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Decays at the limit of stabllity
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Mass parabola
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3-decay and delayed particle emission

» When the decay energy is large, many exotic decay channels open
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Beyond the proton drip-line

Competition between two decay modes

I\
V(r) . .
» The B* decay » The emission of particles

Probability of transition:

A~-Q° .
4

Decay energy may be large, o

There is a potential barrier which hampers

but the weak interaction emission of an unbound proton (a, 2p, *4C,..)
Is really weak PPN

> T, >1ms

A~ EXp{_%q‘r:m\/zu V()-Q, ]mr}

-> To find where the drip-line actually is and to predict which decay will happen,
precise estimates of atomic masses are required!




Predicting masses

» Global mass models are not precise enough to determine the decay mode.
However, there is a trick based on the Isobaric Multiplet Mass Equation (IMME):

BE(AT,T,)=a(AT)+b(AT)T,+c(AT)T? T,=(N-2)/2

BE(T,=-T)=BE(T,=T)-2bT

z

» To get the mass (binding energy) of the
neutron-deficient nuclide, we need the
measured mass of its neutron-rich
analogue and the value of the

coefficient b from the theory
(shell-model, systematics...)

20




2p candidates

Predicted 1p and 2p separation energies Pattern predicted by Goldansky
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Production and
|dentification of exotic 1ons
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Production methods

» To produce short-lived radioactive nuclei at the proton drip-line
two nuclear reactions are useful

e fusion-evaporation e fragmentation
reactions between heavy-ions of relativistic heavy-ions
GSI, Argonne, Oak Ridge, Jyvaskyla,... GSI, NSCL, GANIL, RIKEN,...
recoil separators fragment separators
J
7 C— —
-0~ ‘ o~ -
= ® e
Low energy: ~ Coulomb barrier High energy: ~ above Fermi energy
® large beam intensity ® |ower beam intensity
® thin target ® thick target
identification by decays identification in-flight

single ion sensitivity



Fragmentation milestones
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48N benchmark

Experiment in March 2011, A1900 fragment separator at NSCL/MSU
58Ni @ 160 A-MeV + naNj =>» 48N

104

10 events of 48Ni Production cross section:
in 10 days # 0 = 100(30) fb !

102

10

M. Pomorski et al., PRC 83 (11) 061303(R)



Sensitivity

Velocity Filter SHIP

&
-

a
G S| Helmholtzzentrum fiir Schwerionenforschung

@ Hunt for element 120 at SHIP

fusion °4Cr + 248Cm =» 302120*

Cross section: =90 fb
Beam intensity: 750 pnA
Running time (1 event): =100 days
Total dose: = 4-10" part.
Target thickness: 0.5 mg/cm?

RT-ECR K500
[
ion sources SEEET T

SC-ECR

coupling -

o production
stripping target

.:hn m b B
foil ‘ "

degrader

® Production of #Ni at NSCL

fragmentation 58Ni + "@Nj - 48Nj

=100 fb
20 pnA 38 times weaker
=1 day 100 times shorter
= 1-10% part. 4000 times smaller
580 mg/cm?




Observation of rare
decay channels




First evidence of 2p emission

Beam Target Separator Si detector
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58Nj » | ;P and time
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PFe @ GSI 45
¢ « Decay energy, Q= 1.1MeV ‘ Fe @ GANIL
 Half-life, T;,=3 ms
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Other 2p candidates

“Zn @ GANIL |— wNi @ GANIL | J2RUeEReventcanaidse]
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GANIL: fragmentation of >®Ni beam @ 75 MeV/u GANIL: fragmentation of °8Ni beam @ 75 MeV/u
8 %4Zn ions implanted in a Si strip detector 4 “8Ni ions implanted in a Si strip detector
B. Blank et al., PRL 94 (05) 232501 C. Dossat et al., PRC 72 (05) 054315

» Interpretation is made by comparing measured decay energy and half-life with models.
There is no direct proof for the emission of two protons!




Search for 3-delayed 3p

PHYSICAL REVIEW C VOLUME 45, NUMBER 1 JANUARY 1992

Decay modes of ' Ar and first observation of S-delayed three-proton radioactivity

D. Bazin,* R. Del Moral, J. P. Dufour, A. Fleury, F. Hubert, and M. S. Pravikoff
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TPC principle

A ,classical” Time Projection Chamber (TPC) constructed at CEN Bordeaux.

It has fully electronic readout.The position on the X-y plane is detected by two
ortogonal sets of 768 strips readout by ASIC-type electronics.
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A decay event of ®Fe

Very expensive and difficult to handle. Problems with information on z coordinate
J. Giovinazzo et al., PRL 99 (2007) 102501



Photography in subatomic physics
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a tracks In helium

Alpha particle strikes helium nucleus and Alpha particle enters nitrogen which ejects
they part at right angles (Blackett) proton and becomes oxygen (Blackett)
1923 1925

> To observe the nuclear reaction a+™N - YO+ p
P. Blackett has taken 23 000 photographs and found 8 events.



New idea — TPC with optical readout

OTPC — Optical Time Projection Chamber

: . gas at atmospheric pressure
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ion ’—
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Vi U1 cm/ps

ionization g
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R S——— charge ampii
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light
—
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CCD PMT

K. Miernik et al., NIM A581 (07) 194






Principle of operation

CCD image PMT signal sampled

tracks of the ion and emitted particle(s) time sequence of events

_ HI implantation

decay time

armnplitude [%]

or only emitted particle(s)




Images of 2p from *Fe

NSCL/MSU, February 2007




Discovery of 3-delayed 3p

B3p |
0.4 . g
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45 45 * +
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42
119% Ly ST, +3P

125 45Fe events
38 (3 decays
4 B3p

43 43\ 7 * +
24cr19 - 23V20+ e + Ve

0.08% b “Ca,,+ 3

=40 000 43Cr events
12 B3p

L

M. Pomorski et al., PRC 83 (11) 014306(R)




2p radioactivity of 48N

NSCL/MSU, March 2011
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Other decays of “8Ni
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Confrontation
with models




2p decay: energy vs. time
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p angular correlation
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3-body model in Jacobi coordinates

"T" system Transition from CM to Jacobi ,T” system is easy

—

|21, k, - protons’ momenta in CM

E, = (K -K,[ /am,

g, is the angle between vectors:

(K -K,) and [k +k,)

“SFe

p/f configurations
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L.V. Grigorenko and M.V. Zhukov, PRC 68 (03) 054005



p-p correlations in *°Fe

4.5610™"
Mev 1.0

20

10}

45Fe

"T" system

—— Three-body

Quantum wf propagated
to 1000 fm, further a
classical trajectory

up to 50 000 fm

0.5 1.0

» 2p radioactivity offers more observables
than 1p emission (correlations!)
-> Better test of nuclear models

>» 3-body model consistently reproduces
all observables for certain composition
of an initial wave function

K. Miernik et al., EPJA 42 (09) 431
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p-p correlations in 48Ni
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Very fast decays




Light 2p emitters

» 2p emission is not an isolated process!

48N

» In lighter nuclei the Coulomb barrier 45Ea
is smaller and the 2p emission
proceeds much faster

34Ca

» Below ®Mg we can not 30Ar
speak of 2p radioactivity
there is 2p decay
of resonances

269

5Be




A short-lived case of Mg

» The tracking technique for very short-lived 2p decays was pioneered at GSI

Production with a radioactive beam Ty, =4.0(15) ps

24Mg @ 600 MeV/u + Be = Mg

-

20Mg + Be = Mg

dj/ded(cosd)
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. Mukha et al., PRL. 99 (2007) 182501
. Mukha et al., PR C 77 (2008) 061303(R)
. Mukha et al., EPJA 42 (2009) 421
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Outlook
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Heavier 2p emitters

» Search for >°Ge planned in RIKEN and NSCL

54Zn
48|j |...

e T | | | Iy,
-llll N

18 20 22 24 26 28 30 32 34 36 38 40 42

I'P-process path, B.A. Brown et al., PRC 65 (02) 048802
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Search for 3%Ar

GSI/FRS Experimental Proposal S388
"Search for two-proton decay &fAr in flight by the tracking technique”

By I. Mukha
TA  Si S2 S3 s4
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FOITEENE TMEeE S » Many 3Ar ions at the end of FRS
” An idea: stop them in the OTPC
3BAT 31AT Ar a1
N —— search for B3p channel of 3tAr
Could Bazin be right?




Three lifetime regimes
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Summary

The idea of optical recording of charged particles’ tracks proved to be
very successful.

This idea implemented in the OTPC brought new results

> p-p correlations in the decay of “°Fe
» first observation of £3p emission in “°*Fe and #3Cr

» first observation of 2p decay of “8Ni

The direct ground-state 2p emission established for
6Be, 15Ne, 1°Mg, “°Fe, 48Ni, and >*Zn

The p-p correlations obtained for 6Be, 1°Mg, “°Fe are in good agreement
with the 3-body model of Grigorenko and Zhukov

The 3-body model is presently the only one predicting the correlations,
however, it has to be refined to describe the initial state in a realistic way

The field is progressing, search for other cases of 2p emission continues...



ank you for attention!




