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Discovery of the Neutron Skin
in Na Isotopes at GSI

VOLUME 75, NUMBER 18 PHYSICAL REVIEW LETTERS 30 OCTOBER 1995

Neutron Skin of Na Isotopes Studied via Their Interaction Cross Sections
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Different parities admixture in "Li
Experiment with FRS — ALADIN — LAND in 1995
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Nuclear structure reflected in 2p decay of ®Be — mirror of ®*He
Reference case: °Be(0+)— a+p+p
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The observed decay modes reflect the 6Be structure, 0 B2 Gh E A
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I.J. Thompson, B.V.Danilin, V.D.Efros, J.S5.Vaagen, J.M.Bang, M.V.Zhukov,
Phys. Rev. C 61, 024318 (2000) O. Bochkarev et a/., Nucl.Phys. A505 (1989) 215



Nucleon-nucleon correlations in mirror *'Li and 'O states
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Theoretical aspects of two-proton emission by exotic nuclei

HH: Hyperspherical harmonics

Faddeev

CI: Configuration interaction (shell model)
DFT: Density functional theory

SMEC: Shell model embedded with continuum
e GSM: Gamow shell model

GCC: Gamow coupled channel
TD: Time dependent approach

From recent review by M. Pfitzner, I. Mukha, S.Wang,
Prog. Part. Nucl. Phys. 132 (2023) 10450



The measured and predicted 2p emitters
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Phenomenon of true two-proton emission

Direct (true) two-proton emission

* expected for even-Z nuclei beyond
the proton drip-line

V.I. Goldansky, Nucl. Phys. 19, 482 (1960)

* source of valuable information
beyond the proton dripline on

- masses
- huclear structure

- nuclear forces

Methods of study:

* implantation and
decay

* invariant mass

* in-flight decay

Simultaneous (true) 2p decay

s (N,Z-1)

Q,<0 -

(N,Z-2)

Sequential 2p decay
Q,,>Q,>0
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QP
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Major 2p
decay

mechanisms:
1) True 2p,

2) Democratic 2p
3) Sequential 2p

T.A. Golubkova et al.,
Phys. Lett. B 762 (2016) 263
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Major 2p decay
mechanisms:

1) True 2p,

2) Democratic 2p

3) Sequential 2p

Evolution of

decay mechanisms:
1) g.s. in isotope chains
2) exited states with Er

T.A. Golubkova et al.,
Phys. Lett. B 762 (2016) 263
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Studies of in-flight 2p decays by tracking decay products
FRS

in separator-spectrometer mode
TA F4

F1 F3

36
Ar

885 MeV/u
10” ions/s Primary
target Wedge

degrader

High-resolution
momentum measurement

+ ion identification
Secondary target area

31Ar*_> ZQS + p + p v

Ar->2S+p+p 31 p % 20 31
31K_>285+p+p+p Ar7 Ar7 K

decay vertex
A AT
31 ’
Ar _ o P E— | 4 1o s v —

620 MeV/u |

50 ions/s =
P
array of -

DSSD

13




The in-flight method does work for radioactive decays: Mg example
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l. Mukha et al., PRL 99, 182501 (2007)

Mg 2p radioactivity discovery

The half-life of Mg from the
vertex distribution - 4.0(15) ps
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Nuclear spectroscopy by in-flight decay

technique
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* Angular correlations are in analogy to scatter
momentum plot

* Due to enhanced peaks at the maximal angles,
one may derive spectroscopic information:
each peak corresponds to decay of a state

pl-

I.Mukha et al., Phys. Rev. C 85, 044325 (2012)
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The angular correlation method does provide
unique results for complicated correlation studies
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Phys. Rev. C 77,
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Two-proton radioactivity studies with tracking technique at FRS
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Recent observations of “*Al and ?°Al (talk of X.-D. Xu tomorrow)

Proton dripline in aluminium isotopes and Borromean feature of 22Si have been established

u(r) % Continuum dynamics . (1) (i)
O N . 2 401 T | D. Kostyleva, X.-D. Xu et al.,
Simits of nuclear > | Phys. Rev. C 110, L031301
w *é 30 (2024)
Resonances 5
£ 20

—
S

* Stationary states 1
y Discrete spectrum 0 ==t S5, N X : :
20 40 60 80 100 120 140
0(**Mg-p) (mrad)

Mirror Symmetry 2°Al — ?°N Breaking is Disclosed in the Decay of Three-Proton Emitter 2°Al

4r GCC EXP GSM
300G s ) -
E— 41 3832
- /
3 29.06522)p P g ) 3.29,2
3l 2.92,3
s | 2uem = - F—_ X.-D. Xu, I. Mukha et al.,
I s g o — Phys. Rev. Lett., 135, 022502
& = 2t —) = (2025)
=
Ir 076,127 1L
20A1
0 19 0 O




Levels of 4p-emitter ¥Mg have been confirmed
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M , Super-FRS Experiment Collaboration .FRSEC

< Unique experimental researches with using separator-spectrometer
capabilities of FRS at GSI and Super-FRS at FAIR.

- high momentum resolution dP/P ~ O(10-4)
- highly-flexible ion-optical configurations for various experiments

FRS at GSI Super-FRS at FAIR
beam from SIS-18 l 1 AN S EE
""“* 1L8 " .;:;:‘:ﬂj;a ‘
production —
1ElrgEt : 20m : «_‘{T? - 50m
”“{heam from SIS-100
Scientific topics :
- Searches for new isotopes - Baryon resonances in nuclei
- Atomic collisions - Nuclear radii and momentum distribution
- Mesic atoms and nuclei - In-flight decays by particle emission
- Hypernucleus - Low-q experiments with an active target
- Tensor force - Synthesis of new isotopes and

nuclear reaction studies with RIB



Prospects of studies of unbound light isotopes
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Summary on proton-unbound nuclei

v 1p and 2p emitters are beyond the proton dripline by 1-2 atomic mass units
V 2p emitters exhibit three main decay mechanisms and their transition modes

V The most-remote isotopes have been identified as far as 4 amu beyond the
proton drip-line and decay by emission of 3 or 4 protons

V The 3p- and 4p- decay mechanisms are sequential 1p-2p and 2p-2p
emissions, respectively

V More multi-proton decay modes are foreseen by emission of 5p, 6p, ...

V Multi-proton unbound isotopes are predicted to exist within 5-6 amu
beyond the proton drip-line



Backup slides



Three-body mechanism of Thomas-Ehrman shift of 2p emitters
relative their mirror states (with reversed N, 7)

\ [ * Different shell configurations may co-exist in a
= 2n/2p-emitter state.
5 d{,)f,.-g * Each configuration has a respective centrifugal
'g pll,g barrier. Different radial dependence.
S W_‘ * Weight of s-wave configuration is increased due
r larger spacial extension thus shifting the level
energy down because of less Coulomb repulsion.
* Ground states of 2p-emitters are often lower
neutron proton then predictions on basis of isospin symmetry

of their mirror states

L.V. Grigorenko, T'A. Golubkova, M.V. Zhukov, PRC 91 (2015) 024325



Sea of unbound nuclei: "

Isotopes with individual ;
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Proton drip line and two-proton radioactivity
Predicted by nuclear density functional theory,

by E. Olsen, M. Pfutzner, N. Birge, M. Brown, W. Nazarewicz, A.Perhac, Phys. Rev. Lett. 110 (2013 ) , 111 (2013 )
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Reference case °Be(0+) —» oa+p+p measured in complete kinematics
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L.V.Grigorenko et al., Phys. Lett. B 677, 30 (2009)



Evolution of 2p- decay mechanisms with excitation energy

Evolution of correlations with excitation energy in “0  (Jacobi Y plots)

120
case

Ground state 0",
Democratic 2p decay

<— cigar

+
2 1
Diproton emission

and sequential

Prompt diproton
banana

Similar behavior was observed in Ne and °Be

R.J. Charity, Presentation at )8
the PROCON-2019



Evolution of 2p- decay mechanisms with excitation energy

Evolution of correlations with excitation energy in “0  (Jacobi Y plots)

120
2p decay

Ground state 0° !

Democratic 2p decay

<— cigar
+
2 1
Diproton emission
and sequential

Prompt diproton
banana

Similar behavior was observed in Ne and °Be

R.J. Charity, Presentation at
the PROCON-2019

sequential

Mg
2p decay

I. Mukha et al., Phys. Rev.
C 85(2012) 044322




Charge-pickup reactions at high energy

Production of fragments by charge-pickup
reactions at high energy

10 E ' | ¥ | : | : | ’ | ¢ b ¥ l
S i
_ i ’ i
E U= j i ¥ g
= ¢ ]
S ] y
) o o ¥ i
Two processes at high energy: ; g
1. (n,p) charge-exchange via a g o1 ¢ * O aBe 1)
quasielastic collision ; M lgyiziﬁ =
2. Excitation of intermediate A resonance i %V ZphaCy [27]
o ] i W 2P + ), this work ]
n_) AO—)p—I_TC Wlth escaped TC 0 01 1 ] I ] ] ? ] | 1 | ! I+ ! IIS vfor |
and de-excitation by emission of neutron(s) -4 -2 -0 -8 -6 -4 -2 0
] AtrarPoro:
(Z, A)—(Z+1, A-Xn) +n+Xn, rog P I

At energies of 0.8 GeV/u:
Formation of A resonance is confirmed
in charge pick-up reactions below 1 Gev/u A. Kelic et al., PRC 70 (2004) 064608

K. Simmerer, et al., Phys. Rev. C 52 (1995) 1106.

Charge-exchange

30




Evolution of nuclear structure of unbound isotopes. Physics goals.

1. Sketching un-observed isotopes till limits of their existence.
2. To test structural changes in proton unbound nuclei in analogy with their neutron-rich mirrrors

a) Island of inversion (2p-2h intruders in g.s.).
Mirror isotopes *'Ne — *'K have been accessed, other canditates like **Mg — °*Ca accessible.
Observables: masses and separation energies. Thomas-Ehrmann shifts.

Excitation energy spectra.
Shape co-existence: in mirror pair **Mg - *°Ar (indication is obtained, to be confirmed).

b) Neutron/proton halos and new N=16,14 magic numbers. "'Li - "0, *0 - **Si, **Mg - *°S,

3. Isospin symmetry breaking in proton unbound nuclei. Example: g.s. ?A1(0") and *N(2").

4. Tests of fundamental assumptions in the most remote nuclear systems, e.g.,
mean field concept, Pauli principle.

5. Nuclear forces with T>0 in multi-proton systems. Tetra-, penta- hexa- protons etc.

6. Two-neutron radioactivity. To test *°0O two-neutron decays.



Limits of existence of nuclear structure.
First estimates for 1p-, 2p- emitters by using their mirror states

P
#

Beyond the proton dripline:
quasistationary = stationary for
most of purposes

Lifetime as criterium. I >3 MeV
not a single reflection from the
barrier is likely

—1
= . 7 odr N7 2M
N{E) = dr | (kr)|? L= (2/ —) = / dr >
(E) = [ drltir) [5) =] #yem
2 T ¥ g
g 1.0r ’.g' {: ’."\ - 2TC|,S 101 :
e PE N I c1,d t a5
E f:'E,".\., -\ _____ 6Cld 110
] R * Z
= ) B e ,.9
2051 Y \1\ - 100 F
— I' $4 i 26 : - %
g P i A%, i #Ar 7 YAr Al 1107
54 ; ik / S . as “0Oin = ;< —_
= \’i Y ~ [Grigorenko 2015] > - 0
= P 0 2
0.0 J’| _.1°'-"|' ! ! | \% 10'1 ? J [S ] g
0O 2 4 6 8§ 10 12 14 : (s’] Jign ™
E or E, (MeV) =] :
L 2
[S ] d2 [
e 10-2 3 [ ]'
In chlorine and argon isotopic : B {10
chains the reasonably narrow “*Ar, three-body
25 23 1 1 | . 1 L 1 s 1
states can be fOL;rBId down to °Cl 10° 1 = g T
and 2°Ar E; (MeV)

L.V. Grigorenko, ...X.-D. Xu et al., Phys. Rev. C 98, 064309 (2018)



Intensity (counts)

Angular correlations of fragments from "Mg and *’Ar decays

{(a) G* & * @' @* %‘*
- = S 1.0-
Qu_j .
5 )e "Ne-+p+p correlations
; .Hf . JLHH&W
20 40 30 100 120 140
Pg( Ne+p+p) (mrad) | po=1/02(Hl-p1)+02(HI-ps)
& L B i g ). 11 13 15, |
20 - (b) m* * (“S+p+p) (MeV)
s- o) & |
104 * j * 28S+p+p correlations
5
.

60 | 80 | 100
/09( *S+p+p) (mrad)

J
120

140
X.-D. Xu et al., Phys. Rev. C97 034305 (2018)



In-flight decay technique

* Studies of proton-unbound nuclei with ns to ps lifetimes
* Measurement of all decay product trajectories

* Unambiguous identification of heavy decay product is required

Secondary - _
target
20 19
Mg S Mg
Decay -/ 6,
vertex 2
P: —>
Tracking detectors

First experiment: [.Mukha et al., Phys.Rev.Lett. 99,
182501 (2007) 34



How far beyond the dripline does the nuclear structure last?

N
u(r) Continuum dynamics
Resonances | . .
il Limits of nucleat
structure
/ >
0 I
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Resonance is when at least one
reflection on barrier (t >~ 102%5s),
then

[' ~ h/T ~3-5Mev

Where are the limits of existence of unbound nuclear systems?
What is beyond?

L.V. Grigorenko, et al., Phys. Rev. C 98, 9464309 (2018)
M. Pfiitzner, I. Mukha, S. Wang, PPNP 132 (2023) 10450



In-flight decay experiments at FAIR

High-energy of 1.5 GeV/u is essential for charge pickup reactions via

exitation of barion resonances
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