Two-proton radioactivity of “°Fe

Robert Grzywacz
University of Tennessee/ORNL

Simultaneous emission of two protons ZA
from the ground state of nucleus.

Postulated in 1960 by V.l. Goldansky

Nucl. Phys. 19 (1960) p.482
Nucl. Phys. 27 (1961) p.648

Discovered in 2002

M. Pfutnzer et al., EPJ A 14 (2002) 279
J. Giovinazzo et al., PRL 89 (2002) 102501
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Nuclear Landscap§\>o\/v‘ |
Establish which nuclei are 2p radioactive, wmww® .
Candidates: ;EL 50 \ o
19M9,45Fe,48Ni,54Zn. . <l ) m” 2 i known nuclei | e

Measure the correlations between emitted protons.

© E

DIPROTON UNCORRELATED

Do nuclear forces keep two protons together ?
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(Two) Proton emission:
Tunneling through the potential barrier -

A =S*V*P

A\ — decay probability
A~1/T. )

1/2

VIMeV] 47—

v — frequency factor 35 | 2p barrier
P - barrier penetrability 3
S - spectroscopic factor
A
Ep 0.5

- ® $2 .

r[fm]
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HALF-LIFE SENSITIVITY
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Sensitivity from 1 us to 10 ms required
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TWO PROTON DECAY ...

Coulomb barier favors equal energy distribution Ep1 = Ep2

Extremely strong dependance penetrability(2p energy)

Centrifugal barrier favors /=0 “diproton”

Centrifugal barrier suppresses emission of / >0 uncorelated 2p

Uncorrelated decay possible from /=0 (s, ) states

Py,

s, , protons unavailable in *Fe (Z=26) £
7/2

S
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d,,
d
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Emission of two protons from nuclear states

SEQUENTIAL SIMULTANEOUS
uncorrelated vs diproton
- r
T S } ZLN)
(Z,N) P\ | ) I,
A p , Qp = rl + r2
\ i
K 2p
(Z-2,N)
(Z'I’N)
(Z-2,N)
sequential decay from excited states 2p radioactivity
r~0.1keV, T ~10"s r~10°-10"ev ,T ~107-10"s
22Mg*, 26Si* — Cable et al., 1983 . )
35K* — Aysto et al., 1985 Predicted candidates :
31CI* — Borge et al., 1990 19 45 48Nl 54
140* — Bain et al., 1996 Mg’ Fe, ®Ni, *Zn

simultaneous (?) 2p decay from excited state

®Ne* — Gomez del Campo et al., 2000 Uncorrelated

r~50keV, T /2~10'2° S sBe — Bochkarev et al., 1989
120 — Kryger et al., 1994
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*Fe from *°Ni fragmentation

A
7 Remove 2 protons and 11 neutrons

from the *°Ni projectile

>
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45Fe identification

lons, which triggered acquisition system:
2115 events in 8117 min. (5.6 d)
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i ‘45Fe 6 ions! . ]
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“Fe is very difficult to create !
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Silicon detectors
measures the

Huge pulse energy of the stoppped ion
and subsequent decay
1000 MeV o or 20
L1MeV >

IMPLANTATION DECAY
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Experimental results: :

1r / — 6 events

1=

1000 1200 |

6 correlated decay events of “*Fe
E(exp) = 1.1 (1) MeV

Counts/20 keV
™~

+ 664 events triggered
T1/2 3 2 1 O mS g r ||| by other ions
n O COi n Ci d e nt g a m m a rayS ! ! ! ! % 10Ioo zoloo 3000 40|00 5oloo eoloo

Energy [keV]

_ _ M. Pflitzner. et al., EPJA 14, 279 (2002)
Eand T  consistent with 2p decay

Ny 9 t<15 ms
o GANIL
results from experiment at GANIL (FRANCE) %2 | O )
Y
52— b) t>15ms
E(exp) = 1.14 (4) MeV *1| | |
T1 /2_ 4 7+1 4 m S 00 1000 20‘00 j}f{g)rogy (15901000 5000 60‘00

J. Giovinazzo et al. Phys. Rev. Lett. 89 (2002) 102501
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2p decay of ¥Fe — summary of results

GSI: Fragmentation of 5Ni beam @ 650 MeV/u M. Pfltnzer et al., EPJ A 14 (2002) 279

6 “°Fe ions implanted in a stack of Si detectors M. Pfutnzer et al., NIM A 493 (2002) 155

GANIL: fragmentation of ¥Ni beam @ 75 MeV/u J. Giovinazzo et al., PRL 89 (2002) 102501
22 “Fe ions implanted in a Si strip detector

New data (also discovery of 2p emission in **Zn and **Ni)
2" GANIL experiment:

C. Dossat et al., PRC 72 (2005) 054315

=
U 0
. ~l.,=1.67°"m
. = w 5 — .
T st E(exp) = 1.154 (16) MeV g 1/2 —0.3
N 8 *
2 3 5 3
,? 2 E 22 .
g - E -
= 1F 21 =~
= N T T Y S I I I S DU PUURS FRRTE FRTRI
1000 2000 3000 4000 5000 6000 0 25 5 75 "? 125 15 17.5 20
Ermross (ba\/) Decay time (ms)
2p decay energy (MeV) Half-life (ms) Branching ratio Partial half-life (ms)
Giovinazzo et al. |5 1.140 £ 0.040 4.7+ 0.55 £ 0.12 8.51%3
Pfiitzner et al. [6] 1.1+ 0.1 3.2+ 0.801012 40133
This work 1.154 + 0.016 1.6703 0.57 £0.10 2.8+9
Average 1151 £ 0.015 175405 0.59 + 0.07 3,057
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“Fe decay scheme

o L1z=218ms [ “Mnip ¥Fe | q_ ~18.7 Mev
I —‘/Zp T,, ~ 7ms
2l B+ [“Cre2p B
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Energy [MeV]

POSSIBLE DECAY MODES OF “Fe

two proton emission

0. “Mn+p “Fe 32F9192843cr19
| 2 -1000 keV < S, <-1300 keV
i B |"Cre2p T ~10°%1s
4L
Al N smgle proton emission
_ — ®Fe,, B %Mn.
T 120 keV < S <70 keV
10¢ T >100s
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18l —=
L2TI+D 45
-20| v e
' N
22
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I (MeV)

2p decay of “°Fe in a three-body model

2 / j 107
r.=6fm 7/
diproton He{_/ r.=4fm 4 107
92=‘\\{ AV / j p -nucl, '1
AN1=1 /S 110°%
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’z ‘! //_ T 45Fe __3 10° L. Grigorenko et al.

! / — GANIL - Phys. Rev. Lett. 85(2000) 22
I / 2 Nucl. Phys. A 714(2003) 425
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The Monte-Carlo simulations (200 events) of the opening angle
pp between the protons emitted in the decay of 45Fe. L Gri
. Grigorenko
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Optical Time Projection Chamber

Gaseous ionization detector developed to measure the
angular and energy correlations between the protons emitted
in 2p decay of “°Fe.

OTPC Idea: G. Charpak et al., NIM A269 (1988) 142
*Fe concept: W. Dominik (2002)
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Optical Time Projection Chamber
operation principle

Active 200 V/em

\
Amplification { ~ """ T TET T T T T T 9000 V/cm
Drift { 1500 V/em
Amplification { S s 6000 V/cm
tttt Uv
WLS
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Optical Time Projection Chamber

Gas (1 atm) : 49% He + 49% Ar+ 1% N, + 1% CH,

Active area 150 mm

1stamplification area 3 mm
Transfer area 20 mm
~—— 2n Amplification area 10 mm

K. Miernik
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Optical Time Projection Chamber

CCD Camera

* 1000x1000 pix

* 12-bits

* image amplification
(x2000)

Photomultiplier 5"

K. Miernik
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The 2-D image of a single track recorded with a CCD camera after 1 ms exposure.
The track length is 54 mm in agreement with the range of 4.5 MeV
particle in the gas mixture of 49.5% Ar + 49.5% He + 1% N2..
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Test at NSCL : Production of “°Fe

Setting for “°Fe: particle ID at the A1900 |4 focal plane,
full acceptance Ap/p=4%. 800 ma/cm? Ni taraet
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OTPC at NSCL

*Fe 2p decay measurements 2 Feb 2007 — 11 Feb 2007
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2p decay of ®Fe

2p decay 0.53 ms after
implantation

K. Miernik
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2p decay of ®Fe

2p decay 0.47 ms after
implantation

K. Miernik
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2p decay of ®Fe

2p decay 5.3 ms after
implantation

K. Miernik
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Summary

Two proton radioactivity of 45Fe

- Two proton emission was expected in °Fe
- Barrier effects are favoring correlated emission
- Advanced theory: true three body correlations

- Clear evidence for the 2p radioactivity in “°Fe

- Remarkable agreement of E,, with predictions !
- T,, compatible with calculations

- Experiment at NSCL with OTPC — pp correlation !
This is only a beginning of fascinating research
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Event reconstruction

Track coordinates: (r, ©, ¢ )

L =rcos®

(0]

L., = Sin®

r2 = |_02 + L2
O = arctan(L_/Lyy,)
K. Miernik
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Principle of operation of the Optical Time Projection Chamber.

preamplification transfer 2-step charge
\I | _~~ amplification
conversion
{ ‘ U R
A
o EEENE :
| RN I il
E St e S ] A
] Do 1 ™~ S
i P visible | ",
| P light ¥ ™y imaging
I s 1 | camera
i S Iy |
[ [ RN b i
= \ T ipMT
GAS & [ S
l glass
WLS window

M. Pfutzner at al. Warsaw University
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Experiment Layout

Beam: **Ni @ 160

A-MeV
Current ~7 part nA 4p._ g2" sweeper gas
ion source K500 array chamber magnet catcher LEBIT
| £ , ", ", hN .' s
] 1% N 7
0 10m / N1 NEFASERS N4
I B Py
& e Lag 3 m
Transfqr Hall
51 _ >3
52
- — g
v \ y \
K1200 A1900 RPMS superball 5800
Wien filter spectrograph
Wedges at 11 and/or 12 ‘
Final focal plane 14 of A1900 S1 vault

Detection system : AE + TOF particle Ilj
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