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The alpha-gamma correlations have been measured between the a-particles inelastically
scattered to the 1.78, 4.62, 4.98, 6.28,7.38 and 7.80 MeV excited states in 28Si and the gamma
rays corresponding to the first excited-ground state transition. The incident a-particle energies
were 24, 26, 27 and 27.5 MeV. The analysis of the correlation functions and inelastic seattering
cross-sections were performed in terms of the statistical and direct reaction models. Hauser-
-Feshbach, Coupled Channels and DWBA type of calculations were carried out and conclu-
sions concerning reaction mechanism are given.

PACS numbers: 25.60.-t, 25.60.Cy

1. Introduction

Elastic and inelastic scattering in the alpha plus ?8Si system exhibits complicated
features: e.g. strong fluctuations in excitation functions, backward angles enhancement
of the differential cross section [1]. It is expected that these features reflect the competition
between various reaction mechanisms. Usual procedure to determine contributions of
different type of reaction processes based on the analysis of experimental cross section
only leads to ambiguous results.

It is to be expected that experimental data on the alpha-gamma correlations should
provide more information which can help to understand the reaction mechanism as these
data contain information on the polarization of the final nucleus state. The alpha-gamma
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correlation for the first excited state of 28Si was measured at 21.5 MeV by Blatchley et
al. [2]. They have analysed data assuming pure direct mechanism with the aim to find
out the best fit optical model potential. At low energies the alpha-gamma coincidence
cross sections for 28Si{a, o'y) *88i* measured by Prasad et al. [3] were analysed in terms
of the Hauser-Feshbach model.

The aim of the present work is to study the angular correlation between the different
alpha particle groups corresponding to low lying excited states of the 28Si nucleus and the
gamma transition between the first excited 1.78 MeV (2+) and the ground state at the
incident energy sufficiently high where the competition between various reaction mech-
anisms .will be clearly visible.

2. Experimental procedure and results

The alpha-gamma correlation functions were measured with the alpha particles with
the energies 24, 26, 27 and 27.5 MeV from the U-120 cyclotron of the Institute of Nuclear
Physics in Cracow. The beam with intensity 60 nA was collimated to the spot with diameter
3 mm on the self supporting silicon target of the thickness 150 pg/cm?. Fig. 1 shows the
lay-out of the measuring system. A silicon surface barrier detector located in the scattering
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Fig. 1. The lay-out of the experimental arrangement. I — particle detectors, 2— gamma detector, 3 —tan-
talum slit 10x 10 mm, 4 — bismuth slit, 5 — Faraday cup, 6 — lead shielding, 7 — poliethylene-boron
shielding, 8 — barite concrete shielding, 9 — beam axis, /0 — quadrupole lenses

chamber was used to detect alpha particles. The separation of alpha particles from protons
was achieved by controiling the depletion depth of the detector. A rectangular slit
3 mm x 8 mm placed in front of the detector determined the angular resolution +2 deg.
Gamma rays were detected with a 3" x 3"/ 1288/E-O Harshaw Nal(T1) scintillation detector
located outside the chamber. Its angular resolution was +12 deg. The range "of angles
accessible to the gamma detector was from 40 to 140 deg. In order to reduce the gamma
background a special attention was paid to the beam guiding system. The details of the
collimation and shielding are shown in Fig. 1.

The alpha-gamma coincidences were handled in the typical “fast-slow” system pre-
sented diagrammatically in Fig. 2. The memory routing system enabled to register in the
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Fig. 2. Block diagram of the electronics. P — preamplifier, A — linear amplifier, TFA — timing filter
amplifier, CFD — constant fraction discriminator, ND — nanosecond delay, TAC — time to amplitude
converter, SCA — single channel analyser, SC — slow coincidence system, ADC — analog to digital con-
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Fig. 3. Definition of the a-particle and y ray angles

memory of the PDP 11/10 computer simultaneously both single and coincidence spectra.
The measurements were performed in the reaction plane. Definitions of angles are presented
in Fig. 3.

Correlation functions were measured between alpha groups corresponding to the
1.78(2%), 4.62(4%), 4.98(01), 6.28(3+), 7.38(2*) and 7.80(3*) states and the gamma line corre-
sponding to the transition between 1.78(2") first excited and the ground state. The measure-
ments were performed for eight alpha particle scattering angles: 0,5 = 27.5, 40.0, 46.0,
65.0, 157.5, 159.0, 162.5 and 165.0 defg.a The gamma detection angle was changed from
40 to 140 deg in 10 deg steps. The typical single and coincident spectra are shown in Fig. 4.

The normalized correlation functions were calculated from the measured number
of coincidences N corrected for the random ceincidences and the number of counts in
the corresponding peaks in singlé spectra N using the formula

_ 4m Nc
" edQ, N’

where ¢, and 4Q, denote the efficiency and solid angle of the gamma detector. The factor
4n/e,AQ, was determined from the measurement of the correlation function of the

M
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Fig. 5. The measured correlation function for the 4.976(0%) state



771

A19A1305dso1 SUOIIE[NOJED S[APOWI S[auURy)-pajdno) pue yoeqysd -IosneH Y} JO SINSII 3)BIIPUI SUI| PIYSEP PUE PI[OS IS, Ul UOHISURI]
a1e)s punod oy} 01 (+7)8L'T 93 WoIj viuenb-L pue a1vIS (4)79'y Y} O} PAIdYIBIS AJ[BOIISB[SUI SIPONIRd-P UBMISQ UOTIOUNY UONIR[ALI0D JYL L Bl
ApeAanzoadsar jred [eal oyl jo yidop Buisesrour Jo §19s Iowered ‘W CO WUPRYIP
Suisn S1y VM 9Y) 21BOIPU] SAUI[ PIYSeP 10D J[GNOP PuE Paysep-10p ‘paysep ‘PIO§ °SI[SUL UOISSIWS-p IUSIAYIP JOF IS, Ul UOLIISUEN J1B1S PUNOIF oy
01 (+7)8L°1 9yl wiuy wyuenb A oy: pue ajels (4Z)RL T PINOXD 1SI AU} 01 PaIANILds A[[ROLISLISUT SI[O1Ied-0 9y} UIIMIA] UOTIOUNY UQHIB[AII0d 8y, *9 "8I

L 81 9 ‘314
‘0
00
omm % oSY7 00 mw.w o06 oS 00 omdmﬁ mbm oSY% 00
- ds0f JsoF 50
Ov i/,
- o+ Ir P H01
- Kt L st M
o719L="9 0191 =18 0E'791= 9 00
L Aewez=™3 ozl ewWezE™3 ozt mWez=®3 Joz

4.
Sy

0 S 50

ol

1 1 1 ;
..... L-WO Ao S 1z =%

0.2 S9sy (9) Hhgg, (0'0)15g,

0Z'S9L="9
zb AWLZETI gzk Wz lgp

A 1 i I3 1 1
——3H -==---27 M

(+7)28Y7="3 (2,18, (@'P)IG,



772

Ajoa110adsol SUOTIB[NO[ES S[OPOW YHM(I PUB UYIBQUSAJ-ISSNBH O} JO SINSII SIRIIPUY SIUI] PIYSEP PUB PHOS “I§g, UL UONISUBIL 21E)S punoigd oﬁ.Ma
?vaw.m oy} woij guenb-A pue so1e1s patoOxa (1£)08"L pue (+)8E"L Y} O} paieneos A[jeoniseioul s3(oilied-0 UdIMIAG SUOTIOUNY UOHB[OLIOD 3y ‘6 "SI
UOHB[NO[ED [IPOUl YorqysaJ-IosneH sy} JO S}NSal sa1edIpuiau] PIoS *ISg, Ul UONIsuLL) N
21e)s punois oy} 01 (4Z)8L" 1 Y} wolf eyuenb-A pue 21eIs (1£)87°9 YL 01 PAINILIS A[[eIISB[AUL soponred-» UsAMIAQ UOLIDUNY UOHBIALIOD YL 8 "S1g
8 31

6 31
2
1 e
0 S8 06 GY o6 0B 87 oo S8 .06 .8 oo
S A6 o7 o S W06 k% o0 W6 S oo T PO 00 S e
€60=,x 4H Wiz X 4-H 905X 4H | ko Lol ko
L £of {50 %0 {
t - {01t o1 {01
L Joik : 401 -0t
, . , L a1t 151 £i
i B T T .S19="0 SL9=0 | | Jr29i="9
09'L91=°0 0G'GOL="0 | o£'l9i="g - ABWYZ=T"3 Pz AWIZ=TI ozt ABWNOZI bt
[ LE)08L~"3 ogr (+€1082="3 177 LelogL-3 T R e -
" 9 o o o - .8 m_q 08 W8) o S8 W06 W87 o SEL 06 .80 o
o, ® oﬁlol K ° '0 o, ®! 00
ﬁjwfx VEMD | |—%90=,X vama jmg X vama . leo ko
P OSEOTIX At B0 dH—ggl 800X dH—l
{01F 01
184 16t
«SL9="0 »7'GOl= "6 «2191=70
L .9191=°8 bol 058910 lozr  €191-"Q | - MWL o7 ASWLZE ozt NWLZEM oz
(218 L="3 | (ZI8EL~"3 | | L.2IBEL="3 M e e e L
........ o i 872°9="3 (£),18., (00N
>UZN.N.I.Q<._M a.n-n.( ﬁ.a 3:wﬁN »*M-QN 9 u { wn.mmw A. w.mwu



773

1.78 MeV gamma line with alpha particles corresponding to the 4.98(0%) level, see Fig. .5,

Since the spin of this level is zero the correlation function is isotropic and equals 1.
The obtained correlation functions for six excited states of 23Si are presented in

Figs. 5-9. The correlation functions for the 7.38(2+) and 7.80(3*) states are not normalized
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Fig. 10. Decay scheme of the low lying excited states in 2%Si

because the. corresponding peaks overlap in single spectra with those of 7.42(2*) and
7.93(2%), respectively. These last two states are only weakly contributing to the coincidence
spectra owing to the branching ratios which favorize 7,38(2%) and 7.79(3%) states (Fig. 10).

3. Analysis

The angular distributions and angular correlation functions were analysed under
assumption that two reaction mechanisms contribute incoherently to the reaction. According
to this the measured single and double differential cross section can be expressed as follows

dG'D +HF doD dUHF

ie. _ao. T ao.
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and
dZG,D+HF dZO_D dZO_HF

= + , 2
dQ,dQ,  dQdQ, ' dQ.dQ, @

where D and HF denote direct and Hauser-Feshbach contributions to the cross section.
As the gamma decay of the residual nucleus is independent of the way of its formation
we can express the double differential cross section in the form [4]

d’c 1 do.

— = — —(0)W(0,,0,, ¢,).
daQ.dQ, 47“19«( D020 0. 6,)

Thus the second equation in (2) can be rewritten as

da® " do"'* JyDHHE _ LD WP 4 da"'* WHF
a0, " e, aQ, a0

-4

and finally

WDHHF _ ‘_{‘f WP 4 ilof WrHF—' da® " do"
dQ, daQ, aQ, 4o, |’

where WP*HF denotes the correlation function which is to be compared with the experi-
mental one.

The correlation function can be written as a sum [4]:
W(ow eyrqby) = % tkq(ea)’rk:(oy’ ¢y)
q

where the statistical tensor 7, describes the polarization of the final nucleus and is predicted
by various reaction models. For the direct reaction mechanism t,g were calculated according

to [5]. In order to obtain t,f;F for the compound reaction mechanism compatible to those
of DWBA model we have written

tll:f(ga) = tl:q(oa)/t(l)ﬂ(ga)s

’ _ 4N a—Itjstsa—sn—q (v—9!
"“*“’“)“Z( D \/(v+q)!

X QRL+1) i, +1) QI+ D2 Q2L+ 1) 2j,+1) CQu+ D22y +1)*2

where

X <lala00]lu0> ‘/V(lalajaja; ﬂsa)W(jajaJJ; JuJA)
X (00O W(lylyjujy; vsp) <uv00lkq)

J J u

X jb jb v T;aja(Ea)Ebjb(Eb)G h l(JTEEJr)Pz (COS Ou)‘
Jsg Js k
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The sum extends over I, j,, b, jy, J, @, pp and v. (s, I, j,) and (s, 1, j,) denote the spin,
orbital and total angular momentum of the incoming and outgoing partlcle, respectively,
whereas (J, =) are the spin and parity of the compound system. J, and Jy denote spins
of the target and residual nucleus, respectively. 7; ; (E,) and T;,;,(E,) are the transmission
coefficients in the initial and final channels, re.pectively. G(JnE,) — so called Hauser-
-Feshbach denominator — is a sum of transmission coefficients over all open channels
of decay of the compound system with a spin J and parity = at the excitdation energy E,.

The -efficiency tensor Tp, depends only on the properties of the gamma transition
[6]. A more detailed description of calculation of the T}, is given in the Appendix I.

The direct part of the cross section for the excitation of the 1.78(2*) state was calcu-
lated in terms of the DWBA model using VENUS code [5] which allows also to calculate
statistical tensors. Since the transition to the 4.62(4+) state involves two-phonon excitation
a coupled channels program JUPITOR-1 [7] was used. For the purpose of the angular
correlation analysis this program was modified in a way which enabled to calculate statisti-
cal tensoss. A specially written program PIOTR [8] provided the Hauser-Feshbach differ-
ential cross section and statistical tensors as well. The T, efficiency tensor was calculated
with the CORDE [9] program which evaluated also the final correlation function.

The optical model para,meters necessary for the DWBA and HF calculations were
obtained from the analysis of the elastic-scattering data. For the purpose of the present
investigation we have chosen data from Refs. [10], [11]. Performed analysis led to several

TABLE [
Optical potential parameters for 28Si
Vo Wo Fo a

Set. no. V W,
et no [MeV] ! MeV] ! [fm] [fm]
OM -0- 47.24 —0.845 2.676 0.215 1.791 0.520
OM -1- 75.45 —-0.879 3.653 0.214 1.664 0.564
OM -2- 107.11 —-0.818 5.612 0.199 1.589 0.560
OM -3- 147.46 —0.880 7.367 0.192 1.533 0.551

sets of best fit optical model parametets listed in Table 1. From the point of view of the
elastic scattering data analysis these parameter sets were considered as equivalent ones.
It was found that the results of the Hauser-Feshbach calculations are insensitive to the
choice of different sets of the OM parameters.

An excitation of rotational type was assumed for the direct part of the cross section.
According to systematics given by Siemaszko [12] we have used the following values for
the quadrupole and hexadecapole deformation parameters: f, = —0.30, g, = +0.08.

The parameters necessary for the Hauser-Feshbach model calculation were chosen
using the procedure described elsewhere [13].

The T;, efficiéncy tensors were calculated using parameters from Ref. [14]. The com-
parison of the-calculated cross section and correlation functions with measured: ones are
presented in Figs. 5-9.
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4. Discussion

a) Transition to the first excited 1.78(2) state

In Figs. 11 and 6 the angular distribution and correlation functions for the inelastic
scattering to the first excited 1.78(2*) state calculated in DWBA model with different
optical model potentials from Table I are shown. As can be seen only the shallow potential

102 - ZBSi (a ,a1) 285’11*78 OM‘O“"_ -
3 . : Mole oom 3
- A EB=275MeV  gmo2- _._. ]

CROSS SECTION [mb/sr]

YT

J 1 1 1 L i
30° 60° U 120° 150°
SCATTERING ANGLE
Fig. 11. Experimental and calculated cross sections for the inelastic a-scattering to the first excited 1.78(2+)
state of 22Si. The solid, dashed, dot-dashed and double dot-dashed lines indicate results of the DWBA
model calculations using different optical model potentials with the increasing depth of the real potential
well respectively. Arrows indicate angles at which the correlation functions were measured

gives reasonable fits to the cross section and correlation functions for forward angles.
The deep potential following from folding models [15] or suggested from fits at higher
energies led to evidently inferior reproduction of the data. In order to understand this
somewhat contradictory property of the optical model potentials we have examined the
contributions to the overlap integrals of various partial waves in the incoming channel.
It turned out that (see Fig. 12) deep potentials give too large transition probability for
partial waves with small orbital angular momenta thus the reaction loses its surface charac-
ter. We then concluded that deep potentials are not suitable for DWBA calculations at
low energies. Further analysis was done using the shallow family potential discussed above.
At angles of alpha particle emission smaller than 70 deg both the cross section and correla-
tion function are well fitted using pure direct mechanism, however at larger scattering
angles discrepancies can be noticed. They are especially pronounced for the correlation
function. Inclusion of the contribution from the compound nucleus calculated in the
Hauser-Feshbach model improves considerably the fits (see Figs 13, 14). The fits for the
1.78(2*) state were repeated using the coupled channel theory. It was found that couplcd
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channel calculations with 0+-2+-4+ coupling did not introduce essential changes in the

quality of fits resulting only in 10 percent reduction of the imaginary part of the optical
model potential.

BSj(o,0¢') 2Sigg (¥) Sigs

DWBA --=-ci=  HFer-ov-~ DWBAsHF
Wl ELAB.2,0Mev ELAB_26,0 MeV
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Fig. 14. Correlation function between the alpha particles inelastically scattered to the 1.78(2%) state and

Yy-quanta corresponding to the first excited-ground state transition in 288i. Solid line represents result of

Hauser-Feshbach + DWBA calculations. Dot-dashed and dashed lines represent results of the calculations
assuming pure direct (DWBA) or pure compound (HF) models of reaction

b) Transition to the 4.62(4+) state

Since the known B, value is rather small the only way to excite the 4.62(4+) state
in a direct process is through a two phonon transition. Therefore we performed a series
of coupled channel calculations. Although a magnitude and average shape of the angular
distribution could be reproduced, it was impossible to obtain within this model the agree-
ment with the experimental correlation function. This curve could be well reproduced
assuming the pure compound nucleus mechanism. However in this case the calculated
absolute value of the cross section is lower than experimental one, The sum of the direct
cross section (with slightly adjusted B, value) and compound nucleus contribution can
give reasonable fits to the cross section both in shape and magnitude, however-the agree-
ment with angular correlation curve is evidently worse than tor pure compound nucleus
process. Extensive analysis in terms of the coupled channel theory in which the deformation
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and optical model parameters were varied did not improve fits to the angular correlation
curves. We conclude then that the transition to the 4.62(4+) state cannot be described
in terms of a pure collective model.

¢) Transition to the 6.28(3%), 7.38(2+) and 7.80(3*) states

In the energy range under investigation the direct cross section decreases strongly
with increasing excitation energy. Additionally the direct one-phonon transition to the
unnatural parity states is strictly forbidden in the case of 0+-0* target-projectile system.
Therefore we confined our analysis for the 6.28(3%), 7.38(2*) and 7.80(3*) states to the
compound mechanism only. As can be seen from Figs 8 and 9 good fits to the correlation
functions were obtained.

In conclusion we can say that studies of the correlation function can clearly distin-
guish various reaction mechanisms. At the energies considered in present investigation
the transition to the lowest 2+ state of 2®Si is dominated by single phonon direct excitation
process, while the transitions for states above 6 MeV are well described by pure compound
nucleus model. Calculations indicate that in case of transition to the 4.62(4*) state the
direct and compound processes contribute significantly to the cross section. However
a comparison of the results of calculations with measured correlation functions strongly
suggests the domination of the compound nucleus mechanism.

APPENDIX

Gamma decay efficiency tensor

The gamma radiation accompanying deexcitation of a polarized state is a good tool
to measure this polarization. The detailed method how to calculate the efficiency tensor
of gamma transition was described by Brink and Rose [6]. Here we write only some final

by b} by o
—— g% "
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‘lf i Cop } PV
I
i | S
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Jg T S et I
LL S i o L .
JC JCC I’.JCC
a) b) c)

Fig. 15. Various possibilities for calculating the gamma efficiency tensor: a) one decay, b) one cascade
with last transition detected, c) branched cascade with last transition detected
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formulas which were coded in the CORDE computer program. There are three basic
cases which are schematically represented in Fig. 15: a) single transition, b) gamma cascade
where only the last transition is observed, ¢) branched gamma cascade where several
branches go through the last observed transition.

a) Let the initial polarized state with defined spin Jp and parity ny decay into the
final state with spin J and parity n¢ in a single gamma transition (Fig. 15a). The efficiency
tensor of such transition may be written as a product

qu(oya ¢y) = Ak(J.B) JC)qu(ey, ¢y)s

where 6,,¢, denote polar angles describing the direction of the gamma ray, C,, is the
renormalized spherical harmonic

47
qu(oyﬁ ¢7) = \/ 2’6—4——]: Yi? (673 ¢y)
and
Ak(JBs JC) = i—:i__é'i {Rk(L’ L) +25Rk(L= L,) +62Rk(L,s L’)}:
where

R(L, L) = (=)!H7s~7erL=Lok Jo 1 L 1) QL+1) 2L +1)
x (LL1—1{kOYW(JsJLL; kJ¢).

(LL'1—1]k0) denotes a Clebsch-Gordan coefficient and W(JgJc.LL'; kJ¢) is a Racah
coefficient. § denotes a mixing ratio defined according to the phase convention from
Ref. [6]. L is the lowest angular momentum carried out by the radiation and L' = L+]1.
k and ¢ fulfil inequalities 0 <k <2Jy and —k < g < +k, respectively. If we do not
observe the polarization of the gamma radiation the 4, vanish for odd values of k.

b) Let the initial state (Jznp) decay into the final one (Jome) through the gamma
cascade and only the last transition (J,7,) — (Jcoro) is observed (Fig. 15b). Each unob-
served transition introduces into the efficiency tensor the depolarization factor Uy, so
that

qu(ev ¢y) = Ak(-lm J c) 131 Uk(J i—l'} i)qu(oy, ¢7):

where

UJi-dD) = (=1 1 {W(Ji-lJi'Ii-lJi;Lik)
i-1dy) =

1+67 \W({J,-{JJi- ;5 LO)

2 W(Ji-1JiJi-1J35 Lik)
! W(Ji-1JiJi-1Jss L0) )



Unobserved transitions may reduce the maximal rank of the etficiency tensor: 0 <& <2
xmin (Jg, Jy5 ooy Jp)-

¢) For the situation shown in Fig. 15c where m branches with branching ratios b;
lead to the observed transition, the efficiency tensor is a bit more complicated

_21 b; Ul (- 1)
qu(oya ¢y) = Ak(']m JC) z lﬂm qu(oya ¢~/)‘
&t

Taking into account a finite size of the gamma detector leads to the so called attenu-
ation factors f; in the efficiency tensor. Method of calculation of f, is described in Ref.
[4]. In Table II we have collected valués of the efficiency tensor for gamma transitions
in the 28Si considered in the present work. We define 7} as a product of the A4,, U, and f,
coefficients.

TABLE II
Gamma decay efficiency tensor for low lying states of ?%Si nucleus
Excit. energy Spfn Obse_rs{ed T, T, T.
[MeV] parity transition
1.78 2+ 1.78 g.s. 1.0000 —0.5765 —0.9467
4,62 4+ 1.78 g.s. 1.0000 —0.4319 —0.2695
4.98 [ 178 g.s. 1.0000 —_ —_
6.28 3+ 1.78 g.s. 1.0000 —0.4649 —0.3634
7.38 2+ 1.78 g.s. 0.6100 —0.1758 0.3850
7.80 3+ 1.78 g.s. 1.0000 —0.4451 —-0.3092
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