Studies of proton-unbound nuclel
by tracking products of their decays in-flight

FAIR == ‘L% Lvan Mukha

@ Predictions of proton radioactivity
@ Mechanisms of multi-nucleon emission
@ Experimental tracking technique and detectors
@ Observation of new isotopes 3°Ar, 2°Cl, 3°Cl and
of a transition between direct and sequential two-proton decay
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Where Is proton or neutron radioactivity ?

Pushing to limits of nuclear existence
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Energy conditions of a genuine 2p decay
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Sequential proton emission True three-body decay



Landscape of Two-Proton Radioactivity
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Half-life vs. decay energy of
2p-radioactivity precursors

Short-lived nuclei:

6Be, 120, 16Ne, elcC

In-flight decay candidates:

19Mg,265,30 Ar,34Ca,58Ge,625e,66Kr

Experiments with stopped ions:

L.V. Grigorenko, I. Mukha, M.V. Zhukov,
Proc. PROCON’03 (AIP 681, NY 2003) 126.
B.A. Brown and F.C. Barker, ibid., p. 118.
L.V. Grigorenko and M.V. Zhukov, PRC 68 (2003)
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Detection techniques

Implantation-decay measurements of
radioactivity. The precursor’s half-life T, ,
> 100 ns

Decay in-flight by tracking method.
The precursor’s 100ns > T, ,, > 1 ps
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Two-proton radioactivity of Mg measured in-flight
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The micro-strip detectors used for tracking

Analog ?galgﬁ Digital Digital ‘333335 Analog
outputs  supply  interface interface Supply  outpuls

L] Front-end electronics:
VA64 _hdr9 chips from IDE AS. |
Serial read-out, digitalization, a
pedestal and common-noise
subtraction made by the
SIDIREM electronics modules.

r"wr‘ e e e

F=)._ \-\\
= F
i,
= bonds , !!"
" ee—
B
Pk
1
] .

Elements resolved by the AMS02 tracker, the GSI data 2003

feet

e D.ata
-22104 I B P jFlt
§ q w T Bke B.Alpat et al.,,
@
5 10° ‘ - | NIM 540 (2005)
] .
'E f ' I { Y ¥ U Y YL
2102} J‘“ Y €3 ' Dimensions 70x40 mm?,
Lﬂf : 3\ 0.1 mm strip pitch,
o S S T T in total 1000 channels
Measured Z by K-side




Vertex distributions of 1°Mg 2p-decays
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How to Identify a reaction channel ? o
Momentum and angular correlations of fragments are similar !
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Two-proton radioactivity of °Mg measured by tracking
trajectories of all fragments in-flight
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The levels of Mg and 2p-decay mechanisms

E (MeV)
S = N W A LU o

(a) 3
17 18 19
. Ne Na Mg ,
- (3/27)5.5(2) 3
e lp// 5\ 3 §
2 > 2
i s B2 362) |2 5
L7 (5/2) 2.9(2) )
- oy K
372,084 a7
/ ',‘ —
- - 227 (327) 2.12 1
ip A2 Lasmpla s 00 210
- » 2315 i
fogoimimimmm T T 2p 127 0.75(5)
0.0

[.Mukha et al.,, PRC 85 (2012)



Three-body correlations in 2p decay of Mg
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Tracking two-proton decays at FRS

Layout of detection sections
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Close-up view
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Life-time of 3°Ar derived by vertex distribution of 8S+p+p
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Preliminary results
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Angular correlations of fragments from Mg and 3°Ar decays
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Experimental odd-even staggering energies
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The levels in 3°Ar and 2°C|
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Half-life value of 3°Ar g.s.
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Interplay between true 2p and sequential proton decay mechanisms
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The higher levels in 3°Ar and 2°Cl
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New results on 31Ar and 3°C|
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Experiment summary
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physics information obtained from

limited data
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New isotopes 2°Cl, 3°Cl, 3°Ar discovered

|

{ First spectroscopy of 3!Ar, 30Ar, 22Cl, 30CI }

Intermediate two-proton emission mechanism

for 30Ar g.s. identified with the lifetime
predicted to be in fs range

|

Thomas-Ehrman shift and level ordering in
29Cl (1/2%,3/2%) vs. Mg (3/2%,1/2%)
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Project EXPERT in the Super-FRS Collaboration of FAIR:
(EXotic Particle Emission and Radioactivity by Tracking)
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Pilot experiment

The EXPERT layout - FRS 5388 at GSI, 2012
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Si trackers by DAMPE (Dark Matter Particle Explorer)

* Dark matter search apparatus

* Planned to be launched in 2015 — 2016 within the Chineese Strategic
Priority Research Program in Space Science

* Different Si detectors but similar electronics as last generation of our
detectors

* Synergy with astrophysics progects — AMS and DAMPE ”

Courtesy of O.Kiselev



Test setup with DAMPE at SPS CERN

March 16 — April 1 2015

Detectors installed:

Beam trigger scintillators

Up to 6 our DSSDs

Two AMS ladders with DSSDs
Full DAMPE detector

e 40Ar primary beam @ 30, 40 and 75 GeV/u
* [ntensity: 5—1000 pps

e ,Proton“and ,Secondary-ion“ runs
Courtesy of O. Kiselev



Test setup at SPS

4 or 6 detectors (X, Y) form a beam telescope
* Tracking through 3 (5) detectors allows testing one detector
* Full energy measurement by DAMPE provides AE — E correlation

Courtesy of O.Kiselev



Summary

® One-, two- and four- proton decays limit the nuclear landscape beyond
the drip-lines in nuclear landscape.

e Life-times of 2N, 4N precursors are much longer in comparison with 1N
precursors, thus prospects to observe 2N or 4N radioactivity are

more hopeful.

® Invariant-mass, decay-in-flight and implantation ==
techniques allow studies of all predicted i
radioactivity precursors ;

46

® Decay-in-flight method by tracking
technique is best at the lowest
decay energies
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Decay energy of Mg measured by ’"Ne+p+p
correlations

Bp _17Ne (mrad)

Direct 2p decay of the ground state

with Q, =0.76(5) MeV



Comparison of the data with the theoretical predictions:
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Life-time of 30Ar derived by vertex distribution of 8S+p+p
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