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A generalization of the classical semimicroscopic model is developed to explain simulta-
neously quasivibrational and quasirotational nuclear states. The wave functions obtained are
used to calculate level sequences, electromagnetic properties, and spectroscopic factors.

Experimental data are reasonably well fitted.

NUCLEAR STRUCTURE 5:11"In; calculated levels, J, m, B(E2), B(M1), q,
#, and S. Generalized semimicroscopic model.

1. INTRODUCTION

According to the classical particle-phonon cou-
pling model, the one-phonon multiplet |g,,'12;
IM) with total angular momentum I ranging from
3* to 4™ is expected in the vicinity of 1.3 MeV for
the odd-mass indium isotopes. For weak coupling
and quadrupole harmonic vibrations, the reduced
E2 transition probability for exciting the multiplet
state with angular momentum I should be pro-
portional to (27 +1). Moreover, the magnitude of
the B(E2) values for decay of each of these states
should be same as that of the B(£2; 2 -10+) in
the even tin core. However, the Coulomb excita-
tion of !*°In and *°In (Ref. 1) shows that although
a considerable fraction of the one-phonon strength
lies in the region between 1.0 and 1.5 MeV, the
intensity rule is violated.

Additional experimental evidences argue against
the weak particle-phonon coupling; the most im~
portant are: (i) rather strong B(¥/1) transition to
the ground state (Ref. 2 and references quoted
therein); (ii) fragmentation of the g,,, single-
particle strength®; (iii) renormalization of the
effective charge for the ground-state quadrupole
moment, eq =5.5¢, (Ref. 4); (v) existence of ad-
ditional states—apart from the multiplet— in the
energy region of the one-phonon multiplet.

Dietrich et al.? have recently performed a cal-
culation of the !°In spectrum involving a rather
strong coupling of the gy, proton hole to the
_ quadrupole vibrational states of '°Sn. Their cal-
culations on the level positions and B(E2) values
as well as the ground-state quadrupole and the
spectroscopic factors observed in the '%Sn(d, He)-
11Tn reaction are in good agreement with experi-
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ment. The B(M1) are reasonably well reproduced.
However, neither this analysis nor the others per-
formed with the same spirit,’*® can explain the
low-lying 3+ and 3+ excited states experimentally
observed.'*"*®

On the basis of a highly enhanced B(E2; '3 ~'3
transition strength [=100 single-particle units
(s.p.u.)] experimentally observed by Bécklin,
Fogelberg, and Malmskog, they have proposed
that these levels are members of a rotational band
characterized by the Nilsson state Kn[Nn_,A]
=3+[431]. Several investigators (Ref. 9 and refer-
ence quoted therein), following this suggestion,
have tried to identify some other higher-lying
states as being members of this rotational se-
quence.

On the other hand, the '*Cd(*He, d)!'"In reaction
studies performed by Ishimatsu et al.'° and by
Harar and Horoshko!! revealed that the excited
positive-parity states in *"In cannot be explained
by a simple juxtaposition of vibrational and ro-
tational states. In addition, Meyer, Struble, and
Smith® have obtained an enhancement of less than
40 s.p.u. for the B(E2, $+—34) in 1*®In. This ex-
periment when considered with the recent mea-~
surement of the quadrupole moment of the '3
state'? is inconsistent with a pure rotational nature
of these levels.

From the considerations above it can be deduced
that the experimental data do not lend support
either to the classical particle-phonon coupling
interpretation or to the rotational model when
they are independently considered. Then, a
mixing of rotational with vibrational levels would
yield a better description of these isotopes. This
approach was followed in the works of Sen® and
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Mang et al.'?

As far as the intriguing states are concerned,

a similar situation was found in the energy spectra
of odd-mass cobalt isotopes. Actually, by cou-
pling of a f,,, proton hole to the even-mass nickel
nucleus considered as the vibrational core, it
has not been possible to reproduce the existence
of a - and two - excited states observed in *’Co
in the vicinity of 1.5 MeV. This difficulty has
recently been overcome in the calculation made
by Gomez!* where two-hole—one-particle proton
configurations are coupled to quadrupole vibra-
tional cores. Good general agreement of calcu-
lated and experimental properties has been
achieved.

In view of the situation above we felt stimulated
to make a detailed study of the odd-mass indium
isotopes with a new version of the semimicro-
scopic model (SMM). We limited ourselves to
the consideration of *In and ''"In nuclei since
they are the best studied experimentally among
the odd-mass indium isotopes. In turn only their
positive-parity states are analyzed since those of
negative parity have been satisfactorily explained
elsewhere.%: 9+ 15

Our first intent was the enlargement of the con-
figuration space by the inclusion of 2h-1p seniority-
zero proton configurations gy, 2(0) g;/2, &o/2 2(0)ds,s,
8or2 (0)dy5, and gosp ~(0)sy /0.

This is similar to the procedure followed by
Gomez' in his calculations of the odd-mass co-
balt isotopes. For a relatively strong coupling
strength we were able to obtain the energies of the
1+ and '3+ states in the vicinity of the first multi-
plet while an over-all agreement of the total level
sequence could not be attained for reasonable val-
ues of the single-particle energies. In addition,
the quadrupole moment of the '3+ state was too
small.

This last fact indicates that more collectiveness
is needed which would be accomplished by the in-
clusion of 2h-1p seniority-three states. Our basic
assumption is that the two holes in the Z =50
closed shell together with the tin core bring about
an average vibrational field. This hypothesis is
supported by the quasivibrational pattern ex-
hibited by the even-mass cadmium isotopes. In
the zeroth-order approximation, the lowest states
are seniority-zero states. Due to the particle-
phonon interaction these states receive significant
contributions of the seniority-two states which
make them more collective. Consequently, an
approximate way to take into account the effects
of the 2h-1p seniority-three modes of excitation
is to suppose that some low-lying states of odd-
mass indium isotopes are originated from the
coupling of a proton—which has available the

orbits above the g,,, shell—to the cadmium vi-
brational field.

Therefore we developed a version of the SMM
which is suitably generalized so as to include the
degrees of freedom associated with the 2h-1p
modes of excitation and which will be hereafter
referred to as the generalized semimicroscopic
model (GSMM). A brief report on the present
work was presented at the International Conference
on Nuclear Physics held in Minich.®

2. FORMULATION AND ASSUMPTIONS

In our investigation the usual space of the hole-
phonon coupling model is enlarged by the inclusion
of the degrees of freedom associated with the in-
coherent two-hole-one-particle (2h-1p) modes of
excitation. To avoid counting the same states
twice, the underlying random-phase-approxima-
tion structure of the vibrating tin core is assumed
to be exclusively due to a pure neutron character.

A. Model Hamiltonian and matrix elements

We present here an approximate way to include
the 2h-1p seniority-three modes of excitation
taking up with the available computational facili-
ties. Our total Hamiltonian is

H=H(core, h)+H(p)+H(p, ), (1)

where

H(core, h) =H,+H g, (h) - Z Q5 (m)af,+H,
I

-x Y, Q5 (nQzi(n), @)
u

H(p)=Hgy(p) - Z [qu(P)az’ru"Xqu(P)Q;J(h)] ’

I

®3)

and

H(p, 1) == @%.(p, afy-x D Q5u(p, MQLI(R).
B B

(4)

Here we labeled Q3;%(p), Q3:%(n), and Q5 *(p, k),
the particle scattering, the hole scattering, and
the pair creation plus pair annihilation terms, re-
spectively, for the one-body operator Q5;* (Ref.
18).

The Hamiltonian (2) represents the energy of the
system formed by the tin core coupled to one or
two valence hole protons. In the first case it
describes the properties of the indium isotopes®
and in the second case those of the doubly even
cadmium nuclei** !® in the standard semimicro-
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scopic description. Hence, its terms have the
following meaning: (i) H_ is the Hamiltonian as-
sociated with the harmonic quadrupole vibrations
of the tin core. (ii) Hg(h) is the single-particle
Hamiltonian associated with the motion of the
extra core holes in an average effective spherical
potential. (iii) H,, (k) ==, @5, (k)a], is the inter-
action Hamiltonian associated with the coupling of
holes to the tin vibrational field with amplitude
@,,. The zero-point amplitude o, is related to the
quadrupole phonon excitation energy Zw and to the
quadrupole deformation parameter 8 by means of

o= [(w/2C) 2 =B /Y.

(iv) The Hamiltonian associated with the residual
two-body interaction not included into the effective
average potential is a sum of the pairing force

Hp and the quadrupole-quadrupole (@-Q) force®

Hg==x E Q;uQ;u
M

with strength .

Taking into account that the cadmium nuclei ex-
hibit a quasivibrational pattern, we approximate
the Hamiltonian (2) for this special case by a
vibrational Hamiltonian taken to be of the form

I?(core)=h'wz b3ubyy + Eo(Cd), (5)
U

where 7w and b], (b,y,) are the energy and the cre-
ation (annihilation) operators of the cadmium vi-
brational field and E,(Cd) stands for the energy of
the cadmium vacuum.

The Hamiltonian (3) represents the total energy
of the valence proton. The first term is a single-
particle Hamiltonian associated with the motion
of the extra core proton in an average spherical
potential. The second and the third terms give the
interaction energy of the valence proton with the
tin core and with the valence proton holes, respec-
tively. Since the sum of the latter gives the inter-
action energy of the cadmium vibrational field
with the particle, the Hamiltonian (3) can be writ-
ten as

H(p)‘:ﬁsp(p)- Z Q;u(P)&;u ’ (6)
u

where a,, is the amplitude of the cadmium vibra-
tional field.

In a word, as far as the 2h-1p modes of excita-
tion are concerned we assume that the two proton
holes coupled to the tin core create an average
vibrational field which acts on the valence proton
lying at the next shell above the Z =50 major shell.
Consequently, rather than to evaluate the Hamil-
tonian (1) in the subspace of 2h-1p excitation

9
coupled to tin quadrupole phonons we calculate
the approximate Hamiltonian
H=H(core)+ H(p) (7

in the configuration space spanned by the cadmium
vibrational states and the particle states.

The Hamiltonian (4) gives the interaction energy
between the hole state and the 2h-1p states. For
its evaluation we assume that the low-lying cad-
mium vibrational states are yielded by seniority-
zero states [see Eg. (15)].

According to the above assumptions our basic
vectors are

[r~Y, NR;IM) ={ lh-lmh> ® |NR-MR>]m (8)
and
|p, NE; IM) =[|pm,) ® | NRMz)) 4 - 9

Here the symbols label: (i) N and N, number of
phonons of the tin and cadmium vibrators, respec-
tively; (ii) R and R, quantum numbers of the re-
sultant angular momenta R and R from the coupling
of N and N phonons, respectively; (iii) | #™'m,) and
|[pm,), the wave functions of the fermions with %
and p being the set of quantum numbers necessary
to completely describe the proton-hole and proton-
particle states with respect to the Z =50 major
shell; (iv) I and M, the total quantum numbers of
the indium nucleus; and (v) | NRMy) and |NRMz),
the wave functions of the tin and cadmium cores,
respectively, assumed to be harmonic quadrupole
vibrators.

The matrix elements of the Hamiltonian (2) be-
tween the hole states (8) were calculated in the
usual way*

(h'"', N'R’; IM|H|h™*, NR; IM)

=[—€h+Nkw]61w'6RR’6hh'
h' R’ I
R'+I+h
+(=) {R B2 }
Xk’ | k)Yl IXN'R ||, | NR) .

(10)

Here the symbol { } is a six-j coefficient;
(h'||[k(r)Y,| ) is the reduced matrix element of
the hole coordinates and (N'R’|a, || NR) is the
reduced matrix element of the collective operator
defined by*

<N'R'”az ”m > =Ct0[<NR ”bz ”m)bm’+1

+{N'R’ " b, ”NR >5N’N+1] .
(11)

The matrix elements of the Hamiltonian H be-
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tween the particle-like states (9) are of the form

(p’, N'R'; IM|H|p, NR; IM )

=[Niw + Eq + €] 6550575

RI+I+p+ b’ R'1I
+(=) » 1{1? » 2}

X (p' | k@)Y, [[pXN'R’ ||, | NR) ,
(12)
with
(N'R'||a, || KR ) = ao[(N'R! || B, || NRYO 5574,

+(N'R' | 52 I NR>61-I'}7+1] . (13)

Finally, the matrix elements of the Hamiltonian
(7) can be written as

(p', N'R'; IM|H(p, 1) |[h="NR; IM)

=( 2 )1/2(_)R'+I+h pl R' I
2r+1 R n 2

X (o' | k@)Y, | EXN'R’ | a, | NR)

(14)

where the last factor is defined by Eq. (11). They
are evaluated using the zeroth-order approxima-
tion for the low-lying cadmium vibrational states

|NRMg) =||(h)~20, NR [R =R,Mp=Mz).  (15)

The eigenstates of the total Hamiltonian (1) with
total angular momentum / are linear combinations

I 15
In
s —;/éaoo—vfz
5f ==l5g, T ORas1—oR
= [ —92,162 ==13/2Q9°_—._%%
> | 572
@ —11/2 "
510“ —52 —_—ne
.OF 5/2 160 52
SR M/ 307 ===
[ i 17 037712
Z 1 32 078 3R
LIJ -
05t
ol —o2 —92120—ap
00" &=p 2 2o

of the basic vectors (8) and (9):

|710) = 37 n(k™, NR; I)| h™, NR; IM)

h,NR

+ 2, n(p, NR; "1 |p, NR; IM) (16)
p,NR
where the expansion coefficients 1 are obtained
by diagonalizing the energy matrices and the super-
index 7 distinguishes between states of same angu-
lar momentum.

B. Spectroscopic factors

The eigenstates (16) have been used to calculate
the spectroscopic factors S("I) for (i) proton pick-
up reactions and (ii) proton stripping reactions.
For the first case they are given by

S("I)=|n(r,00; T1)|? (17)
and for the second case
S("I) = |n(p,00; 1) |? (18)

when the transferred proton falls into a level above
the Z =50 major shell, while

_2
2r+1
for the reverse situation.

S("T) =5 |n(k, 00; 1) [? (19)
C. Electromagnetic transition operators

The quadrupole electric transition operators
are given by

¢.(core, h) =g (core)a,+ e, Q5. (h), (20)
for the hole-like states (21);
qu (core, p)= (}e(core)&;',,+ eeer;u(P) ’ (21)
"7
In
2.30,170 —3/2,5/2 :gg 00—/
055—9/2
021,006 —3/2,5/2
1yp  B0—502
=sn — 13
216 ——5/2 WU2—>52
1R2~028 —1/247/2 038 == 1/2
~3.40 2922
e ?.'8(5) 3/2 077 32
7——=9/2 —09/2 22 ——9f?
B EXP SMM . GSMM

FIG. 1. Experimental and calculated even-parity levels of 51 and !!"In. The first and fourth columns show the ex-
perimental energy levels for '°In { Refs. 1, 2, 28—30, and V. Sergeev, J. Becker, L. Erikson, L. Gidefelt, and L. Holm-
berg [ Nucl. Phys. A202, 385 (1973)]1} and !"In (Ref. 11), respectively. The remaining columns indicate our theoretical
results obtained with the SMM and the GSMM. The numbers at the left of the levels indicate the spectroscopic factors

(2j+1)S;(I) for Cd(He, d)In reactions.
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for the particle-like states (9); and q.(core)=(3/4m)ZeR 7, (23)
q.(core)=(3/4n)ZeR 2 (24
Q2. (p, 1) = g @u(p, ), (22) . ° )
are the electric quadrupole moment generated by
for the crossing terms. Here e is the effective the collective motion of the nucleon of the tin and
charge of the proton and cadmium cores, respectively.

TABLE I. Comparison of experimental and calculated quadrupole electric and dipole mag-
netic moments and B (E2) and B (M1) values for the low-lying positive-parity states of "°In.

Q [eb] B [mal
Theory Theory
I Experiment SMM GSMM Experiment GMM GSMM
] 0.8302 0.928 0.911  5.536P 5.757 5.756
4 0.600.08] -0.539 053 +0.094 0.725
‘i! 1.832
‘_; ~1.157 2.137
b -0.391 3.784
' 0.618 0.613 5.819 5.828
% 0.607  0.070 4.467 3.919
£ 0.598 0.471 5.459 5.354
B(E2) [€2b2]x107? B(M1) [py)
P Experiment SMM GSMM Experiment GMM GSMM
=40 ¢
E 24.63 0.00823:3016 © 0.007
<16f
3 ! 36 8 25.91
R 514  1.60 0.115" 0.564 0.408
EA 0.45+0.051 2.38
E 3.77£0.330 5.26  2.91
A 1.55+0,40" 1.20  1.28 0.230 0.227
v b 1.2420.20" 2.06  2.33 0.022 0.017
ER 0.60£0.15" 0.00 0.006
‘g ' 10.0 +1.11 10.01 9.88 0.298+0.064 " 0.205 0.191
u 2.80  2.69 0.489+0.086" 0.435 0.450
E 5.0 0.5" 697  7.02
0.689+0,080"
o 2.77  2.70 0.355 0.352

02

0.5 £0.18

3G, F. Fuller and V. W. Cohen, Nucl. Data B9, Appendix 1 (1965).

bV, S. Shirley, in Table of Nuclear Moments, Hyperfine Structure, and Nuclear Radiations,
edited by E, Mathias and D, A, Shirley (North-Holland, Amsterdam, 1968).

¢ Reference 12,

d T, Badica, C. Ciortea, S. Dima, A. Gelberg, S. Petrovici, and I. Popescu, inProceedings
of the International Conference on Nuclear Physics, Minich, 1973, edited by J. de Boer and
H. J. Mang (North-Holland/American Elsevier, 1973), p. 146.

€ Reference 1.

f Reference 8.

8V. Sergeev, J. Becker, L. Erikson, L. Gidefelt, and L. Holmberg, Nucl. Phys. A202,385 (1973).

h Reference 2.
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Then the reduced matrix elements take the form

("'rllQgl T =21 + 1)1’ + 1)

hNR
R'N'R’

+(_)h+1’+R

Z n(h'N'R; T'I')T)(hNR; ) {(_\)nqt-rnue "{h il

de

X o RR T I (pR; ) [ (<R,
07
’INIR' I I' 2
_\pH1'+R 5 )L
+( ) qe{R}RP

+ 3 n(p'NR%; ' I)(hNR; T (=)t R 2 /20 + 1)1 gy { p 2}@ 72, || 1) 6 pyr6 g
h NR
"N’R’

' , 2\~ n' 2

+ 2 k', N'R; ™ I p, NR; I)(-)" *’*"“<2h,+1> em{ﬁ P AU [ A LI I
PNR

h’N,R,

(25)
Similarly, the matrix elements of the dipole magnetic transition operator M7 take the form

("I MT 7D = y(3/4m)2

!’
>~ nlr’, N'R%; " '), NR;'1)[gR<1'|!ill1>+(-)“"'“"*‘[(21+1)(21'+1)] vl L ’f}
hANR I R'I
h’'N'R’

x$u'll 7 ll4) (g1—£R)0 ay'Orpr + (=)' +R"+1

x[(21+ 1)(21 + 1)]/2 { w ;’} AH D —gx)am'ﬁlm’]

b
2
i

b 3 R I, D) [ gr @ I + (Y o s 1”‘”{? & f,}

N'R’

~

X@'liﬂ“’) (gl - gﬁ)éﬁﬁréﬁﬁ, + (_)1+P'+§’+1

x[(zun(zmn]m{f & }’i}wusnpx AL

2 1/2
’ 1R T2 T I+’ +R'+1
+’§ n(p’, N'R; ™' I'm(h, NR; TI)(-) (Z,M)
p'N'R’

x[(21+ )21+ D} {‘,’ o ,'f}u:'ll 811} (gs"~£1)0 yx+ Orrr

2 \2
I+h'+R
+ ;ﬁ k', N'B'; 7' Iy( p, NR; TI)(=)"*¥" “(2,,,+l>

R'N'R’

x[(21+1)(21'+1)]“2{;" I:’,’} B 1312) (g5~ )0 xyrOrerb - (26)
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Here the symbols have the following meaning:
(i) uy, the nuclear magneton; (ii) g;, g, g (g3),
are the effective gyromagnetic ratios for the or-
bital, spin, and tin (cadmium) core, respectively.
For the expressions of the reduced matrix elements
of the operators f, j, and 3, see Ref. 4.

3. RESULTS AND DISCUSSION

In our calculation, the single-particle wave
functions were generated from a Woods-Saxon
well with spin-orbit coupling. The corresponding
energies were considered to be €(ds;,) - €(g;/,)
=0.50 and 0.75 MeV for '*In and '"In, respectively,
and e(d,,,) - €(g;,,) =2.60 MeV and (s, ;) — €(gq,)
=2.95 MeV. The first value was regarded as an
adjustable parameter to reproduce the spin se-
quence of the '3*, '3* '1* and ':* states. The
remaining two are those of Reehal and Sorensen.?!
The energy difference between the lowest unper-
turbed particle-like and hole-like states AE
=[E,(Cd) + €( g, )] =[E,(Sn) — €(g,,,)] was estimated
to be S,(Z =51, N) - 5,(Z =49, N), yielding values of
—2.40 and -2.34 MeV for **In and *"In, respec-
tively. Here S,(Z, N) denotes the proton separation
energy of a nucleus (Z, N). Our values were ob-
tained from the mass tables of Wapstra and Gove.??
The phonon energies and the amplitudes of the
vibrational motion a,=g/v5 were taken from
experiment.?

To investigate the extent to which the GSMM
succeed in improving the agreement with experi-
ment, calculationswere also performed with the
SMM. The resulting spectra and the spectroscopic
factors for the one-body stripping reactions Cd-
(*He, d)In are compared in Fig. 1 with experimental
data. In Table I are listed the quadrupole electric
and dipole magnetic reduced transition prob-
abilities and moments for *°In. For the electric
case we present the results obtained with the
effective proton charge e;"=2e; e is the proton
charge. For the magnetic case we give the values
obtained with g, =1, g,=3.911, and gz =Z/A. The

enhanced E2 transitions between the 2, '3, 'Z, '3,
89 %13 and 2L positive-parity states, the intensity

ratios involving crossover-to-stopover E2 tran-

ABECASIS, CIVITARESE, AND KRMPOTIC 9

sitions, as well as their large and negative quadru-
pole moments allow us to assume the existence of
a quasirotational structure within a quasivibra-
tional picture.

Our approximations appear quite reasonable in
view of the assumption concerning the harmonicity
of the tin vibrating core as well as the previous
calculations of even-even cadmium nuclei.*’'® The
latter have shown that the lowest five states in
cadmium are mostly a (g, ,,),~2 pair coupled to
zero-, one- and two-phonon states and also that
the particle and collective parts of the electric
quadrupole transition operator contribute co-
herently to the stopover transitions '2 -0, 20 ~ 12,
22 -12, and '4 -'2 whereas they add incoherently
for the crossover transition 22 ~'0. Although it
is also true that there is coherence for the quadru-
pole moment of the !2 state, its most recent mea-
surement?* gives a value similar to that observed
in even-even tin nuclei.?®'?® It is relevant to notice
that the introduction of anharmonic effects in
cadmium isotopes?®” drastically affects only the
static quadrupole moment.

The present results show that the GSMM is able
to overcome the most remarkable difficulties met
with the SMM, achieving a reasonable agreement
with experiment. However, it does not modify
seriously the description of the electromagnetic
properties of the quasivibrational states except
for the 5* and &* states.

The comparison with experiment indicates that
this admixture would not be the most adequate.
This fact can be attributable to single-particle en-
ergies employedinthis calculation and/or to the ap-
proximation, Eq. (15). In a few words, the coupling
scheme we discuss seems to have some promising
aspects specially concerned with the coexistence
of quasirotational and quasivibrational structures.
Nevertheless, some work still remains to be done
(and it is in progress) to estimate how serious
the approximations involved are.

One of us (S. M. A.) wishes to express her in-
debtedness to Professor H. J. Mang for fruitful
discussions and hospitality during her stay in
Miinich.

*Member of the Scientific Research Career of the
Consejo Nacional de Investigaciones Cientificas y
Técnicas, Buenos Aires, Argentina.
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