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Abstract: Application of isobaric mnvanance prinaples to light nucler leads to a very simple
relation between the Z-th proton binding energy £y in nucleus | (zMx4) and the Z-th neutron
binding energy E, 1n the miror nucleus 2 (yMz4) With an accuracy of the order of a few
per cent their difference Epg — FEyy = AE 15 independent of NV for a given Z and 1s given by

. Z—1
AEqgp &~ Fp(;M¥) — Ep(;M¥) ~ 12 71y
which 1s more correct than the usual expression 12 (Z — 1)/(Z 4- N — 1}} By exploting
this fact one can predict the existence and properties of almost ninety new neutron-deficient
1sotopes of light nucle1 (up to Z = 34) and establish the limits of stability of the 1sotopes with
respect to decay with proton emission Among the specific properties of neutron-deficient
1sotopes, proton and two-proton radioactivity effects which may occur are of special interest
Some nucler are indicated 1n which these effects may be observed The main features of a
very curious phenomenon of two-proton radicactivity are discussed

Vitaly losifovich Goldansky Nuclear Physics 19 (1960) 482
18.06.1923 (Witebsk) — 14.01.2001 (Moscow)
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Outline

O Basic introduction

o The story of *°Fe
© mass predictions

& production method
® discovery of 2p decay

o Quest for p-p correlations
® OTPC detector

® images of 4°Fe decay

O Introduction to theory
® Jacobi coordinates
® Simplified models
0 Momentum correlations
o Decays of ®Be, 1°Mg, 48Ni and >4Zn
O Predictions of heavier emitters

and the full 2p landscape

o Summary
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What is radioactive?

» What is plotted on the chart? Present practice: all systems we know something about.

-» Should they plot only those which exist? But what does exist?

Radioactivity Reactions/Resonances
® Slow enough to form neutral atoms ® Fast on atomic scale
® Characteristic time measured directly ® Characteristic width measured directly
® Independent of formation mechanism ® |Influenced by reaction mechanism
T,210"s [ >1meV

-
-

vy transitions may
compete with particle
emission from excited states

B dezays may
compete with
o, p, 2p radioactivity

Radioactivity Resonant phenomena

T T T T T T [T T [T T WY T [TV [T T [TV T T Ty [T T [T T Ty T T T T T VT T [T Y [T T [T ETY T T Py T Py
456 10° 10% 10" 10° 10® 10™ 10™ 10™ 10™ 10™ 10® 10 T 18]

10% 10*" 10™ 10" 10™ 10™ 10" 10° 107 10° 10° 10" 10

ISOL Invariant/missing

Particle mass methods
In-Flight separation tracking
Neutron resonances

Stopped/transported beam Decay in flight by time-of-flight (TOF)
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Mass parabola
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[3-delayed particle emission

» When the decay energy is large, many exotic decay channels open

Precursor

W"\T.T,)

B/ 2N
Sequential 2p —— /

OEC
riz3 |
alpha
Daughter
ey
two-proton
S{, Daughter
S
proton Sp
] Daughter {
AZ-1
Emitter

Blank and Borge, Progress in Part. Nucl. Phys. 60 (2008) 403
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Beyond the proton drip-line

Competition between two decay modes

\
. V(r) . .
» The 3" decay » The emission of particles

Probability of transition:
A~-Q°

Decay energy may be large,

There is a potential barrier which hampers

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

is really weak

A~ eXp{_% [J'rir:m \/Z,U[\/(r) _Qp] mr}

> (T, >1ms

=> To find where the drip-line actually is and to predict which decay will happen,

precise estimates of atomic masses are required!

> To study particle radioactivity fast techniques are needed!
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Why particle radioactivity?

» Charged particles (p, a, 2p,...) are much easier to detect than y or electrons

» They provide information about very exotic nuclear systems, beyond drip-line
» Allow to determine masses

» Provide a tool to investigate quantum tunneling process

» Test nuclear structure models (single particle levels)

» Probe details of nuclear wave function

» Help to understand decay dynamics

» Yield information about proton pairing

> ..
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Two protons can be unbound!

» It is possible that pair of protons is
unbound while each of individual

proton is bound!

Separation energy [MeV]
T
o\
T

(Z,N)

Separation energy [MeV]
.7
s&

Z2N) | S ol o 0 1

-1 O/ / |

-2 o p

Goldansky, Nucl. Phys. 19 (1960) 482 3] / Y SZ _
Goldansky, Nucl. Phys. 27 (1961) 648 ] PY p

Goldansky, Nuovo Cimento 25, Suppl. 2 (1962) 123 -4 : : : : : N

Neutron number, N
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Early considerations

Baz, Goldansky, Goldberg, Zeldovich,
,Light and medium nuclei at the limits of stability, Moscov 1972

Zm+2' 2ml Zm 2/77+2 Zmi Zm Im+Z Zm¥ Zm Zm 2 im+ Zm
I I /8 g

Prc. 48. Paanmuskie BApMAHTH HCHYCKAaHHA ANPaMM Iap OPOTOHOB
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Two-proton emission

Energy conditions for different modes of the 2p emission

A (A-D)+p (A-2)+2p A A-D+p  (4-2)+2p A A-D+p (4-2)+2p

= |50
EBr‘ \\
A (A-D)+p  (4-2)+2p
a) 18Ne” b) 140", T7Ne’ c) ®Mg, *°Fe, #8Ni, >4Zn,...
de) °Be, *°0(?) > True 2p decay is an essentially

three-body phenomenon

Pfutzner, Karny, Grigorenko, Riisager, Rev. Mod. Phys. 84 (2012) 567
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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 ern
coefficient b from the theory \Y;
(shell-model, systematics...) Ti
S

20 Ca
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First 2p candidates

Predicted 1p and 2p separation energies

1.0

MeV 1 ]
0.5 % ® i

-0.54 .

-1.0

-1.54

et

4SFe 48Nj 547n

e Brown, PRC43(91) R1513
® Ormand, PRC55 (97) 2407

® Cole, PRC 54 (96) 1240
® Brownetal., PRC 65 (02) 045802

* Exp
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Production methods

» To produce short-lived and very proton-rich radioactive nuclei

in-flight techniques proved advantageous.

® Fusion-evaporation ® Fragmentation
reactions between heavy-ions of relativistic heavy-ions
GSI, Argonne, Oak Ridge, Jyvdskyld,... GSI, NSCL, GANIL, RIKEN,...
recoil separators fragment separators

-0-@ O - -2

Low energy: = Coulomb barrier High energy: = above Fermi energy
® large beam intensity ® |lower beam intensity
® thin target ® thick target

identification by decays identification in-flight

single ion sensitivity

p and d radioactivity,
(also superheavy elements)

2p radioactivity
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Fragment separator

Example: FRS at GSI Darmstadt

PRODUCTION TARGET
FRS Branches
\ 1 GeV/nucleon
e =S g e 3

"‘" ) ~\ .-...'\‘ _ B t‘" _— T mmgy -ﬁ;_agif:.-—--._.:..
'.. ."t‘ K * ,.w-"-.."; wa i e g
" ® \'-t S—— e -'..‘ e 2 5”“{% "’._
i Y 1 | ‘
, ESR )
’ FRS % ¢
=“_. s I s . .‘\--u-—-—;»--—u—/:
\ 4
* "o'
"‘-a... S—— i -

¥~ INJECTION

FROM UNILAC
3-20 MeV/nucleon
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FRS —ion optics and particle ID

» Standard, achromatic mode |

20.000 m
different

emission angles F4
M ions of P
| different A/q

energy
loss

=
At
]

A

ions of
different Z

wedge-sha pe/d T

degrader time of flight (s =36 m)

Time-of-flight = v
Positions + B field = Bp

}*AmzAﬂ

» Full in-flight identification of each ion

Energy loss AE = Z

Geissel et al., NIM B70 (1992) 286
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A long way to discovery

by Bordeaux-GANIL-GSI-Warsaw collaboration

° GSI 1992 : first experiment, determination of x-sections, °Nj oo
e GSI 1996 : first observation of *°Fe (3 ions!), 4°Ni and #2Cr [

* GANIL 1999 : discovery of 8Ni[], 53 ions of *°Fe

* GANIL VII 2000 : next attempt of 4°Fe spectroscopy : 22 ions of *°Fe

°* GSI VII 2001 : new approach to *°Fe studies : focus on s lifetimes
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Example of identification

» First observation of three new nuclides : 42Cr, “°Fe i *°Ni
FRS, GSI, 1996

Identifikation verschiedener Nuklide =i
29
Pl
B=
£
=
i
45FE : 44 . .‘. "i o . -
Y L
25 -
47 L *
G Yy .o
13
17 1,75 18 1,85
65I-Nochrickten, 6/96 Verhiltnis von Masse zv Ladung A/1
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Decay of *°Fe studied at GS|

» FRS @ GSI July 2001

Target TOF1,2,3
4 g/cm? Be (scintillators) |
Implantation
‘H Bpl H B A and deCay
58Ni, 650 A MeV B spectroscopy
4x108 ions/s P4 &
& Bp, Bps N\
Degrader 1 I
3.2 g/cm? Al A
I
Degrader 2
Two TOFs allowed redundant 3.6 g/cm? Al Nal barrel -
in-flight identification by the \ 511 keV .= 8cm,
Bp — TOF — AE method Identified | | " 0,=40cm,
ions L =30cm
Dead-time free recording of all / N
: : . 511 keV
events following the implantation g oF ™~~~
rigger, i
due to digital electronics (XIA) e . Si telescope
300 pm Si 7 x 300 mm [J 60 mm
=>» great sensitivity!
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On-line joke ?

FRS Messhutte, 27 July, 2001

) B
27-JUL-2001 21:27 of f97 GN_FRS_____$DSP: Pict. # 232
d GIL0_E(2)
L *5:OFF97
[$SPECTRUM]
i “\J O p ‘ 2 OT O M E ‘ V 2 Lz 352.741 760.400
EVH 2
BINSIZE
0 6 S’E?TRU‘W I][S;I’LAY
OVERFLOW : 0
L WLW: 0
gEat | T T T ' | L I 8192
10 1
9r 4
8 4
7F i
& 8 ]
c
3 i
& S5F
q - -
3r i
2r i
1 i
] 1 | L | L 1 |
400 450 S00 550 600 650 700 750
Coordinate
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Counts

Counts

Results from the GSI experiment

Events correlated with the stopped ions :
implantation and decay in the same detector

0

I T I T I T I T I T I
6 X “Fe
noy,| | vy
0 1 n n 1 n n 1 =
. 900 1000 1100 1209_ .1300
] 4 l ] l ] l ] l ] l
I I ! I I I
44/ 664 other ions
+y ]
| | | | | |

M. P.etal., EPJ A 14 (2002) 279
M. P. et al., NIM A 493 (2002) 155

1000 2000 3000 4000 5000 6000

Energy [keV]

=» emission of 2p is the dominant

(80%) decay mode of +°Fe :
E,, = 1.1(1) MeV
Typ= 3.2?3 ms
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Results from the GANIL experiment

» LISE @ GANIL July 2000 J. Giovinazzo et al., PRL 89 (2002) 102501
>8Ni @ 75 MeV/A on nickel target i L L
High primary beam intensity: 3-5pA 10000 s SR
| .| ~9000| - lEE
:_ _-:
s S -
AE (Si) = )] 8000 g e
o 8 @
n _é O
e I g > 7000 |-
T D o
: £ 5
3 c| 6
z o
41— |
® 22 ions of **Fe implanted £

» 12 counts in a narrow peak 3

» no Band no Yin coincidence Al _

» no Bp pile-up

= Ep= 1.14(5) MeV

T, =4.734ms %
1/2 -1.4 Energy (MeV)
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“>Fe: decay energy and time

» The decay energy and the lifetime are enough to establish the 2p decay.

1076 - - 3107 1078 ;
' - @ [ 107
107 i10"
~107"F A . 107 —
= ‘& e ] a > ~19 ‘»
2 19 ."5? s N - Z10 e
[_4 ol N bq)'b' / Ve ; E‘i [_1 Ehi
e - s, q10!
: ;O]
21 L S /& ] ]
10~ F St ;& i10° 1072 I
10_22 . J, A A R T A R S : . . I . E ]O_I
08 09 10 1.1 12 13 14 1.5 1.0 1.1 1.2 1.3
E, (MeV) E. (MeV)

Grigorenko and Zhukov, Phys. Rev. C 68 (2003) 054005
Brown and Barker, PRC 67 (2003) 041304(R)
Rotureau, Okotowicz, and Ptoszajczak, Nucl. Phys. A767 (2006) 13
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Other 2p candidates

>4Zn @ GANIL 48Nj @ GANIL 2p decay event candidate
1‘-’! T T T _ l
i ] = r
§ 3 2500 523 % 1
Q 0 | ] ::’l [
2000 4000 ~ 08F
2 | 54 . g [
30 Zn é 0.6 -
T 04F
Tr T]/Z [3mS 7 i'g 0.2 F
2 )||I||||I|||I||||I| a1 3 3 3
| | | | | | | 1000 2000 3000 4000 5000 6000
1000 1500 2000 2500 3000 3500 4000 Energy (keV)
Energy (keV)
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

» Total decay energy and half-life can be precisely measured after implantation

into a thick Si detector. Then, however, information on individual proton’s momenta is lost!
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The experimental challenge of 2p decay

» To explore fully the physics of the process, the correlations between

proton’s momenta must be determined!
» The three-body model by Grigorenko and Zhukov is the only one which

predicts these correlations.

» The goal: detect both protons separately, measure their energies,

and determine their angular distribution

Predicted 2p opening angle for 4°Fe

Three-body  30- Phase volume

®
& 60 Diproton 30+
\
®

6,, (dgr)

6,y (dgr)

2
=
5]
=
o 40 201 20
kS .
8 B
fal )
g s
2 20, 10- ‘ 10+ .
0 30 60 90 120 150 0 30 60 90 120 150 0 60 90 120 150 180

6, (dgr)

L. Grigorenko : simulation for 200 events
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Solution: a TPC detector

I”

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.

IR

wm
=)

Implantation X Implantation Y

‘540 - 151

g 30 10}

o

22 |

@ 0
ok : ‘ : ok ] ‘ .
0 100 200 300 0 100 200 300
3

Decay X 2 Decay Y

N
I

Strip signal (a.u.)
-

"\\ i —p
Britt of SN il of
ioMSARon LS e
electrans ¢ . ] L . 4 , . N
N S \ b p 100 200 300 0 100 200 300
\\ . X-side strip number Y-side strip number

A decay event of 4°Fe

Expensive and difficult to handle. Problems with information on z coordinate

J. Giovinazzo et al., PRL 99 (2007) 102501
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Novel idea: optical readout

» OTPC: Optical Time Projection Chamber

counting gas at atmospheric pressure Gas mixture:
He + Ar + N, (=1%)

Vaire = 1 cm/is

I

Incoming “ : HV electrodes
identified onization

: ionizati

Ion & gating

T
electrons

1 electrode
| charge
amplification
zone

BRY—— light

.
R R .| Recording
system
I
CCD PMT
M. Cwiok et al., IEEE TNS, 52 (2005) 2895 K. Miernik et al., NIM A581 (2007) 194
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OTPC data acquisition

CCD 2/3”

¢ 1000 x 1000 pix.
e 12-bits

(1+3) x e image ampl. (x2000)
15 cm

HI

A

LabView

—e

> Frame
Grabber
PXl ————
> Digitizer
100 MHz
TOF .
AE _ ”
Hl identification trigger

& selection
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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)
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Event reconstruction

Z A
t
0
\
Y
; , =
X
¢ PM
_ 2 2 _
L —J115 (el =i2oin => 214po a decay
- E,=78MeV
238
Camera . i
B (16449
4
_ ; 7.7 MeV
'ny:'115 mm o / l :
_ (19.9 mn) X
s 210pp
g l / 223y
2107
(2.3 mn)
31
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ACCULINNA @ FLNR, Dubna

Primary beam

Be 370 mg/cm2

F2 Plastic

| ¥ 20
& slits 7 Ne @ 50 MeV/u + Be

130
» Low-energy fragment separator, full identification
of selected ions by TOF-AE method
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Testing with decays of implanted ions

Acculinna separator, JINR, Dubna, 2006 20Ne (50 MeV/u) + Be —...

Bp emission from 130 B3a decay of 2N B2a decay of &Li

B . B , . B )
O - BN L ®C+p “0 - *C - 3a °Li - °Be - 2a
8ms 11ms 840ms

K. Miernik et al., NIM A581 (2007) 194

M. Pfutzner, Euroschool on Exotic Beams, Dubna 2013, Lecture 1/2 33



Experiment at NSCL/MSU

February 2007

Gas mixture:
66% He +32% Ar + 1% N, + 1% CH,

» range of 550 keV proton = 2.3 cm Reaction: *8Ni at 161 MeV/u + "Ni - *°Fe
> range spread of “*Fe ion = 50 cm Separation and in-flight identification (AE + TOF)
Active volume: 20%X20%42 cm?3 in A1900 with two-wedge system
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A1900 separator

_ 4p- 92" sweeper  gas
ion source K500 array chamber magnet catcher LEBIT

£

7
o

K 1200 / A1900 Slvault | pppms

Wien filter

Wedges at 11 and/or 12

Reaction: *8Ni at 161 MeV/u + "aNj - 45Fe

lon identification in-flight : AE + TOF
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lon identification

(=]
o _
o
<t
All ions coming to OTPC (A1900 identification) |26°°
i : : 2400
2200 “Fe: 2 /h
2000 42
0 r: min.
. 45Fa 1800 Cr: 8/
=
c o 1600
£ R R P
S, N _ 1400
(713 N
» . ElaYalal
o T
> o _ :> 30000 ' ' ' ' ' ' '
2 ~|_trigger
= ' 1 lons which triggered ]
27500 (OTPC identification) 5Fe =
25000 - ..-.1-. 7
T —— T — T — L ) |
1000 2000 3000 T 555004 4
time-of-flight [channels] ] ‘ |
20000 - -
17500 -
z T z T z T z
10000 11000 12000 13000 14000
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2p events from #°Fe




[3 delayed protons from #°Fe

3.28

3.29 3.30
Time after implantation [ms]

0.2

0.1

2.75

2.76 2.77
Time after implantation [ms]

2.78
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Decays of *°Fe and 43Cr

NSCL/MSU, 2007
B3p 11%

Qgc = 18.7 MeV
Ty = 7 MS

B3p 0.08%

Bp
— | V+2paTi+3p
45Mn
M. Pomorski et al., Phys. Rev. 83 (2011) 014306 44Cr+p K. Miernik et al., Eur. Phys. J. A 42 (2009) 431

K. Miernik et al., PRL 99 (07) 192501
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3D reconstruction

» Full p-p corellation pattern could be
established

9,=(104+2)°, 9,=(70+ 3)°

v I |y 5 o ey

0 , , ; LA K. Miernik et al., PRL 99 (07) 192501
0.534 0.536 0.538
Time after implantation [ms]

N

Light intensity [a.u.]
B [e]
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©

» More information on the OTPC and more decay images can be found at
http://www.fuw.edu.pl/~pfutzner/Research/OTPC/OTPC.html

“This could be the discovery of the century. Depending,
of course, on how far down it goes.”

M. Pfutzner, Euroschool on Exotic Beams, Dubna 2013, Lecture 1/2 41



Radioactive decays

. a deca
,Classical” era Y

p emission

o, B — Rutherford, 1899

B* — Curie & Joliot, 1934 —\I}

EC — Alvarez, 1937
SF — Flerov & Petrzhak, 1940

Cluster (14C)
emission

B+ /EC decay

2p emission

Modern times

p — Hofmann / Klepper, 1982
14C — Rose & Jones, 1984
2p — M.P. / Giovinazzo 2002

|
! ?
| n,2n-—r
|
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