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What is a ,,stretched” state?

Such states are dominated by a single particle-hole component Qitarg
for which the excited particle and the residual hole couple to i —1
the maximal possible spin value: —2f5/2
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Such states are dominated by a single particle-hole component Qitarg
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Stretched states in light nuclei - why are they interesting?

CONFIGURATIONAL PURITY TESTING GROUND FOR THEORETICAL CALCULATIONS

; properties of stretched states (decay patterns e.g.) used as
IES lt G SImPtle:F AR demanding test of state-of-the-art theory approaches
nUCiear excitations (Gamow Shell Model e.g.)
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Stretched states in light nuclei -

why are they interesting?

CONFIGURATIONAL PURITY
ones of the simplest known
nuclear excitations

TESTING GROUND FOR THEORETICAL CALCULATIONS
properties of stretched states (decay patterns e.g.) used as
demanding test of state-of-the-art theory approaches
(Gamow Shell Model e.g.)
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NUCLEI OF OUR INTEREST
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Stretched resonances - from prevoius works

INELASTIC ELECTRON SCATTERING EXPERIMENTS
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13C is a perfect case to start:

M strong M4 excitation
M well isolated peak
M quite easy preparation of target



Stretched resonances - from prevoius works
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12C: the 19.5-MeV stretched M4
excitation is mixed with other

multipolarities
- MORE COMPLEX CASE



Stretched resonances - from prevoius works -

INELASTIC ELECTRON SCATTERING EXPERIMENTS
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EXPERIMENTAL SETUP
AT CCB IFJ




Experimental setup - Cyclotron Centre Bronowice (Krakow, Poland)

@ n Cyclotron Proteus C-235
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Experimental setup at CCB IFJ

PARIS
LaBr3 LaBr3

\ TARGET 13C %
PROTON BEAM 197 mg/cm2 KRATTA
E = 135 MeV
,d t
DSSD \ P \ KRATTA

LaBr3 LaBr3

PARIS

1) Scattered protons measurement: KRATTA telescope array
2) y-ray detection:

« four LaBr; detectors (3.5”x8”)

» two clusters of the PARIS scintillator array
3) Measurement of light charged particles produced in the
reaction: a thick position-sensitive Si detector

Large vacuum scattering chamber at CCB



Experimental setup at CCB IFJ
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2) y-ray detection:
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3) Measurement of light charged particles produced in the
reaction: a thick position-sensitive Si detector




Experimental setup at CCB IFJ

PARIS
LaBr3 /LaBrS
TARGET 13C /
PROTON BEAM 197 mg/cm?2 KRATTA
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LaBr3 LaBr3
PARIS

1) Scattered protons measurement: KRATTA telescope array
2) y-ray detection:

« four LaBr; detectors (3.5”x8”)

» two clusters of the PARIS scintillator array
3) Measurement of light charged particles produced in the
reaction: a thick position-sensitive Si detector




THE FIRST CASE: 13C

May 2019 — June 2020
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Previous studies of stretched states in 13C
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Previous studies of stretched states in 13C

INELASTIC PROTON SCATTERING ON "3C

S.F. Collins et al., Nuc. Phys. A481, 494(1988)
(Indiana University Cyclotron Facility Magnetic

Ctrograph)
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RLECE 15957 "B + p
Ep =135 MeV 2.7237 7 15.11

N[ 17—5:2

2g "B + p 608

21.47 ‘Be +
*Be + n 1.665 1 7366 _De T o
| _10.648
‘Be ‘Be + a 50 4.439
—_l_ 4946
12C + n 12C
13C

Strongest expected y rays:
12B: 953, 1668, 1674, 2723 keV
12C: 4439, 15110 keV




J. Lukasik et al., NIM A709, 120(2013)

Scattered protons measurement
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KRATTA - excitation energy spectra

Excitation energy spectra measured at ~36° corresponding
to the excitations in the '3C target nucleus measured as:

SINGLES (only scattered proton required)
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Gam ma-ray measurement IN COINCIDENCE WITH y RAYS

(4 big LaBr; detectors + 18 modules of PARIS)
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A. Maj et al., Acta Phys. Pol. B40, 565(2009) and http://paris.ifj.edu.pl
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KRATTA - excitation energy spectra

Excitation energy spectra measured at ~36° corresponding
to the excitations in the '3C target nucleus measured as:

Counts

SINGLES (only scattered proton required)
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200

100

o

o

13C(p,p’) @ 135 MeV
S.F.Collins et al., Nuc. Phys.

REFERENCE
SPECTRUM

A481,494(1988)

— I "
i i EXCITATION ENERGY[MeV]
1 1 11 :
i ool 21.5 PROTON SINGLES
: d1 1 ? 1 s (only scattered proton required)
ecay ‘02 M 1
:,6 4.4 Mfm i rI36.1 . ‘{JW | Mlqm‘fa%ﬂﬁprﬂhmqiw
JJ ‘{ LIJL%F‘J 1: i 1 o : Lﬂ1
1 1 11 H L
Co o
Lo : N
1 1 ! 11 | 1 L |
10 15 ol 25 a0 3% 20
! EXCITATION ENERGY[MeV]
,M i PROTON-GAMMA
& / u i COINCIDENCES
E |
= J 1 .
3 L AL
E } LN p "y
E Y Jl" iy 1 VI\
= L T I
= . W et ' h
= ! v
5 0 5 0 %S 30 3 @

EXCITATION ENERGY[MeV]



Experimental results: proton-gamma coincidence measurement
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Experimental results: proton-gamma coincidence measurement
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Experimental results: proton-gamma coincidence measurement
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Experimental results: proton-gamma coincidence measurement
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PERFORMANCE OF DSSSD (FROM THICK 13C TARGET EXPERIMENT)

PARTICLE IDENTIFICATION MATRIX

(for one strip, representative example)

Double Sided Silicon Strip Detector
(Micron Semiconductor Ltd)

S50
% : 10°
Active area: 50mm x 50mm Bl 13C
No. of strips: 32 (16 per side) g TARGET
Thickness: 1.5 mm L f | i
247___";.__ triton . . *—
20.9 = =g — ' deuteron’ \
& ’ o AR PROTON BEAM
‘ ] 15.5 = = p= roton. 10
10 | LIGHT CHARGED
- 3~ PARTICLES
0 1000 1205 1400 1600 1800 2000 3206 zags’
~Rise time [a.u.]
SCHEME OF ACQUISITION LINE
- MegAmp Pulse Shape Amplifier
>—— ggoj: g,E —— |ADC (C. Boiano, S. Brambilla, INFN Milano)
PC di i
D{ N\ 30% CF | _| s Information on the energy
v 80% CF TDC and rise time allowing for
DSSSD  16-channel | Megamp light particle identification

detector preamplifiers| modules



Thin 1 mg/cm? 13C target experiment

Double Sided Silicon Strip Detector
(Micron Semiconductor Ltd)

Active area: 50mm x 50mm
No. of strips: 32 (16 per side)
Thickness: 1.5 mm

13C target made of 10 foils in separate frames,

total thickness 1 mg/cm?
(Nicoleta Florea, Nicu Marginean IFIN-HH, Bucharest, Romania)

Why another experiment?

Expected energies of emitted protons are ExCitE E T
below 4 MeV so protons will stuck in the thick target ,-);C::[; [n,:% sl B
2.723 1.214
THIN TARGET NEEDED 2 1%
FOR LOW-ENERGY PROTONS! 0.953 2.984
0.0 3.937




Scattered proton - light charged particle coincidences

Projection of the excitation energy vs. particle energy matrix
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Experimental results:

Decay of the 21.47-MeV stretched state in 13C Gamow Shell MOdel CalCUlatlonS
Fraction of the decay with gamma-ray emission from daughter nucleus: 46(10)% (by Y. Jaganathen (IFJ PAN) and M. P{oszajczak (GANIL))
:'E . 2 21 |47 24[{5) i, .
(S T A The Gamow Shell Model is an open-quantum system

whtes £,021 . - = (302, _ I = . og e . .
T 8l boe) 0 T=1 extension of the traditional Shell Model, which provides:
f: = <23 753 "B+d
= B+ .
g 1 > a rigorous treatment of bound and unbound nuclear

excitations, including coupling to a continuum of non-
_ am resonant particles
‘Be +a
_____ 10.848
"Be +a 044440 ., > a fully consistent calculation of the resonance energy
and width and their mutual relation
4.94:?0 - 0+ - T=0
' C
FOR THE FIRST TIME GSM CALCULATIONS WERE PERFORMED FOR SUCH ,,HEAVY” SYSTEM
1/2- — T =17
13



Experimental results:

Decay of the 21.47-MeV stretched state in '3C Gamow Shell MOdel CalCUlationS
(by Y. Jaganathen (IFJ PAN) and M. Ptoszajczak (GANIL))

I =(7/2+,9/2%), T = (1/2,3/2) JT=7/2, T=136
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Experimental results:

Decay of the 21.47-MeV stretched state in 3C Gamow Shell M~del calculations
(by Y. Jaganathe~ 1d M. Ptoszajczak (GANIL))
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"N AND 'e0

December 2019 — March 2020

Spokepersons: S. Ziliani (Univ. of Milan and INFN Milan), N. Cieplicka-Orynczak (IFJ PAN)




7Li-1“N-H, + ('°0 contamination) target 160 mg/cm?

Stretched resonances in 10
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S.Ziliani, PhD thesis, University of Milan (2021)



Stretched resonances in 10
AREA OF GAMMA RAY PEAKS

AREA SCANNING (600-keV-wide gates)
AS FUNCTION OF EXCITATION ENERGY

3000 " T . . .
o
. Lo T c44Mev
1612 T T - 2500 - T OBNSIMevV
: = 2 ' E BN63Mev
< ! N
—_ 2000 1 -=-- M4 resonances |
w
° 3 '
= & :
=} 2 1500 : q
< —
< ©
— C—_—
w0 = E 1000 1
m hi <
<
500 in%%
- <
| R
0 . . . .
257
160 E,. (channels) 10 12 1-116 16 18 20 22 24 26 28 30
O excitation energy [MeV]
20410° -~
e Egp = Exp. o
8.0x10 ’ Bascline
- - Baseline . Basel q\ i
- —— M4 1980 MeV 5 e M issemev 8 0T g 1778 MoV
8 ==+ Secondary peaks 5 1.5x10° | -~ Secondary peaks L !“\ = MBI
=z 2 Total fit 2 Total fit I b < ==+ Secondary peaks
% 6.0x10 b} [ E —Toul i
s |
Z = | % 20
=+ 3
% s0n10° £ 100’y | =
) )
: o i g
z wi / < 5
2.0x10° Z 5ot L / { Lo
| / f h
- . /
00 g = : 28 = - e it
15 17 19 21 23 25 27 290 31 15 17 19 21 23 25 27 29 31 0.0 Lasans SO N S o u 0 i EDTE | ]
1012 14 16 18 20 22 24 26 28 3010 12 14 16 18 20 22 24 26 28 30 W 12 14 16 18 20 22 4 26 2810 12 14 16 18 20 2 24 2% 2%
"0 excitation energy [MeV]

iy s .
O excitation e MeV b .
excilation energy [MeV] "0 excitation energy

EXTRACTION OF DECAY BRANCHINGS ASSOCIATED TO GAMMA EMISSION S.Ziliani, PhD thesis, University of Milan (2021)



Branching ratios in 60 RESULTS FROM PRESENT (p,p’) EXPERIMENT
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Branching ratio [%]

Branching ratios in 0
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Stretched M4 resonances in “N _H

7Li-1“N-H, + ('°0 contamination) target 160 mg/cm?

No y decay from
2* state in 0B

7360 Strongest expected y rays:
Becw (3) 169 T=1 12C: 4439 keV
4.461 ' e \ 13C: 3089, 3684, 3853 keV
L ==, \ 1B: 414, 718, 1021, 2868 keV
2T T=0 S T :
L T=03587 o a0 o 1o
el -‘
1" T=0 {}?13—:-‘—‘—1—“ ' 11613 C+n c-p
37 T0 : e 3.854 5127
0B + ! 10553 %
B+0 1) g s ‘z(:;'::“ggﬁg'g—-“ 1/2°
12C +d 10.2; L S3080 17 BN+
== el /)" T=1/2
7.55 13C +p
No y decay from first
excited state in 13C
PERSPECTIVES
1" T=0
O New thick target of 7Li-'“N-H, (about 160 mg/cm?) 14\; QUALITATIVE INFORMATION ON DECAY

without oxygen contamination

U Similar experimental setup

BRANCHINGS ASSOCIATED TO GAMMA EMISSION

S.Ziliani, PhD thesis, University of Milan (2021)



Very recent experiment: 12C

October 2024 — January 2025

Spokepersons: N. Cieplicka-Orynczak (IFJ PAN), G. Corbari (Univ. of Milan and INFN Milan)




Study of M4 stretched configuration decay in '2C

INELASTIC ELECTRON SCATTERING EXPERIMENTS . . .
> comparison of cross sections measured in

(m*,m’) and (1, ") experiments was
interpreted as due to isospin mixing between
two or more 4 levelsof T=1andT=0
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Decay data can help to resolve

The 19.5-MeV state in *2C having strong single-particle-hole the Complicated energy spectrum in 12C
component partially overlaps with other states... at high excitation energies!




Expected decay scheme of the 19.5-MeV state in 2C

.......

The aim of the proposed experiment is to
identify the decay of the 19.5-MeV
1p3,, 2 1ds,, resonance in 12C
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Experimental results: '2C population in (p,p’) at 135 MeV reaction

Q Excitation Energy from proton measurement (150 mg/cm? target)
U0 No gamma ray detection required (,,proton singles”)
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Experimental results: proton-gamma coincidence measurement

O One weekend only
U Coincidences with 4 big LaBr only
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Experimental results: proton-gamma coincidence measurement
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Experimental results: proton-gamma coincidence measurement
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Light charged particles measurements: 4 DSSD detectors

LaBr3

PROTON BEAM | 2XDSS'D [

PARIS

TARGET

LaBr3

V

v

LaBr3

SETUP

oz
2xDss:D | dt -LLY‘
-

PARIS

% KRATTA
R AM
s DUMP

\ KRATTA

LaBr3

1) Scattered protons measurement: KRATTA telescope array

2) y-ray detection:

« four LaBr; detectors (3.5”x8”)

* two clusters of the PARIS scintillator array
3) Measurement of light charged particles produced in the
reaction: four thick position-sensitive Si detectors

‘NARODOWE
CENTRUM
ANNAUKI

Project no. 2020/39/D/ST2/03443
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PARTICLE IDENTIFICATION MATRICES
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Summary

v The first information on the decay branching of the 21.47-MeV
stretched state in 3C nucleus was obtained from proton-gamma
coincidence measurements.

This newly developed theoretical
approach will be crucial in

predicting structures in the
continuum in other nuclei in this

v Successful comparison with experiment in terms of state energy, width .
key region of nuclear chart.

and decay branchings proves the high quality and precision of the GSM
wave-function calculations.

v' Qualitative information on branching ratios from the 16.9-MeV stretched state in “N was obtained

v Information on the branching ratios from the 17.8-, 19.0-, and 19.8-MeV stretched states in 0 was obtained.

The preliminary results of the 2C experiment provided information on
the proton-decay branch of the 19.5-MeV stretched resonance

... analysis will be continued!

Thank you for your attention!



Stretched states in the continuum - Gamow Shell Model calculations
Calculations by Y. Jaganathen (IFJ PAN) and M. Ptoszajczak (GANIL)

CANDIDATES FOR THE 21.5-MeV M4 RESONANCE IN '3C:

Mostly decays to the 1+ states of State T E I %eM4(n)  %M4(p)
12B and 2C T
T/27 1.36 20.9(5) 400(300) 32% 19%
022 25001506 o s
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Does not decay to the 1* state at —0s—00 00— o
15.11 MeV in '2C or to the negative PROTONS 3 NEUTRONS Ao

parity states in 2B
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Previous studies of M4 resonances in 13C

The aim of the present investigations is to
identify the decay of the 21.5-MeV

INELASTIC ELECTRON SCATTERING 13C(e,e’) INELASTIC PION SCATTE 1p3,, =2 1ds,, resonance in 13C
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