oton Radic
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Proton Radioactivity
what Is 1t ? Introduction, basic definitions
. why to bother about it ? physics motivations
. whatis it (cont.) ? decay probabillity, first results
. how to study ? production, selection, detection
. where are we now ? more results, interpretations

. what we don’'t know yet ? future studies
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IPROTON RADIOACTIVITY]|

a spontaneous emission of a single proton

(having a kinetic energy Ep and an orbital angular mom entum | )
from a ground-state or an isomeric-state in atomic nuc leus

A

/|

A P A-1
SR T 71 K

>

N

Proton radioactivity
- Is one of the simplest
among known radioactive decay processes
- usually occurs forthe  most proton-rich
among known isotopes
- 1970 - 2008 : over 30 proton-radioactive nuclei discovered ,
over 40 proton transitions observed




proton number

124

Neutron drip-line

heutron number

\Terra Incognita

H stable
B pHEC decay
L] F decay

[[] @ decay
] pemission

] spentanecus fission
[] predicted

“r magle number



B. Blank, M.J.G. Borge / Progress in Farticle and Nuclear Physics 60 (2008) 403483
“Nuclear structure at the proton drip line: Advances with nuclear decay studies”

82 g

@ 34 nuclei identified as proton emitters 82 C
(gs or/and m)
all gs p-emitters between Z=50 and 82

AL

50
=]

plus proton-emitting

53mCo and 54™Ni T
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PROTON EMISSION from an ISOMERIC STATE

S3MCo : K.P. Jackson et al., Phys. Lett. 33B, 281, 1970
J. Cerny et al., Phys. Lett. 33B, 284, 1970

4mNj : D. Rudolph et al., EPJ Special Topics 150, 173, 2007
GROUND STATE PROTON RADIOACTIVITY

1515 u ;. s. Hofmann etal., Z. Phys. A305, 111, 1982
15Im y : C. R. Bingham et al., Phys. Rev. C59, R2984, 1999

FINE STRUCTURE in PROTON EMISSION

131gsEy : A.A. Sonzogni et al., Phys. Rev. Lett. 83, 1116, 1999
141m.gsHo : M. Karny et al., Phys. Lett., B 664, 52, 2008

NEUTRON STATES studied via PROTON EMISSION

6
146m.gsTm : M.N. Tantawy et al., Phys. Rev. C73, 024316, 20067 oo~
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Observed proton transitions : cross section vs halflife

pushing the sensitivity limits

1mb 1E-3
1E-4 b
1E-5
1E-6 m sm B

1E-7 " " a"
1E-8 | s of

N
1E-9 | / o
- [
100 pb 1E-10 L— £ BN

1E-7/ 1E-6 1E-5 1E-4 1E-3 1E-2 -1 1E+0 1E+1 1E+2

Cross section (barn)
[

1nm Half-life () FMA:  Pr (p6n)~300pb
PRL 86, 2005
RMS:  Tm~2nmm /,\(\7
EPJ A25, 2005
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Energy budget

proton decay energy Q,
and
proton separation energy S,

Q,= My(parent state A,Z,N) — M, (daughter state A-1,Z-1,N) — M,
Q, = B(A-1,Z-1) - B(A,2)
S, = B(AZ)-B(A-1,Z-1) =-Q,

(masses M., and total binding energies B of neutral atoms !)
B(A,Z) = ZM,+Nem_ —M(AZ)

S I B Q P N T~
UT—BATTELL_E{
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for a proton radioactive state in a nucleus :

Q, Is positive (remember “reaction Q-value” ?)
S, has a negative value

Q, (excited state) > Q, (ground state)

proton drip-line
Q,=0=35,

experimentally observed : Q,~ 0.8 MeV — 2 MeV

9
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Predictd b |

# # ) .
Thuten Treiters Thispoavem]
Direct Proton Emitters e [yt
i+ Ciher Koueen Prowa, Locitsrs
::I} Troen cenitting Teamer and grenind Srate

= Lo stmouune CFaservid

Liawhelle- TN

nuclear deformations and proton drip-line calculated by 10

P.Mdller, J.R.Nix, W.D. Myers, W. wi tecki, ADNDT 59, 185 1995 T BATTELLE
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the condition Q, > 0 alone is not enough to observe proton emission from a
nucleus !

Core Nucleus + Proton

courtesy of R. Grzywacz

_ Potential
15 ~harrier

-15
-25
-35
-45

-55

-65
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

rffm]
Nuclear potential V  + Coulomb potential V. +

decay probability = [/ =1kt =(In2)/Ty, = NeT S
N — frequency factor (frequency of the barrier penetration at tempts, N>>1)
T — barrier penetrability (Transmission coefficient, T << 1)
S — spectroscopic factor (nuclear structure, always S 1)

S is (partially) our “ignorance factor ", to be determined and understood



Potential vs radius for '44Er + p system (Z=69 '“Tm proton radioactivity )

40

| =3 145Tm decay properties from
2 M.Karny et al., PRL 90, 012502, 2003
wl || =5
QI N
\2/ 0 I —
T o
= E,=1.7 MeV and E,=1.4 MeV
GC) 110
g
-20
Y|

-30 \/I .

-40

-50 | | | | | |
0 10 20 30 40 50 60

Radius (femtometers =10 -1>m)
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Proton emission from 1Ly

&
30 -
20 _\".‘ /vCoul
X /Vp_tot( !=5)
U ; Vp,tot(l'—'O)
=
= 1.25
- O T T v T T T Y T T L
20 40 60 80 100
Radius /7 fm
E, = (1233 * 3) keV
O 3 us
2 26 pus
S 81 ms
(85 = 10) ms (Exp.)
- 40 151 - 150
Lu(11/27) — Yb(O™)

From: S. Hofmann, “Proton Radioactivity” |
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Core Nucleus + Proton

‘v v
emitted proton is

“a messenger from
the nuclear interior”

proton-emitting state is
a “resonance state " having awidth &

[ s'] = GMeV] / [MeVes]= (1/1) [s]

= 6.58 ¢ 1022 MeV ¢ s
T,,=1m t=144m &=4.6+101° MeV
T,,=1ms t=144ms &=4.6+1012 MeVv
narrow, nearly discrete states indeed !
(in the past called “narrow unbound resonance states” )



Whatarethe limitsof nuclear existence

How doweak binding

and extremeproton-to-neutron asymmetries
affect nuclear propertie?

How dothe properties of nuclei evolve

with changes Iin proton and neutron number
excitation energy, and angular momentém

not “only” WHAT and HOW,

but firstof all WHY !l

15

-

US Long Range Plan for Nuclear Physics 2002, 2007 ... JI-SATTELLE
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MHY = what is the origin of observed effects
?

'

Studies of proton radioactivity  are helping us
to answer these
KEY SCIENTIFIC QUESTIONS
and to

UNDERSTAND
the evolution
of nuclear potential and nuclear structure
and resulting properties of nuclel

16
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PROTON RADIOACTIVITY
/

from proton drip-line limit
to the resonance states

/" "~ nuclear potential
and guantum tunneling process
In a function of deformation '

| 7%

composition of an exotic  wave function
a

I - nucleosynthesis :
- rapid proton capture process >

”




and now .....

after enjoying all these great motivations
for proton radioactivity studies

let’'s go back to some definitions and basic terms

18
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E, — proton kinetic energy (to be measured in exp)
Er — recoil energy of an (A-1) daughter nucleus (init s g.-s.)
(to be accounted for after E , is measured)

Ex |
ﬁ‘ —

&: Mp » 1
E, M., A-1

useful to remember : Ex=(pr)?/2M, and we have pr=p; ;
Sl T~

UT-BATTELLE
JE NATIONAL LABORATORY

OAK RIDGE N




proton transition energy E

E= Qp,nud in S.Hofmann, Radiochimica Acta, 70/71, 1995, 93
and in “Nuclear Decay Modes”, ed. D.N. Poenaru, 1996, 143
followed by B.Blank and M.J.G.Borge, Prog.Part.Nucl.Phys 60, 403,2008

E = My(AZ) —My(A-1,Z-1) —m, = Q, + Es

( My : nuclear masses in the ground or isomeric states - ful ly stripped
atoms )

electron screening correction E ¢ =Db(Z) — b(Z-1)

b(Z) total binding energy of electrons in a neutral atom Z

20
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glectron screening correction E |

electron screening correction E ¢ =b(Z) — b(Z-1)
b(Z) is a total binding energy of electrons in a neutral atom

Eq ~ 3 - 20 keV

b(Z) tabulated in K.-N. Huang et al., At. Data Nucl. Dat a Tables 18, 243
(1976)

fit : b(Z)=a+beZ 264 [keV]
where a=17.4keV and b =0.004892 keV

Jan vlicz fit based on Huang's table

%@%TWW 2
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first proton emitter °3MCo

K.P. Jackson et al., Phys. Lett. 33B, 281, 1970 ( Harwell, UK)
J. Cerny et al., Phys. Lett. 33B, 284, 1970 (LBL, US )

53mCo [2=27, N=26, 3.2 MeV, (19/2°)]  52Fe [2=26,N=26,0*]+p (|l =9)

Q, = 1590 (30) keV  proton decay energy
E, = 1560 (30) keV  proton kinetic energy
Er = 30 keV 52Fe recoil energy

E. =3 keV screening correction

E =1593 (30) keV proton transition energy

22
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first ground-state proton emitter 151gs| y
S. Hofmann et al., Zeit. Phys. A305, 111, 1982 (S HIP, GSI Darmstadt)

151] y (Z=71, N=80, 11/27)  150Yp (z=70, N=80, 0) +p (I =5)

Q, = 1241 (3) keV  proton decay energy
E, =1233 (3) keV proton kinetic energy
Er = 8 keV 150Yb recoil energy

E. =14 keV screening correction

E = 1255 (3) keV proton transition energy

23
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S.Hofmann, Radiochimica Acta, 70/71, 1995, 93 UT_BATTELLE
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second ground-state proton emitter 1479 Tm
O. Klepper et al., Zeit. Phys. A305, 125, 1982 (ISOL , GSI Darmstadt)

147Tm (Z=69, N=78,11/27)  14°Er (Z=68, N=78, 09 + p (| =5)

Q, = 1058 (3) keV  proton decay energy
E, =1051 (3) keV proton kinetic energy
Er =7 keV 146ET recoil energy

E. =13 keV screening correction

E =1071 (3) keV proton transition energy

24
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decay probabillity
= /| =1t =MNeT+S

n- frequency factor = frequency of the barrier penetrati on attempts

t,r - time needed by a proton having velocity v,
to travel the distance 2R (nuclear diameter)
between the walls of nuclear potential

where are these walls of nuclear potential nuclear radius ? -

UT-BATTELLE
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V[Mg\/]

0 5 10 15 20 0 5 10 15 20
rffm] _ .
Nuclear potential V + Coulomb potential V-

a sphere R with a constant charge density and a total charge (Z-1)e

):(Z-l)»ez 2 (Z-De’ 5 1

2R R

r < R: Vc(r

r RV (r

charge radius for the mass (A-1)nucleus : R 1.21 ¢ (A-1)13 [fm]

OAK RIDGE N



decay probabillity = /| =1t =NeT S

N - frequency factor = frequency of the barrier penetration attempts

J.Rasmussen “Alpha-Decay”, in “Alpha-,Beta- and Gamma -ray spectroscopy”
K.Siegbahn (ed.), North-Holland, Amsterdam, 1965, p .701,
followed by, e.g. S. Hofmann, Radiochimica Acta, 70 /71, 1995, p.93

( assumes | =0 and a nuclear potential V(R)=0)
2
P s 2
/2 3
m'?xR3 % JE. - E

[MMis the reduced mass: m +M,

R isthe charge radius, here : R ~1.21 ¢ (A-1)Y3 [fm]

_1XYZ - 1)’
R

EC isthe Coulomb energyat r=R: E. [MeV]




useful to remember : e?=1.44 [MeV «fm]

f Risgivenin[ fm]  E_. =1.44 Xb(i%- 1 [MeV]

Ec(51Lu  150Yb, (Z-1)=70, R =6.43 fm) = 15.7 MeV

28
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for proton emission from  1316s| u :

N~ 5.7¢10% s1=57Z7ZHz (Zetta Hz)

2R(*%b) ~13fm v,~7+10°m/s ~ 0.2c

check it yourself !!

= 6.58 ¢« 1022 MeV s
M,=1+931.5 + 7.289 MeV/c? = 938.79 MeV/c?

Moy, = 150 » 931.5 — 38.73 MeV/c2 = 139686.3 MeV/c?

29
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for proton emission from  1>16sLu :

N~ 57102 s-1=57Z7ZHz (Zetta Hz)
2R(*Yb) ~13fm v, ,~7+10°m/s ~ 0.2c

T1,=80(2) ms =0.08S  (cRr.Bingham etal., PR C59, R2984, 1999)
= (In2)/Ty, = NeT S

(let's assume S=1 for now)

0.693/(0.08) = 5.7« 1021 « T
T =15¢10-21 (102 - zepto)

(1>1esLu) =8.7[s 1], T =115 ms

30
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decay probabillity
= |/ =1k =NeT S

T — Transmission coefficient or barrier penetrability factor
= probability of a Tunneling through the barrier

T = (successful attempts) / (all attempts)

Vir)

T = (outgoing flux jout ) / (incoming flux ji” )




T :(jout)/(jin)

flux  j(r,) =y, (r,)F » (r,)  x=inorout

y . (r) - proton wave function Vv, - proton velocity

W () =7.(0) % (1)

density of a probability of finding proton at o
here ry=r,, Or

32
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solving Schrodinger equation for one-dimensional problem ( T r
(spherical symmetry and no time dependence e'#)

2 B ﬂl—
o (Dy)+V(r) =i i =E

p

d? 2
dr{ +AE-vin) =0

if V(r) =V, constant potential of a rectangular barrier

1
w" +k?y =0 where k:_\/zmp(E-VO)

and _ :
yx(r) — >eIkr _l_b)e-lkr

33
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T - Transmission coefficient

a) %
Vir) 1 2 3
e VO R e e 2
Te
o
0 d r
' I
b) \ ; |
I
y (1) /‘\ [\ | |
|
y
t Bie g irs
e £ 4
rin rout
a stationary wave /(r) inthree regions (with boundary conditionsatr , andr, )
r<r y.(r)=a, " +pre™ wherek, :Eﬂ/ZmpE and v, =k, x—

m,

I"in <r <Irout yz(r) :az Ikz +b e ! Where k2 :}\/zmp(E - VO) :i}\/zmp(\/o - E)

i 1
— ikq _ _

r>r, yi(r)=a, =™ wherek, ==,/2m E and v, = klxm—

2 p
a 34
yes, we can solve itexactly | T = == o~~~
a, UT-BATTELLE
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here it comes (see Theo Mayer-Kuckuk, “Atomphysik” 1979 )

2
T:é =
al

5

1+
Vo2 - (2E - Vo)2

xsinh?(- ik,d)

do not worry.. it will get simpler

T is likely a very small number (remember very large frequency factor I 1)

so the denominator in the expression for T is supposed to be a LARGE number, isn’t it ?
first we skip “1” and recall that for x>>1 sinh2x = [(1/4) « (2% + e2X) — 1/2] ~ (1/4) « e®*

Vo2 - (2E - Vo)2
2

T =4x exp(- 2k,d)

0

and now we follow the method of solving differential equations introduced (independently) by
G. Wentzel(1926), H.A. Kramers (1923) and L. Brillouin (1926) (WKB approximation)
let's approximate the term in front of the exp(-2k,d)

V7 - (2E - V, )’
2
0

4 % » of the order of 1

35

(e.g., for E=1 MeV and V,=17 MeV this “front term” ~ 0.9 T
for E=1.7 MeV and V,=17 MeV itis ~ 1.4) UT-BATTELLE
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tunneling through the one-dimensional rectangular barrier of a height V, and a length d

approximately (Wentzel, Kramers, Brillouin = WKB ) we get

T »exp - 2 j2m, (v, - E) >d

C) 4 7
Vir) G
=expl-£ £ 1Zm(y -E1d)|~
0
2
T, ita —~exp[-5 S VZmiK,Ela]
i/
E |5 R R S e o
T
0 s D r
el f
r.in out

approximating a real barrier by a superposition
of many narrow rectangular barriers, of a total size

D = lout = Tin

T »exp - Ex:"”t \/Zmp[\/o(r)- E]>dr

36
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decay probability = |/ =1t =1N-T S

T — Transmission coefficient or barrier penetrability factor

= probability of a Tunneling through the barrier
T = (successful attempts) / (all attempts)

T = (outgoing flux |, )/ (incoming flux | ) v = W,)?* Vv,
&L i P
Vir) s
7 \ / =exp[- £ 5 12Zm(y -E )~
(]
\\;T? itd —-—exp[-%éf VZmI¥,)-Eld,]
\\ :
Nl D note the symmetry:
o el T RIS BN proton emission
ol VS
P g i ub- barrier proton capture

WKB approximation : |T =exp - Exf“‘ \/2mpwo(r)- E]>dr

T=e%

G — Gamow factor Sl
G. Gamow, Zeit. Phys. 51, 204 (1928) UT-BATTELLE
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there are better methods like Two Potential Approach
see, e.g., S.A.Gurvitz and G. Kalbermann, PRL 59,262,1987
and used recently by Aberg, Semmes, Nazarewicz PRC 56,1762,1997
and J.Al-Khalili et al, PROCON’07, AIP CP 961, 66, 2007

The potential V(r) can be formally split into

two parts, U(r) and W(r) : Vgl VO || V...
E (N E
0| 07
Vir)=U(r)+Wwr). V \/
where I T, '
Viry ir=rg,
Ulr)= i
7 VE 1t .F'_hf-“-‘?"g._
and
0 if r=rp.
Wir)= :
Vir)— VE if r= g
W(r) is treated as a perturbation potential disturbing the wave function 38

obtained from Schrodinger equation with a potential U(r). Pertubation has to vanish ~___
at large distances r, so we replace W(r) with W(r)= W(r) +V; LLE

vrwvan LABORATORY



G “Proton projectile”

few channels open

39
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Time-dependent approach to proton emission

175 S
f—=HY
o

P. Talou, N. Carjan, and D. Strottman, Phys. Rev. C58, 3280 (1998)
S. Misicu, N. Carjan, and P. Talou, J. Phys. G24, 1745 (1998)

I=0 (E=7.78MeV)

1]

t=1
1 1 1 I 1 1 1 I 1 1 1
20 40 (i1}
t=3x10"s

0225
0.2
0175
015
0115
0.1
0.075
.05
0.025

0215
0.2
0175
015
0,125
0.1
0.075
.05
0.025
1]

=1.5x10"

w P.Talou, N. Carjan et al are solving
a time-dependent Schrodinger equation

.
[

=4.5x 105

with an I=0 wave packet transmitted
through a two-dimensional barrier.
Applications to proton emission from
deformed nuclei were discussed

40
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It is amazing how many publications still follow WK B approximation

purely theoretical analysis of proton and alpha emission :

Zhang, Royer, PR C77, 054318, 2008

Kelkar, Castaneda, PR C 76, 064605, 2007

Medeiros et al., EPJ A34, 417, 2007

P.Mohr, EPJ A31, 23, 2007

Balasubramanian, Arunachalam, Phys. Rev. C71, 014603, 2005

recent experimental papers on a-decay (ratios of a-decay probabilities)

Mazzocchi et al., PRL 98, 212501, 2007
Liddick et al., PRL 97, 082501, 2006

41
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proton in a more realistic nuclear potential of a nucleus M, 4, :

let's consider a potential involving a term account ing for
an angular orbital momentum | ofthe proton in the potential of the nucleus M,
oA )
2 X/

for 1=2 proton emission from MLu: V|, =3 MeV at r=R (check it

now V() = Vy(r)+ V() +V, (r)2
k? :2_”7 E -V (r)-V.(r)- X(ZJ,;,,lzx

2

and

2
T =exp( - g>< °”t 2m, V(r)+V(r)+ ><2+12x -E dr
I V9.

In

42
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n example of nuclear potential V. =Vg + Vgq

Vi —central part  V g5 — spin-orbit part
F.D. Becchetti, G.W. Greenless, Phys. Rev. 182, 119 0, 1969

Optical Model potential obtained from the fit to experimental data
(exp data on proton elastic scattering on nuclei)

Vi (i) = “Vaf(r,Re,85) + Vo 1/ 2 (1) df(r, Repaso )/dr ]

for 151Lu:
Vg = 54.0- 0.32E, +O.4Z—1):I;/3 +24.0 N-(2-1) MeV  V,=54-0.4+5.3+1.6=60.5 MeV
note “-” sign !
Vi, =6.2MeV Vgo ~ 6-12 MeV
I j=1+1/2 or 10 - 20% of Vy value

sl = |
~(1+1) j=1-1/2>0

f(r.R.a) ={1+exp|(r - R)/a} =R f(r,Ra) =%
R, =1.17" A"® fm, a, =0.75fm, Ri and Rgq

Ry, =1.01fm, ag, =0.75fm, are potential parameters

. (not nuclear radii)
/2 @2.0fm? (pion Compton wavelength)?
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PROTON RADIOACTIVITY
Core Nucleus + Proton

g Potential
15 ~harrier

-15
-25
-35
-45

-55

-65
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

rffm]
Nuclear potential V  + Coulomb potential V .+

_ V. ~ 1Ir r R
V= Ve + Vso VC ~ 12 r< RC
C C
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spectroscopic factor S

the “experimental ” way of defining Sexp
Sexp =l expyI theo — T1/2(theo) / Tllz(exp)

e.g., theo = WKB calculations (S.Hofmann 1995)
or
TPA calculations (S.Aberg et al., 1997)

45
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spectroscopic factor S

let’s check the textbooks chapters discussing one nucleon transfer reactions :
A.Bohr and B.R. Mottelson, “Nuclear Structure”, 1969, Vol.1
and more recent one by Kris L.G. Heyde, “The Nuclear Shell Model” 1990, p. 226 —
227

spectroscopic factor is defined there as

SUjJo) = (@Dt [< D la*() I (Ge)>]7

(J) is the state obtained by coupling the odd nucleon j with the core J,
to angular momentum (J,M)

suppose now that the lighter nucleus is an even-even one (JO,M0 = 0" core)
and in the heavier nucleus we have a one-particle configuration J=j

S (J,),0) = (u;)* avacancyon j-orbital

S@) = (u)

S L ~—_
UT-BATTELLE
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S () = (u))?

the occupation and vacancy factors (for protons) on j-orbital .

(vj)>+ (u)e=1

2 D - transitional region,
where the levels are

S partially occupied
b= no pairing  F — Fermi level energy
g_ (v2=u?2=0.5)
3]
o
F
level energy e
decay probability = NeT eS=NeT «(y;)?

large (v;)? and small (u;)? - orbital ] is almost fully occupied, so S andll are
smaller

small (v ;)?and large (u;)? - orbital ] is nearly empty , so Sandll are larger

highest probability of proton emission



K.Heyde, “Nuclear Shell Model”

Z=70YDb

level energy

48



S.Hofmann in his “Proton Radioactivity” review
“Nuclear Decay Modes” (ed. D.N. Poenaru), IOP 1996
guotes the spectroscopic factor used by

Gillitzer, Faestermann, Hartel, Kienle and Nolte, Zeit. Phys. A326, 1987, 107
in analogy to one-proton pickup reactions,

for spherical shell model configuration (j |)n of n particles (protons) on orbital (j |)
for example Z=69 Tm, with 5 protons on h,,,, orbital : (j=11/2, I=5)"=>

S, =(2j+2-n)/(2j+)=(2j+1- n+D)/(2j +1) =u;

(2] +1) : a maximum number of protons on (j I) orbital (a capacity of (j |) orbital ) = 12
(2] +1 — n) : a number of vacancies at (jl) orbital occupied by n protons

In our proton emitter (A,Z) =7
(2J+1—-n+1): anumber of vacancies at (jl) orbital in a (A-1,Z-1) daughter nucleus = 8

S=8/12 = 2/3=0.67 ~Ccorrect !
but in Gillitzer et al were discussing deformed proton emitters 199 and 113Cs together
with nearly spherical 14"Tm and °1Lu.. so their approach was not widely recognized
and adopted ....



spectroscopic factor S

S. Aberg, P. Semmes and W. Nazarewicz, "Spherical p  roton emitters”
Phys. Rev. C56, 1762, 1997 (+ Phys. Rev. C58, 3011, 1998)

[Bohr-Mottelson , Heyde]

here and
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S. Aberg, P. Semmes and W. Nazarewicz, Phys. Rev. C56, 1762, 1997

[ Heyde 1990, Sorensen-Lin 1966 ]

R.A.Sorensen and E.D. Lin, Phys. Rev. C142, 729, 1966

e.g., u?(**°Er,h;,,,) =0.64 (was 0.67 in Gillitzer et al, 1987 )
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decay probabillity
= |/ =1 =NeT+S

n- frequency of the barrier penetration attempts (  Zetta Hz)
2
o N2xp)
/2 3
m'* xR xJE. - E

T — Transmission coefficient (T ~  zepto)

T=exp - 2x ™ [2m V(r)- Eldr = exp(- 2G)

S — spectroscopic factor

S (orbital-j) = (u ;)2




dsp
S1s2
Nyt

ds)
972

146
64Gd82
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Calculations : Aberg, Semmes, Nazarewicz ; Phys.Reuv. C56,1762, (1997),C58,3011(1998)
theory — Two- Potential Approach (TPA) (but the WKB results are also listed there)

? —
TLE TN
® u?-—vacancy for (j,) = (11/2,5) h .y, orbital

HRIBF : proton emitting h,,,, (I=5) states in 1%Tm,1*°Lu and >Lu

145Tm : Batchelder et al., PR C57, R1042 (1998), Karny et al., PRL 90, 012502 (2003)
150y : Ginter et al, PR C61, 014308 (2000); PR C68, 034330 (2003) 54
1L u : Bingham et al., PR C59, R2984 (1999)



Calculations : Aberg, Semmes, Nazarewicz ; Phys.Rev. C56,1762, (1997),C58,3011(1998)

2
u (d3/2) #“ expyI th 2777
HRIBF : proton emitting d,,, (I=2) ms-states in 1*1Lu and 1°°Lu

15Im y : Bingham et al, PRC59 ,1999 150m_y :Ginter et al, PRC61,2000; PRC68,2003



Calculations : Aberg, Semmes, Nazarewicz ; Phys.Rev. C56,1762, (1997),C58,3011(1998)

u? (d3/2) ¢” expyI th

P.Semmes (W.Nazarewicz), PROCON '99 — Oak Ridge; AIP 518, 2000, p.125:
3/12* =a[dy,x 0] +Db[sy, Xx27] +g[H;, x 27]
“exp” spectroscopic factor (d,;,) = a2 X U?

here @? ~ 0.5 since s, orbital is very close to d,,
h,,,, has no “negative parity close partner orbital” to exhibit such large mixing

Configuration mixing and particle — core excitation coupling !!!
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Fine structure in proton emission from Z=71 1MLy ?
fine structure = proton transitions to the 0* gs and to the 2* excited state of **°Yb

d,, A 2" core

too low proton energy to

s, A 2* core compete

d,, A O* core

(or 2+ energy too high ')
1,(27)~10°-10"°%

Ep ~ 700 keV

151m
Lu - 600 keV

E,=1310 keV
Ot =7

150Yb



but we did observe fine structure in proton emissio n
from the | P = 11/2- state in the neighbouring nucleus Z=69 1459 Tm

M. Karny et al., Phys. Rev. Lett. 90, 012502, 2003 (HRIBF, Oak Ridge)
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Calculations : Aberg, Semmes, Nazarewicz ; Phys.Reuv. C56,1762, (1997),C58,3011(1998)
theory — Two- Potential Approach (TPA) (but the WKB results are also listed there)

? —
TLE TN
® u?-—vacancy for (j,) = (11/2,5) h .y, orbital

HRIBF : proton emitting hy,,, (I=5) state in 1*°Tm
145Tm : Batchelder et al., PR C57, R1042 (1998), Karny et al., PRL 90, 012502 (2003) -



fine structure in proton emission
and wave function of the IP=11/2" state in 1%Tm

M. Karny et al., Phys. Rev. Lett. 90, 012502, 2003

particle-core vibration coupling
K.Hagino, Phys. Rev. C64, 2001, R041304
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decay probability =MNeT ¢S =MNeT e[az2.u?]

n- frequency of the barrier penetration attempts ( Zetta Hz)

_ N2xp )
m'> xR x[E. - E

11

T — Transmission coefficient (T ~ zepto)

T =exp - Ex:’”t \/ZmpN(r)- E]>dr =exp(-2G)

(WKB approximation or preferably more advanced model)

S — nuclear structure (including “classical”’ spectroscopic factor)

S (orbital-j) = a®e«(u;)?

a2 - a fraction of the wave function active in a proton em Ission
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METHODS

Nuclear reactions having a potential to produce
proton radioactive nuclel :

fusion-evaporation reactions between heavy-ions
GSI, Argonne, Oak Ridge, Legnaro, Jyvaskyla, Dubna
recolil separators or/and mass separators

fragmentation of relativistic heavy-ions
GSI, NSCL, GANIL, RIKEN fragment separators

spallation of heavy-ions by high energy protons
ISOLDE, TRIUMF (?) mass separators

new RIB faclilities are going to have all types of separators



Proton emitters
are very proton-rich nuclei far from beta stability

means

far from bH-stabilty
large H-decay energy

the beta-decay alone makes these nuclei short-lived (~ ms)
and proton emission reduces further their half-lives (~ )

l short half-lives

there is an obvious need to select, to transport and to detect
these nuclei within a time window at least comparable
to their very short half-lives
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fast electromagnetic in-flight selection
In the recoil and fragment separators
(where the radioactive products recoil out of the target)

has an obvious advantage in comparison to

the On-line Isotope Separator (ISOL) technique,
(where the products are stopped, ionized, and later extracted
from the target - ion source system)

However, one of the two first ground-state proton e mitters
(found almost simultaneously at GSI)
the activity of 14/Tm (Z=69,N=78), T, ~ 0.56 s
was discovered at the GSI on-line mass separator
O.Klepper et al., Zeit. Phys. A305, 125, 1982
and very recently 1p- and 2p-emission from  9MmAg, T,,~0.4 s was reported
|.Mukha et al., PRL 95, 022501, 2005



Vacuum and gas-filled recoil separators

Magnetic Field Regian

; - Gas Mode
Vacuum Mode ‘ ~1mbar He
Heavy lons 4
Beam I " Recoils '
|
Target
Foil
Focal Plane
‘”"'"'I 'l'“l'
Ll -l!l Hll Ill-E"I
~ few percent transmission ~ 50% transmission

mass (A/Q) identification Nno mass selection



The HRIBF Recoil Mass Separator (RMS)
recoll flight path (target-final focus) ~ 27 m

67

nwriibr

C.J.Gross et al., NIM Phys.Res. A450 (2000) 12



RMS final focus Small Large
MCP MCP

~1.5m

« mum reCOIlS

DSSD

MCP= Microchannel Plate recoil detector (time, position )
D. Shapira etal., NIM A454 (2000) 409

h r | b f RMS in a converging mode ~ 5% s



to veto proton-escape signals

o

m

DSSD —Double-sided Silicon Strip Detector
40 by 40 1-mm wide, 40 mm long Si-strips

- RMS selecting fusion-evaporation products ( A/Q)
- large and small MCP recoll detector ( time, position )

- Iimplantation stack of Si-detectors
- digital signal processing electronics
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nriler,

Q=quadrupole , D=magnetic dipole , S=sextupole , ED=Electric Dipole

excellent primary beam rejection !

decay studies ( 1#1H0*25+26)

“Mo target , 0.6 mg/em * -2 mmtime-of-flight
200 MeV 54Fe beam Fusion-evaporation reactions

35 part*nA~2+10 11 pps followed by an A/Q separation of ions
recoiling from the target
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using NUCWIN code to set Recoil Mass Separator parameters

iInput output
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central trajectory (A/Q) : mass 141 at charge state 26

RMS
acceptance

dots — masses
colors — ionic charge states
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/s
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145/28
145/27+

144/28+ 144/27+

AIQ

LARGE SMALL
MCP MCP

40 x 40 strips




Recoils at the final focus of the Recoil Mass Separator at HRIBF (Oak Ridge)

DSSD
spectrum

A=109,0=29 MCP
spectra

A=109
Q=28 and 29

|
A=109,0=28

75

courtesy of lain Darby



Vacuum Recoll Separators

- recoil separators are selecting the products of fusion-evaporation reactions
having energies (Eg +- DEg) and angular distribution (0 +-DQ)
and transmitting the selected products to the final focus (detector set up)

- the selection is done for the recoil mass A over its ionic charge Q, i.e., in (A/Q),

(the ion optics settings are calculated for given beam/target/product parameters
and “automatically” applied to the RMS).

Since we have ions recoiling from the target in different charge states Q,

and only the ions in (up to) three charge states are transmitted,

the transmission efficiency is in “several percent region” like ~ 5% .

- primary beam rejection factor is a basic “quality factor” (SHIP ~ 1014 )
usually better beam rejection means longer flight path and smaller transmission
(50 particle-nanoAmp beam ~ 3 * 1011 beam particles per second on target)
Beam rejection is better for normal kinematics (light projectile on heavy target),
its gets worse for symmetric reactions and inverse kinematics.

- the time-of-flight through the recoil separators depend on their active length,
it is in a range from ~1 ns to 3 s

a hint : proper beam tuning on target is essential !
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“ r ] b f HRIBF Tandem accelerator ~ 25 MV

(30 MV)

stripper

Intense “ point-like beams” of  32S, 40Ca, °9Cr, >%Fe and °8Ni
C-foil vs gas stripper
40 pnA of 207 MeV >4Fe*® with gas stripper and 23.5 MV
50 pnA of 207 MeV >4Fe*ll with foil stripper and 17.6 MV
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RMS targets

Point-like and intense Tandem beams are sometimes causing problems

10 on 16 mm usable area

Jim Johnson and Carl Gross developed “wiggled target”

>
early
slow

version




RMS targets (cont.)

final design
0.36 mm/ms

May 2007 :
50 pnA of
207 MeV >4Fe
on 300 nmg/cm?2 8N target
(at 1/3 of target max speed)

300 ng/cm?
14 mm diametet
58N target
from Munich
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(incidents occured in the beginning ...)



C.J. Gross et al., NIM A 450, 2000, 12

nwriibr







Real

“running sum(s)”

iIncoming
pulse

timing
response

pulse height
response



DGF4C MODES OF OPERATION:

'STANDARD' 'TRACE'
REAL TIME DIGITAL FILTERING
TIME AND AMPLITUDE MEASUREMENT ngMHZ lD'G'.T'ZEFE ‘
(trapezoidal filter) y rlrls ong Wavg c,)’rms
PULSE SHAPE ANALYSIS OSClloscope mode
@ =
c ‘O
3 o
0
-
o

energy (pulse height) time (25ns/ch)

CAN BE ACTIVE SIMULTANEOUSLY
e.g. DGF in a 'standard' mode
triggers DGF In a 'trace' mode



Digital Signal Processing

DSP
PROBLEM: Eimplam~ 10 - 70 MeV
OVERLAPPING PULSES E gecay ~1-2 MeV

detector->preamplifier->digitizer(40MHz)
ION IMPLANTATION  €Xpected decays

~ s after
Implantation
DECAY
50 me long signal traces
selective “proton catcher mode” = “take oOnly double-pulses”

iImplemented into XIA digital electronics

H. Hubbard-Nelson,M. Momayezi, W.K. Warburton NIM A422(1999) 41
R.Grzywacz, NIM B204(2003) 649, NIM B 234(2007)



fine structure in proton emission
proton emitter  14°9sTm (T, = 3.1 my)

M. Karny et al., Phys. Rev. Lett. 90, 012502, 2003 (HRIBF, Oak Ridge)

[ [ [ [ [
sof 7 T T
= E ol 1.73MeV |
X € nf N |
O S wl ]
< L0 F ’ .
1.40 MeV

2 Lol 1]
+ Z

C 8 el _

> 20+ 5°

O 3
@) L % 2 s o s 0

JHJ Time (ns)
0 Mnl II J 1 -I lll III A 1
0 | 2 3 A 5 b6

Energy (MeV)

first very successful application of digital signal
processing to
proton radioactivity studies

event rate reduced to ~ 1 readout/second
at the recoil implantation rate of ~ few kHz
thanks to the “proton catcher”



R.Grzywacz, D.Simpson et al.,

Euro. Phys. Journal A25, s01,145, 2005
new method of digital data analysis
“matching shape”
FWHM ~ 35 keV (was 75 keV)

M.Karny et al., AIP CP961,22, 2007
“PROCON 2007”
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HRIBF : new odd-odd proton emitter  1%4Tm

R.Grzywacz et al.,
EPJ A25, s01, 145,2005

144Tm
T,,~2 N
| know, it seems very brave to claim the identification
of new proton emitter after an observation of seven
events in two (!!) peaks, but let’s inspect first the test
spectra of short-lived p-emitters 113Cs and 14°Tm !
113CS
145Tm
T,,=18 N
T,,=3.1 8 12
Si-veto

\
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HALF LIFE DETERMINATION

144Tm

1/ =t= t

log(t)

K.H. Schmidt Z.Phys. A 316 (1984) 19
K.H. Schmidt EPJ A 8 (2000) 141

log(t) log(t)
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Astrophysical relevance of S ) values fol Z=51" Sb ISotopes

rapid proton-capture (rp-) process occurring in a type | X-ray bursts

a sequence of many transitions
“climbing” towards higher-Z elements

proton beta/EC
capture decay

89

Schatz et al., PRL86 (2001)
courtesy of Chiara Mazzocchi



Astrophysical relevance of S (*9°Sh)

Models  Sn-Sb-Te cycle reached in a subset of type | X-ray bursts
after 100Sn is created, the rp-process can’'t overcome proton-unbound Sb isotopes
till it reaches A =7 Sn isotope (Schatzetal  105Sn)

INININININININ

90

Schatz et al., PRL86 (2001)




New measurement of Sp( *°°Sh): ne ohservable proton emission from 1055 |

Qp(109|) + Qa(108Te) — Qa(109|) + Qp(lOSSb)

Qp(105Sb) — 356 + 22 ke\/  (was 491(15) keV, Tighe et al.1994)

100 ns

proton partial G
half-life ~ 10 7s

91

C.Mazzocchi et al., PRL 98, 212501, 2007



Odd-even effect in proton decay energies Q
and its astrophysical relevance

For odd-Z 108]-109] gand 112Cs-113Cs pairs, the more proton-rich isotopes 1% and 112Cs are
more bound against proton emission (smaller Q, values).
Why and what about Sb isotopes ?

104Gp ? 108] 2

P

/ open symbols:
G.Audi 2003
Mass Table

/=55 Cs
/=53 |
Z=51 Sb

L06Sh ?7?? A.P ochocki et al, Phys.Lett. 106B, 285, 1981

Sp(1%Sbh) from C.Mazzocchi et al, PRL 98, 212501,2007



Astrephysical relevance :

C.Mazzocchi, ..., H.Schatz,...PRL 98, 2125012007

1091 @ 105 D 104
| oo S /1048

* Even with 105Sb being “less unbound” the rp-process
termination cycle starts at 19°Sn

o If 104Sb is much more proton bound than predicted
(strong odd-even effect) rp-process termination may
start at 193Sn |

rp-process termination
H.Schatz et al., PRL 86 (2001)
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Next step: determination of S, (*°l) andi S| (*°*Sh)

Measure the alpha decay of 112Cs:
® determine S,(19Sb) and S (1%9)

Qu(12Cs) + Q,(t11Xe) = Q,(7Cs) + Q ()

Qu(1%81) + Q,(197Te) = Q,(1%8I) + Q,(**Sh)
112Cs® p+111Xe Q“/er

113CS

to be continued ! *
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Z = 65 to 82 protons

Sy s iy Nyapy
A

—

—

—_— 1]

— Proton drip line

O

Intriguing
141HO
story

Y
64
O
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Proton emission from highly deformed 141Ho

featured_m £ ~1160(8) keV
New York Times [— P
etc
1/2* [411] 8 ns
7/2-[523] 4 ms 141mHo

141gs H 0

Of —— e T

140 Dy C.N. Davids et al., K. Rykaczewski et al.,

PRLS80, 1849 (1998) PRC60, 011301(R), 1999
b, ~0.27- 0.33 b,=0.27,b,=-0.06
gs : 8 % pf,), m : 18% ps,,,

Nilsson orbitals identified , decay rates were not reproduced

96

adiabatic approach

Barmore, Kruppa, Nazarewicz, Vertse



T, (9S) :
5/2-[523] or 7/2-[523]

but
7/2-[523] closer
to Fermi surface
for Z=67

KR et al., PRC60, 011301(R), 1999

Ty (M)
1/2+[411]

and
this orbital is also close
to Fermi surface
for Z=67
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Proton emission from (highly) deformed 141Ho

Gammasphere - FMA : excited states built on  14195Ho and *'™Ho bandheads
D. Seweryniak et al., PRL86, 1458 (2001)

b, =0.25(4) and @~ 10°

fine structure limits
195(2*) < 1% and IM(2*) < 1%
for the energy of 2+ state up to 250 keV

E(2+) was estimated ~ 160(20) keV
N,N,, —valence particle correlations
R. Casten et al.,

160 keV —» b, ~ 0.27
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Proton emission from deformed 4lHo

7 ma “9mDy isomeric decay

1/2+[411] 6.5 s

: 7/2-[523]  4.2ms l4lmHQo
AL b f 1419sHo p
140gs Dy .......................................................................................................
. K. Rykaczewski et al.,
new isomer and ground state C.N. Davids et al., PRC60, 011301(R), 1999
band; deformation of 140Dy PRL8O, 1849 (1998)
99

b, = 0.23- 0.24

W. Krolas et al., PRC65, 031303(R), 2002
D.M. Cullen et al., PLB529, 42, 2002



Proton emission from deformed  14'Ho

7 ma “9mDy isomeric decay 4 ms 1419sHo proton decay
s ~13nb
wave function 1/2v[411] 6.5 Ns
141m Ho
P
140gs Dy -
fine structure in proton decay,
_ wave function of 1419sHo
b, = 0.23-0.24 _
K. Rykaczewski et al., AIP638, 149, 2002 100

M. Karny et al., Phys. Lett. B664, 52, 2008

non-adiabatic approach, calculated decay rate ~ 4 too low, Ip(2+) ~ 3 to o large
see Kruppa et al., PRL 84,4549,2000 and Barmore et al., PR C62,054315,2000



8+

adiabatic approach VS non-adiabatic approac h
(remember coupled-channels ?)

—Ho 2Ho _ 1%pf,, 6 e«
7/2-[523] 8% pf7/2 7/2-[523]

L=3 L=3 3%pty, 47

protons proton 4+
S

3%pf,, 2°

2+

0+,2+,4+,6+,8+ 1% piz O O+

I

140Dy 140Dy
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Fine structure in proton emission from highly deformed nuclei
Argonne (FMA) exp on BlEu—130Sm : Sonzogni et al., PRL 83, 1999,1116

131EYy
:/_ 3/2*[411] wave function

130§ m

Kruppa et al., PRL 84,2000,4549

decay width
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Proton emission from deformed  141mHqp ?

7 ma 40mDy isomeric decay 4 ms 1419sHo proton decay
PREDICTED
structure and
s ~13nb decay of 141MHo
2+ O+ 4+
wave function
6.5 M
~ 0.3%
140gs Dy -
b, = 0.23-0.24 Predictions for 141MHo :

W. Nazarewicz et al.,

C.N. Davis, priv.comm. 103

“almost hopeless” experiment



several Improvements to the experimental techniguere
made
to change*almost hopeless’into “realistic”

Optimization of beam energy vs target thickness
from 315 MeV to 290 MeV
Thin highly enriched target
from 1 mg/cm 2 to 0.6 mg/cm 2 92Mo
High >*Fe beam intensity (FeO ))
from 20 part*nA to steady 35 part*nA (now > 50 pnA)
High rate of recoills
Microchannel Plate MCP detector instead of gas detector
Range of “proton catcher” DGF hardware/software
trace length extended from 10 mwto 40 nw (~7 nw halflife !)
Much faster data readout/transfer
JTEC’s modules Xport and XLM
Improved Si-detector setup
adding efficient veto capability of  Si-box and SiLli
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Proton emission from deformed  1419sHo and 14mHo

7 ma 0mDy isomeric decay 4.1 ms 1419sHo proton decay 7.4 ma #ImHo proton decay

1,(29)=1.7(5)%

s ~13nb s ~4nb

wave function

7.4(3)m
~1.7%

140gs Dy -
Both measured properties of 141MHQ decay,
the decay rate (factor 2-3 too large) and fine structure (factor 5 too small)

105
call for a change in our understanding of the  *1MHo wave function



“manually modified” wave function of the %2  *[411] isomer 41MHo

7.4 nB
1.7(5)%

Reduction of the [ps,, x 0*] wave function component,
from 11% to ~ 3%

(and a small increase of the d,, x 2+ and d., x 2+ components)

WHY 7?77

the %2+[411] Nilsson orbital originates from spheric al d 5, state, while
the ¥2+[400] orbital originates fromthe s ,,, state and the quadrupole deformation

enlarges the energy gap between these orbitals
but b, value is experimentally constrained (2* in 14°Dy) to 0.23-0.24

106
PPV



Physics Letters, B 664, 52, 2008
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in M.Karny et al., Phys. Lett. B664, 52, 2008

141Ho (Z=67,N=74) is a “highly deformed nucleus” again

b,=0.35
b,= -0.05

~
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Proton emission from triaxially deformed 141Ho

140mpy jsomeric decay 140gsHo proton decay 140mHo proton decay
s =13nb s=4nb

1,(2) = L.7(5)%

deformed wave function
deformed wave function b,=0.35 Y R
b=-005| Y ¥ ¥ %
4 : & &y
> > oY >

f7/2A

6* 4" 2+ Q* hll/2 P32 f5/2’ h9/2"' 1/2+ [411] 74 ns
78% 8%

4 ms

~99% 14lgsHO

1.7%

2 141mH
0" O
fine structure in proton emission fine structure in proton emission
_ wave function of 1418sHo wave function of 14MHo
new isomer and ground state band 109
shape of 140Dy b2 =0.23-0.24 K. Rykaczewski et al., AIP 638, 149 (2002) M. Karny et al., Phys. Lett. B664, 52 (2008)

W. Krolas et al., PRC65, 031303 (2002) excited states in 14Ho known from RDT studies, D. Seweryniak et al., PRL86, 1458 (2001)



WHY (cont.) ?7?7?7

We wanted to identify a mechanism
moving apart ps,,, and pd,,
and simultaneously keeping the energy between the pd,, and phy,,
(and it would be great to get the  pf,, and ph,,,, even closer)

the =0 ps,,, is a single orbit “immune” to the changes in spin-o rbit IS
interaction

while

the spin-orbit splitting of

~ pds, —pdg;, _
depends on the filling of respective neutron orbita (S)
smaller neutron occupation = smaller Is splitting
(well known examples inthe  199Sn and 132Sn and other regions)

L pSl/2

Py,

&

I /p 512 110

“N=98 stable 165Ho" “N=74 p-radioactive 141Ho”"



in M.Karny et al., Phys. Lett. B664, 52, 2008

from
Jacek Dobaczewski

re-intepretation
of all
roton radioactivities
needed ? !
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Fine structure in proton emission studied at the RM S

HRIBF : 6 out of 8 known fine p-emitting states !
™ 72" ORNL 2005
141mH0

0.9%
1.7%

K.Rykaczewski et al.,
AIP 638, 149, 2002
M.Karny et al,

PL B 664, 52, 2008

M.Karny et al.,
PRL 90,012502,2003

T.N. Ginter etal., R.Grzywacz et al.,
PR C68,034330,2003 EPJdirect, A25, 112

M.N Tantawy et al., s01,145,2005
PR C73,024316,2006



What we don’t know yet ?

(well, there are many things we don’t know,
even in the well studied subject of proton radioactivity)

Below 100Sn

Proton radioactivity was detected only for relat ively high-spin isomeric states :

53MCo [(19/27),1970], >*™Ni [10*, Aug 2008], 9%4mAg [(21%), 2005]

For all these emitters, only a small fraction of the wave function
IS proton-active !
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~ 300 keV

~0.5mm ~50 ms
p4n Qp’ L’ T1/2

325 + 98Nj = ORu* — 8T¢(H-B=0.85 MeV, L=4, ~ 1 nm) 0.87 MeV 0.55
MeV

- —
2S5 +5%Fe  8Mo* 8INb (A-W=0.75 MeV,L=4, ~ 3 ) 0.81 MeV 0. 56 MeV
— —
325 + 46T 8gr * 3Rb (B-C=0.55 MeV, L=3, ~20 ) 0.64 MeV 0.41
|\/|eV — —

58Nj + 40Ca = %8Cd *— %SAg (H-B=0.95 MeV, L=4,~3 nme) 1.02 MeV 0.65
MeV

—_
“Fe +40Ca 4Pd* 89Rh (H-B=0.64 MeV, L=4, ~-8 ms) 0.94 MeV  0.60
MeV Q, estimates :

H-B=Herndl|, Brown, Nucl.Phys. A627 , 1997, 35
40Ca +4°CaB-CLBrdwan Hlefhénf-DERaG3 Mi)é; IPHys Réd. n8) 650.5DBY, 0458636
MeV A-W= Audi, Wapstra; Nucl. Phys. A729, 2003, 337

first to be inspected : 23Ag and 8°Rh 114
KR et al., PROCON’2007, AIP CP 961, 12, 2007




Summary

“towards understanding
of nuclei under extreme conditions”

proton radioactivity studies
discovery - exploration - understanding

structure Of the wave function
mass surface
evolution of nuclear states around proton drip-line

! to the rapid proton capture nucleosynthesis
proton and &- emitters around 109Sn
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Collaborating institutions

ORNL
University of Tennessee
Vanderbilt University helping (sponsoring) hands :
Lousiana State University UNIRIB Consortium
Mississippi State University
Georgia Tech Joint Institute for
Michigan State University Heavy-lon Research
University of Maryland
Warsaw University, Poland UTK, Vanderbilt
Cracow IPJ, Poland
Milano, Italy
Edinburg, UK Robert Grzywacz

_ (Uni. Tennessee, Knoxville near Oak
theoretical support : Ridge)
UT / ORNL / Warsaw . .
Tennessee Tech is searching for @ new postdoc to .

continue

Debrecen, Hungary

Tohoku, Japan decay spectroscopy studies with

Ainital niilleea nrnreaccinn |






Krzysztof Rykaczewski
Polish St. Valentines Theater
of East Tennessee
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Analog Devices, XILINX
XIA, JTEC, SKUTEK, ADVANTEC...



REAL-TIME DIGITAL SIGNAL PROCESSING
with XIA Digital Gamma Finder DGF

Analog| Digital

DET —D—

sampling ADC
40 MHz DGF-100 MHz Pixiel6

Field Programmable
Gate Arrays (FPGA)
highly configurable
very fast
highly parallel



