Experimental Results on QFS in

inverse kinematics

Stefanos Paschalis

Technical University of Darmstadt

R3B collaboration

Leyla Atar, Matthias Holl, Alina Movsesyan, Valerii Panin : Thanks for the slides!

TECHNISCHE H" :
UNIVERSITAT FAIR
DARMSTADT for

% Bundesministerium
fiir Bildung

und Forschung E 5 ][

Helmholtz International Center

R’B

March 2nd — 13th 2015, INT Workshop, Seattle, “Reactions and Structure of Exotic Nuclei”



A TECHNISCHE
UNIVERSITAT
DARMSTADT

Motivation

QFS 1n inverse kinematics as a tool to:
» perform spectroscopic studies of exotic nuclei
» populate systems beyond the neutron/proton driplines
» Study clustering in nuclei

» probe correlations (short range)
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Interaction Radius (fm)

Knockout reactions: a tool to probe nuclei far
from stability
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Knockout reactions on light nuclear
targets have helped to map significant
changes in the shell structure far from
stability e.g. weakening of shell gaps, island

of inversion, halo nuclei...
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Knockout reactions: a spectroscopic tool to
study shell evolution far from stability
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Knockout reactions on light nuclear
targets have helped to map significant
changes in the shell structure far from
stability e.g. weakening of shell gaps, island

of inversion, halo nuclei...

Spectrometer = momentum distributions
and Mass ID
y-ray detector—> select final state

Momentum distributions = orb. ang. mom.
Partial cross sections —> spectr. factors
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Knockout reactions: a spectroscopic tool to
study shell evolution far from stability
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Knockout reactions on light nuclear
targets have helped to map significant
changes in the shell structure far from
stability e.g. weakening of shell gaps, island

of inversion, halo nuclei...

Quenching of spectroscopic factors
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Complementary spectroscopic tools

Knockout reactions on light nuclear targets

Projectile

. ka

Strong absorption = surface localized
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Complementary spectroscopic tools

Knockout reactions on light nuclear targets

Projectile

Strong absorption = surface localized

QFS reactions (p, 2p), (p, pn), (p, pa) etc.

few hundred MeV/nucleon on a proton target in inverse kinematics
to minimize rescattering of

outgoing nucleons

Weaker absorption = probing inner shells
» Evolution of shell structure

* Nucleon-Nucleon correlations

(short-range, tensor, ...)

 Cluster structure

Projectile Free target
proton

» States beyond the neutron dripline
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Quasi-free scattering

QFS reactions

Spectrometer = momentum distributions

. ........ e Mass D
P y-ray detector = select final state
Projectile Free target . .
proton Target recoil detector - detect scattered
nucleons
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Quasi-free scattering

QFS reactions

Spectrometer = momentum distributions

. ........ e Mass D
P y-ray detector = select final state
Projectile Free target . .
proton Target recoil detector - detect scattered
nucleons

Scattered nucleons = complete and redundant kinematical measurement
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Quasi-free scattering

QFS reactions

Spectrometer = momentum distributions
and Mass ID

y-ray detector = select final state

Projectile Free target
proton

Target recoil detector - detect scattered

nucleons

Scattered nucleons = complete and redundant kinematical measurement

p,2p 1n normal kinematics
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Quasi-free scattering

QFS reactions

Spectrometer = momentum distributions
and Mass ID

y-ray detector = select final state

Projectile Free target
proton

Target recoil detector - detect scattered
nucleons

Scattered nucleons = complete and redundant kinematical measurement
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%% ++ 3 By 10 (p,2p) in
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Quasi-free scattering

QFS reactions

Spectrometer = momentum distributions
and Mass ID

y-ray detector = select final state

Projectile Free target

proton ® Target recoil detector - detect scattered

nucleons

Scattered nucleons = complete and redundant kinematical measurement

independent an Da sh)
parrrc/e' picture
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QFS calculations by C. A. Bertulani

T. Aumann, C. A. Bertulani, J. Ryckebusch
PRC 88, 064610 (2013)

Removal probability:
proton target compared to C target
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Experimental setup for QFS

hundreds of MeV/nucleon incoming beam

evaporated
dlpole magnet neutrons

light particles
gamma rays

fragments

evaporated
protons
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SAMURAI: Kinematically complete
measurements by detecting multiple particles
» Superconducting Magnet
3T with 2m dia. pole
pole(2m dia.) (designed resolution 1/700)
superconducting A0cm gap (Vertical)
coil 1 » Heavy Ion Detectors
» Proton Detectors
A phamber » Neutron Detectors
Neutro » Large Vacuum Chamber
» Rotational Stage
rotate
< Slide from:
= # Invariant Mass Measurement TadaAki Isobe
Proton® ’%  Heavv Ion Missing Mass Measurement
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A very schematic layout discussed in the breakout session,
evolved from an earlier preliminary design and considerations
of various existing/planned other systems
_ Large-acceptance
tracking  “Bending” Dipole Fast Neutron
QQQ Detection
Target+
~7 T Auxiliary
m Detectors Charged-fragment
Detection
The HRS will be a medium-resolution, large acceptance
spectrometer, with ample opportunity to install auxiliary Slide from:
detection systems for n, y and charged-particle detection Focal-plane ' M. Thoennessen
to perform detailed (invariant-mass) spectroscopy. Detector Suite
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Experimental setup — R’B @ GSI/FAIR

R3B Start version 2017

RIB from
Super-FRS\N

|

NeuLAND

. V

R3B-Si-TRACKER

Heavy
fragments

Protons

@2 R3B-GLAD

CALIFA
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Target recoil detection setup

Projectile Free target
proton

2007 - 2010
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w Csl crystal I’)./
| Z

- plastic scintil.

_____
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Target recoil detection setup

—4 2005

Csl crystal I’)./

Projectile Free target
proton

2007 - 2010

These setups provided good
coverage but not good total
energy measurement
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Target recoil detection setup

2005

Csl crystal

Projectile Free target
proton

2007 - 2010

~. Future setup
CALIFA

High energy lons
From this direction

‘ = = Liquid Hydrogen Target
=l Gold Foil surround (Not Shown)

3 Layers of Silicon

Si Tracker
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Rich physics cases in available (p,2p and p,pn) 4 rechniscre
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QFS data sets obtained with R3B @ GSI ') DARMSTADT
. IZC
« I2C isotope: benchmark case
@ lpl/zl
p
* Cisotopic chain : Z=6;N=3-14 1S, 5 372
160

* O isotopic chain : Z=8; N=8—-15

* Niisotopic chain : Z=28; N =28 -30,39-44 Is)
57Ni
C40) 181,
2py,
1f
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Rich physics cases in available (p,2p and p,pn)

. . J@/~) UNIVERSITAT
QFS data sets obtained with R’B @ GSI L BN
. 2C
12C isotope: benchmark case |
C isotopic chain : Pia
. . @ 1p3/2
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» accessible to ab-initio theories
160
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lg
N E—
i isotopic chain : T
» How magic is %Ni? — N=40 sub-shell closure - 2p53//22
> Close to the “New” island of inversion (®Cr, ®Fe) 0000000s—o00000ee |
> Shell evolution towards 7Ni :
Py o0 lpl/z
T e
i i Isy)
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2C(p,2p): QFS in inverse Kinematics:
a Benchmark experiment

Strong angular correlations of the two protons
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Analysis by V. Panin
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2C(p,2p): QFS in inverse Kinematics:
a Benchmark experiment
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Strong angular correlations of the two protons
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Analysis by V. Panin
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2C(p,2p): QFS in inverse Kinematics:
a Benchmark experiment

Kinematics are particularly important!
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Ana]ysis by V. Panin by C.A. Bertulani
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2C(p,2p): QFS in inverse Kinematics:
a Benchmark experiment
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Kinematics are particularly important!

100
® 0
................ p/n = 8 &
) 7 =
o, ()
Beam — 6 oh
................................. > ~__ — — — — _> o k :
......................... =) 5 <
......... ‘ f B0
& 4 .S
..... b=
...... 5
............ < 38
Projectile Free target . e 1
proton ARt
P : .
= 0.6f
L0 § ]
% 0.6 § 0.5F
20.5 " o4k
Q o4t
204 S L
g Eo03
0.3 ~
o, 2.2
02 =
S < &
0 © 0.1 RD
= 0.1 S %
050100150 200 350 300 350 400 450 500

557651507500 356300 350 300 330-200
} P, [MeV/c] P [MeV/c]
reaction theory

by C.A. Bertulani

Analysis by V. Panin

March 4th 2015 | Stefanos Paschalis | 27



12 11
C(p,2p) 'B &7, TECHNISCHE
e N |VERSITAT
Spectroscopy of Op-hole residual states in 1B from 12C(p, 2p)11B reaction DARMSTADT

via Doppler-corrected «y-spectrum in coincidence with outgoing (bound) 1B

1
09 ................................................................................................................................................................ 4
— 2.125 MeV 1 0.8F g T o )
— 5.02MeV | m 07 [ This work
- - - Background AT B BN (p2p) @ 100 MeV
. ] 2 05F PO —] (d,sHe)
— Total fit s I Cohen-Kurath
ﬁ 04 .................................................................. 4
~
l- ________ > “L‘"‘.'.
0123456789
E, [MeV]

Valerii Panin Exclusive measurements of (p, 2p) and (p, pn)




TECHNISCHE
UNIVERSITAT
DARMSTADT

T T T

L % 1/20
12} s00¢ — 2.125MeV |
[ Op'hOleg B +q soobfit ]| — s02Mev | ]
1- ~ ,g q - - - Background
— [ A 2 30017 [b — Total fit
.o (=}
Z Ug +4- Total 3
< o 200
S T Yosoi et al
S - 100
= 0.6 ~ 0 T234567809
“\é [ ] o E, [MeV]
o I E ," "\
0'4- 5 .' '~'~. ]
' R e 0Os-hole ™,
0.2 S sk 44 -
§ BTN s
ol PR A et
0 5 10 15 20 25 3 35 40 45
Excitation energy of "'B [MeV]
Analysis by V. Panin

scat. nucleons D

evap. neutrons

evap. protons

fragments

March 4t 2015 | Stefanos Paschalis | 29



11 10 TECHNISCHE
UNIVERSITAT
C(p92p) B DARMSTADT
T T T T T T T N T 1p1/2
ﬂ 15 4 - Ip;, 1C
S % t 18 Hi# Is)
O £ ) iy :
g | b . g ,. +
s 0.5 ﬁ} + ++] _8“_ 05 |- +J+ Lm -
s it 3 ot a
of e opgeent e
0 100 200 300 0 500 -400 -200 200
p: [MeV/c] p- [MeV/c]
reaction theory
by C.A. Bertulani
Analysis by M. Holl

March 4t 2015 | Stefanos Paschalis | 30



Momentum distributions for AO(p,2p)*-!N and (p,pn)*10
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Analysis by L. Atar, reaction theory by C. A. Bertulani
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Momentum distributions for AO(p,2p)*-!N and (p,pn)*10
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Gamma-ray spectra for *O(p,2p)*-!N and (p,pn)*-10
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Inclusive (p,2p) and (p,pn) Ni
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Analysis by A. Movsesyan
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Inclusive (p,2p) and (p,pn) Ni
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Quenching of spectroscopic factors

from inclusive p,2p
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Output of Kinematical code
for the 12C(p,pn) case (i.e. no absorption)
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Nuclei beyond the drip line @ R’B

“First observation of °Ne ground and excited states”
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Short-Range Correlations (SRC)
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Gade, PRL 93, 042501 (2004)

. . R 1ep Tee, PRC73, 044608 (2006) |
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SRC arises from the repulsive core of the NN interaction
» Responsible for the high momentum component of the

nuclear wavefunction

k (fm-1)
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Probes

Most of our knowledge about SRC has been obtained from electron scattering

experiments on a fixed target at large momentum transfer, performed e.g. at JLab.

-, , s Some References:
i > K. S. Egivan et al., Phys. Rev. C 68 (2003) 014313.
' K. S. Egivan et al, Phys. Rev. Lett. 96 (2006) 082501.
R. Subedi et al., Science 320 (2008) 1476.
R. Shneor et al., Phys. Rev. Lett. 99 (2007) 072501.

d ' M. M. Sargsian et al., Phys. Rev. C 71 (2005) 044615.
“ q ol SRl R. Schiavilla et al., Phys. Rev. Lett. 98 (2007) 132501.

\ proton or neutron

Radioactive beams = require electron-ion scattering in a storage ring (e.g. ELISe
project at FAIR).

Instead, use hadronic probes (proton target) = study SRC in exotic nuclei.
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Probes e
Py
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pSI'C
Po
» (O
Pcm

'psrc

* SRCin inverse kinematics with a hydrogen target = access exotic nuclei.

e part of the QFS reactions for large momentum tranfser
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Summary

* Quasi-free scattering
» QFS is successfully applied in inverse kinematics

» Rich data sets covering a wide range of nuclei are under analysis

» Rich future physics program: shell structure, cluster structure, unbound nuclei, N-N

correlations ....

* R3B Setup @ GSI/FAIR ideal for such investigations

* reaction theory by C. Bertulani provides a good understanding of the data
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Thank you for your attention!
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