only allowed particle decay
of the 10.944-MeV state would be emission of an L = 4 alpha
particle. The Wigner limit for such a decay corresponds to
1.94 x 107%eV, ora partial half-life of 0.34 ns. Given that the
measured half-life of the 10.944-MeV state is 15(10) fs [23], it
is safe to treat this state as effectively 100% gamma-decaying.

Using the partial half-life of the 10.944-MeV state and
the gamma branchings of the state derived from the present
work, the B(E?2) transition strengths may be evaluated. Since
there is a large uncertainty in the partial half-life, it is not
appropriate to use standard error propagation, and therefore,
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TABLE I. Gamma-ray decays of the 10.944-MeV state: the tran-
sition, transition energy, and branching ratios are normalized to
100% and the corresponding B(E?2) transition strength is in Weis-
skopf units.

Energy Branching ratio B(E2)
Transition (keV) (%) (W.u.)
43— 2f 9162 78.3(24) 0.0970:L,
43— 27 3563 6.0(2) 0.8799
45 — 2f 3527 8.5(3) 1.2%3
(43) — 2f 2685 7.03) 3.7142
4 — 24 1148 0.18(19) 7138

a Monte Carlo method was used to obtain the respective
errors. The results of this analysis are listed in Table I
Since the 1148-keV transition could not be identified above
background, it is more appropriate to consider the transi-
tion strength obtained for it as an upper limit, i.e., B(E2) <
43 W.u., considering the minimum and maximum of each
variable used in its derivation. The uncertainties in the B(E2)
transition strengths are dominated by the precise knowledge
of the half-life of the 10.944-MeV state. Strictly speaking,
there will be an additional systematic error in these results,
as the gamma branching did not take into account the angu-
lar distributions of the gamma rays, which was impractical
given the low statistics and limited set of detector angles.
However, this effect should be minimal, as all transitions
have E2 multipolarity and should be, to first order, very
similar.

V. CONCLUSIONS

A search was carried out for the 4 — 27 transition within
a candidate superdeformed band in 8Si. The present study did

not have sufficient sensitivity to identify such a transition and
only an upper limit could be assigned to its transition strength,
corresponding to B(E2) < 43 W.u. Nevertheless, this upper
limit is five times less than the AMD model predictions for
the transition strength for such a 47 — 2% transition in the
superdeformed band. This study therefore strongly rejects the
hypothesis that the set of candidate states identified represents
the SD band predicted by AMD calculations. Indeed, the
previous experimental evidence for the SD band in 2Si was
circumstantial and based on the observation of an I(I + 1)
sequence of states with an implied moment of inertia matching
the AMD calculations. This reemphasizes the difficulties in
experimentally locating SD bands in such light nuclei given
their high excitation energy. This study has proven an effec-
tive demonstration of the potential of the technique devised
here, namely, to search for low-intensity in-band transitions
in competition with dominant out-of-band decay. The major
challenge found in the present study was in the quality of
germanium detector spectra and degradation in energy res-
olution due to the high counting rates and short time-scale
oscillations in the signal baseline. Future improvements in
these experimental aspects would allow such studies to be
carried out in a more sensitive fashion.
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