Connecting high-K and low-K isomers in Ta-180 and Lu-176

(Production and destruction In stars)

Laboratory Photoexcitation with Bremsstrahlung

Activation "resonances" and individual states in Ta-180
Search for Predicted "back-decays"

Production/destruction status

Possible gateway states in Lu-176:

the 835 keV 57 state properties

Chance mixing in 7~ states: interactions

The 4~ band : 1somers in Deep Inelastic reactions

Rate implications...

Are we there yet?
George Dracoulis; NSP2013



George
nsp13-stamp


odd-proton odd-neutron coupling

V\Ih+VVp:K> Eo-FVres.D
Wh - 0 =K<  EoF Vres

low-lying high-J/low-J doublets

sum projections of

Individual particles

Q 1

preferred axis
K=W +Wb

connecting transitions
very high multipolarity

decays "out" (gand b)
often K-forbidden

George Dracoulis; NSP2013

.Tal80] odd-odd-coupling
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The heaviest natural odd-odd nuclei




180Tq production

31700

186y

39200

1744

280

176 Hf

9200

53200

39400

76800

Shielded from the r-, s- and p- processes




Ta: the least abundant element

si- 1012

180Ta: the least abundant isotope
the only naturally occurring isomer

mixed-K
states??

Wp - Wh = 1+ Wp +Wh = 9-
7/21[404]x9/2%[624] 9/27[514]x9/21[624]

George Dracoulis; NSP2013

2  Ta: 22600
180Ta: 3

180-|- 3

107

PRODUCTION ?
shielded from
most
processes

explosive
nucleosynthesis?
neutrino spallation?
fingerprint of
type-11 SN?

Tal80-intro.md
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DESTROY VIA INTERMEDIATE STATES (1S5)

107

Convert to
Short-lived
Decay

Hf X-Rays

— . _ _

George Dracoulis; NSP2013 Tal80-1S-Mechanism.md
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Laboratory destruction of the K =9- isomer

Coulomb excitation:

C. Schlegel et al, Phys. Rev. € 50 (1994) 2198.
M. Schumann et al, Phys. Rev. C 58 (1998) 1790.
M. Loewe et al, Acta. Phys. Pol. B 30 (1999) 1319.

C. Schlegel et al, Eur. Phys. J. A 10 (2001) 135.

M. Loewe et al, Phys. Lett. B 551 (2003) 71.

Photoactivation:

J.J. Carroll et al, Astrophys. J. 344 (1989) 454.
C.B. Collins et al, Phys. Rev. C 42 (1990) R1813.
D. Belic et al, Phys. Rev. Lett. 83 (1999) 5242.

I. Bikit et al, Astrophys. J. 522 (1999) 419.
D. Belic et al, Phys. Rev. € 65 (2002) 035801.



LABORATORY MEASUREMENT
RESONANT ACTIVATION

[Booth and Brownson, Nucl Phys A 98, 529,(1967)]
[Berg and Kneissl, Ann Rev Nucl Part Sci 37, 33 (1987)]

Filler-lab-measurement

George Dracoulis; NSP2013
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Flux at ER Increases

"LABORATORY EXCITATION
WITH BREMSSTRAHLUNG

\Llinearly with endpoint
°
°
°

5

Belicet al . NIM A 463 (2001) 26 George Dracoulis; NSP2013

NRF-Bremsstrahlung.md
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George Dracoulis; NSP2013

Activation [Belic et al.]

Clear Hf X-rays

tal80-activation-spectrum.md
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TRIGGERING BY PHOTOEXCITATION

IN LABORATORY

A question of survival In stars

Activation with Bremsstrahlung
Tal80 target enriched to 5.5%(!)
[Stuttgart Dynamitron]

Vary endpoint: /

off-line: //
measure y
Hf X-rays /
with /)
8 hour /)
half-life /-

Note Intensity

George Dracoulis; NSP2013

mixed-K

states??
8 hr \ /. 75 - >1010 years

TRIGGERING

[]

I

Tal80-photoexcitation-briefer.md

Belic et al Phys Rev C 65 (2002) 035801 Phys Rev Lett. 83 (1999) 5242
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TA-180 - observed resonances are strong

DATA from Belic et al . PRC 65 (2002) 035801

R keV]l 2 2 38 0§ QL ooLo
102 :_I I I I | I I I I | I I I I | I I I I | I I I I | I I I I | I_: -
E 1| must have parity
B S i
i Exponential 1] change, therefore
1L 4| E1 / M1 combination
10° E : -
: Rise = ~ E or
_ - 1eVb B 1| E1 / E2 combination]
o 1V T S E
o 105 g1/10-l w1 Extreme upper limit,
w 1071k i Ignoring
E 1 K-forbiddenness
10_2 3 m E
10—3 _| e b e e e e e e ey | |_

0.0 0.5 1.0 1.5 2.0 2.5 3.0
excltation energy [ MeV ]

George Dracoulis; NSP2013
See Hayakawa, et al., PRC 81, 052801R (2010). for effect of strengths

tal80-sigma-1.md
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Sg max. (simple case)

1 MeV photon:
sg (max.) ~ 2000 x Gy (eV.b)

sg = 1eV.b means Gm ~ 5x 1074 eV

El: 2x10-4 W.u.
M1: 2.5 x 10-2 W.u
E2: 10 W.u.

E3: 6x10° W.u.

George Dracoulis; NSP2013

/tal80/sigma-max.md
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KT =25 keV

[3x108 K]

0.0 0.2 0.4 0.6 0.8 1.0 1.2
energy (MeV)

1.4 1.0 1.8 2.0

planck etc.

Stellar ingredients
(equilibrium)

1. Photon flux

2. Maxwellian state
population

3. Ionisation (reduced

Internal conversion)

George Dracoulis; NSP2013
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"TA-180 - effective half-life; SINGLE IMS

Gallino et al .
\ \< Astroph. J

1010 kev: 497 (1998) 388

___— 0057¢eb

600 keV: see later
/ 0.018 eb conjecture

Convection
______________________ Time
[Days]

1 hour —

George Dracoulis; NSP2013 Belic et al . PRC 65 (2002) 035801
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WHAT ARE THE CORRESPONDING
STATES ?
CAN THE RESONANCE STRENGTHS BE
EXPLAINED??
[INUCLEAR STRUCTURE]




TA-180 - observed resonances are strong

DATA from Belic et al . PRC 65 (2002) 035801

* LO o O 0 L0
Er [keV] S 35 £
— (@N (@N AN N
102 :_I I I I | I I I I—|_|_|_|_|_|_I I I I | I I I I | I I I I | I_: -
: 1| must have parity
- = ]
i 1] change, therefore
10 £ 4| E1 / M1 combination
i E or
— - 1| E1 / E2 combination]
a 100F E
g : 1075 51/10-1 w1 ] Co
_ I et - = a+—— Extreme upper limit,
o 1071 < even ignoring
- - K-forbiddenness
1072 £ 106 £1/10°1 M1 3
10—3 _| Coeo e b e b e e b e by | |_

0.0 0.5 1.0 1.5 2.0 2.5 3.0

excltation enerqgy [ MeV | 9- (El) to 8+, 9+’ 10+

George Dracoulis; NSP2013 tal80-sigma.md
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TA-180 - 8%,9%,10% groups of three

3000 -
.
()
2000 -
>~
o
|
()
e
()
-
O
-—
D)
©
a 1000 -
(@)
Y
()

0 1to
|

Sequential

7 groups of three
from Belic data

George Dracoulis; NSP2013



George
nsp13-stamp


George Dracoulis; NSP2013
"RESONANCES MATCH WITH Swﬁm
NEW STATES IN TA180 " Z

TRIGGERING

(117) ‘ 1734

235

(lO+)458%1499 1505

117" 1437
ot | 1363 221

459

1o+4' 8T 408—-1149 201
1085(10)

1.2 x 1010 yr; K=9

Walker, Dracoulis and Carroll Phys RevC 64 (2001) 061302 (R)
Full schemes see:Dracoulis et al Phys Rev C 58 (1998) 1444; ibid 62 (2000) 037301,
Saitoh et al Nucl. Phys. A 660 (1999)121; Wendel et al. Phys Rev C 65 (2001) 014309
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EXTRACT "BACK-DECAY" WIDTH CONSISTENT

WITH RESONANCE YIELD

5 G- total width
Sg :S s dgg = 1 ° (2lat)) Gn&y (ev.b) G- pathto.. 17
ER 4 (2Im+l) G Gy, - back decay

G, = SE /[_ SE l:|(eV)
(I 2/4)q (27009 S0

mixed-K
measured and States??
estimated (rotational model)

8hr 75

Z 0 1+
TRIGGERING

Walker, Dracoulis and Carroll Phys RevC 64 (2001) 061302 (R)

- >101° years

George Dracoulis; NSP2013
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Predicted E1 Branches _

Initial State & [10'5 eV]

1499: 107 8.8

1424 8.7
El 1221 5.5

995 3.0

1223
=4 1§0]0]0)

El 1001 3.0 50%
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counts

Where is the Back-Decay ? "

non-yrast; gate from above

l 201 keV
\

Eg+

180h£(d,2n)180Ta

176yp(1lg a3n)180T4

L78yp(7Li,3n)180%7a
176) 136y 18014

\
Y
800 |||||| | rpr 1117 17T T T T 717 T T T T T T T TT | I r1 (vt U1 17111 1T 17T 17T T T 1T 1T 1T T | T T
P' 201 (d, 2n) 201 (d, 2n)
600 N
100F,
200 h ﬂ
Ogli}\ﬂmm | 1Ll ] o (T A

200
enerqgy [keV]

Optimum reaction; g g coincidences [ANU]
Lane et al, to be published

energy

[keV]

tal80-the-rub-1.md




NON-OBSERVATION OF BACK-DECAYS:

a) Association incorrect ? (despite match)
b) What are the states that produce resonances ?
c) How can the laboratory cross-sections be so large??




not such a rarity... -




Lu-176 : The Sister PRODUCTION s-process
(shielded from r-processes)

medium-K
states??

176L y

105

5hr
123 10
Z 4107 years  ABUNDANCE 2

Temperature-

(and Nuclear

Structure)
Dependent
Equilibrium

CHRWTER?

Wp -Wh=0"- Wo +Wh =7 THERMOMETER?
7/27[404]1x7/2°[514] 7/27[404]x7/2°[514]

George Dracoulis; NSP2013
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Lu-176 S—process...

In the lab.,
most neutron
capture goes to
1~ 1somer under
qguasi-stellar
conditions

[kt ~ 25 keV]

see Hell et al
Astroph. J.
673 (2008) 434

T

1S

I\

r-process
block

George Dracoulis; NSP2013

figure from Mohr et al PRC 79 (2009) 045804
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Lu-176; 839 keV, 5= and 725 keV 7~ states 839 keV

updated scheme from

Nuclear Data and Dracoulis 2010, (d,2n) study"

9-

5—member
4- band

725 keV

201.8

/~state

mixing ,
[proposed]
Gintautus

2009

6=

182.4

161.3

y 385 _

215Lesko 1991

1098

1109.4 9-—— o 1094.1 6%
6+

5
<
N

725.0

184.1

184.1

7™ l 0.0

563.9

George Dracoulis; NSP2013

112.9

O keV,77> ~40 Gy

208.1

103. %047Mohr 2009

259.2 | |6~ 962.9

123 keV 1= 3.7 hr

lul76-7m-full-2.md
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Lu-176 new scheme: In progress;

more updated scheme from
Dracoulis-Lane

(d,2n) study T

"gf' (6)
high statistics (x6)
439 7

440.4
(97) ——1109.4 _ : 7. 4+ 104.4
I 4
4 -

clean lines above

1426.0

%
SEINEN
S e
N &
K 3~ 504.9 <
L
v 71.8
21183 ¢ 433
. 46.
&K

1 386.6 ; =
e P
«f =N
0yt V) ‘W
< o :
SV o \\

5
. 5}
(=4
.y [es}
N1 / g .
fag) 5e]
\/ 4 :

184.1

184.1

0.0

George Dracoulis; NSP2013 O keV,77: ~40 Gy lul76-lowspin-1.md
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Branching ratio to 1~ state

(1) branches confirmed
(1) branching ratio defined
0.4 . . ' i i i i i ' ' -
pY pT 5 7 v
" direct direct indirect N II \
/1 ‘\
0.3 - ! \
I mean 17" ' 1 ‘
-7 % o
0.2 b - .
e |
. o (n,Y)
0.1 @ O (p, ny) i _
®(d, 2ry ) 22% goes to 1
0.0 | | | | |

George Dracoulis; NSP2013

lul76-839-branch..md
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X

Lu-176, 839 keV, 5~ state, K=4~ band: Status

limits 10 <t <433 ps
uncertain low-energy branches confirmed
band member would have T ~ 15 ps

BUT

182 keV E1 branch to 657 keV 5* state is 1.6x 10°4 W.u.
too fast and involves configuration change

N 7/27[514] P 1/2%[411] to N 1/27[510] P 9/2-[514]

839 keV E2 branch to 7- ground state is 1.4 W.u !l

expect < 103 W.u. —— [TRRE

N 7/27[514] P 1/2[411] to N 7/27[514] P 7/2*[404]

Rotational band structure inconsistent with isotone
g.s in 174Tm - Hughes et al. Phys Rev C in press (2013)

George Dracoulis; NSP2013 lul76-839state-status2011.md
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Mixing of 7~ states through chance degeneracy




Limit on 725 keV 7— state mixing [ 0.5 keV separation*]

Typical mixing: see

Dracoulis et al PRL 97-12251-2006 7 1094.1
George Dracoulis; NSP2013

8~ Wﬂ 907.6 369.4 ¢-ray gate
182.4
" jﬂmw' 724.7
161.3
< 287. 4
WM' 437.3
- 201.5
g-ray transitions 1
induced by mixing 3~ T 235.8
112.9
1- = 122.9
3.7 hr
0.0 lu176-7m.md

~40 Gy Suggested by Gintautus et al PRC 80-015806-2009
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(Limit on ?) 725 keV 7— state mixing

Dracoulis 2010, (d,2n) study

o 1071 — (<?) 1.1(4) % —
E o102k 2
> 3L ]
SookeVgraygate |z 10 50<|V[<75 eV
1500 f 200 5 1074k E
- o - | 3 - -
07 £ E
- 288 100 |- :
- i 10—6 Ll By v P b by
1000 + - 0 50 100 150 200 250
: L. o view
3 ~ [161] :
- [564] - See
00 1 Dracoulis et al
: g Phys. Rev. Lett.
] | o ol o o ° = o 97(2006)122501
0 WP\ P TR O T e ( vV VS.) DK
100 - 200 300 400 500 600

enerqgy (keV)

George Dracoulis; NSP2013

lul76-7m-limit.md
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Neutron-rich nucleil via deep-inelastic reactions
High-spin isomers
Intermediate-K bands (4™)




Metastable

ISOMERS/GAMMASPHERE- HIGH SENSITIVITY

States

13~ 1398 7 r o
rép o 11t N | 1329
280 l 169+ 10t 1274
5 <
12—- 541 Jv 1119 < 10* | 316 -1159 + ‘
- 146 9 381 1112
262 ot 271
13} 353
N 4 226
11— ¥ % 506 - 857 8 i 893
02 _l
7+_ 179 v | 759
244 6t l 7v8 130 _ 709 300
5+ 52
10~ 468 —¥— ¥ — 613 — ~ 271
11 3(6) ns k“’ 6t 593
995 “[541% 7/2 (5141,°%, ‘ 220 488
o
9— % 430 _ 383 X‘ 4t 188 *' 373
205 37 . _4¥4;]140 - 300
ot 105M 234
8= 389 184 — w19
72
184 |~ [ 173
K = jl> 5.29 h ) )
7= — ‘%/ 1@ 7/27[514] 9/27[514]® 7/27[514]
f=4.0x1010 yr K: O

1I&1K =7

7/2% 140410  7/27[5

Dracoulis et al; [Deep Inelastic/Gammasphere]
Phys Rev C 81, 011301(R) (2010)

D - Decay

lul76-scheme-I1la.md




EXPECTED LABORATORY RESONANCES: E1 to 6%+,7%+,8%

Metastable |— 14 = 15880 58 Ns
> 12f = 1515
States S/ N 450 ns
13~ 1398 7 or
o RS ‘ 1329
280 l 169+ 10F 1274
N
- J. @ 107 + 316 -1159 ‘
12-- 541 1119 by o+ B RS
262 |
Sin 353
v 226 _ +
11—F > 506 - g57 8 " i 888 8 893
7+~ 179 = | 787 ;
244 6+ l 78 T —— T 300 -~ 199
- 468 _w = 057 271
107~ 613 — 11 y X 635 o+ c03
225 /27 [541® 7/2 514 * - 220  us8
205 . [E ]140 - 300
2+, 105L66—,L 234
g~ 389 184 — 1+W To¢
- 72
184 L | - [ 123
K = 5.29 h . )
7" = 4, T4l 7/27[514] 9/27[514]1® 7/27 [514]
v=14.0 x 1010 yr K=0

7/2%1404)9 7/27[5 V4

1IuK

\ D - Decay

E1l strengths of ~ 2x10-7 W.u.
Dracoulis et al; Phys. Rev.C 81-011301(R) 2010

George Dracoulis; NSP2013
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"Transfer Rate"
Implications?




"Transfer Rate"

In stellar environment
E = Eyg -Eg = lower photon energy

N

| > (T) :Can(EB,i,T) x s (Eys,) X Pi (Eo,T)

sty 5|

Photon density _
Higher Resonance cross section
from excited state

Temperature Dependent | | Temperature Dependent
Maxwellian Population

George Dracoulis; NSP2013 lambdat-transfer-rate.md
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Transfer probabilities (inverse lifetime)

states

mixed 725 keV 709 keV

/

\

\839 via ground

lab

\ 839 keV photon

275 keV photon

839 via 564;

839¢: 1-45 meV.b
725:V = 50-75 eV

star

/

high-K states
In quasi-equilibrium

George Dracoulis;LNSP2013
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George Dracoulis; NSP2013

Mohr et al: 839 keV state; Sg = 0.0004 - 0.033 eV.b
GDD etc: Sg = 0.0010 - 0.045 eV.b
Update [JJC, 2012]; Sg = 0.003(1) eV.b

GDD (d,2n):7~ 725 keV state mix: 50 eV <|V|< 75 eV)
[stellar via 564 keV state] Sg = 0.0230 -0.524 eV.b

GDD et al. Deep Inelastic
709 keV state; Sg ~ 0.0002 eV.b
/87 keV state; Sg = 0.0005 eV.b
880 keV state; Sg = 0.0006 eV.b

Van Horenbeeck Coulomb Excitation (activation)
Integrated < 1000 keV ; Sg = 0.0300 eV.b

Most (i) significant in stellar environment ; e~ (E*/KT)

(i1) probably iInsignificant in laboratory photoactivation
Inconsistent with lab. Coulomb Excitation??
filler-sigma-725-839-and4plus.md
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George Dracoulis; NSP2013

18074 -

K = 57 band Back-Decays - not observed

K = 5T bandhead link to 7+ - not observed

5=, 839 keV state; branch defined, U to be measured ?
/7 725 keV state mixing measured - significant
Observation of multiple decays connecting 6%,7%,8" states
of K = 4% band connecting 7~ and 1~ states

176y - Strength observed in Coulomb excitation missing?

conclusions-interim.md
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George Dracoulis; NSP2013

Challenges:

[1] To measure weak g-branches in the laboratory

Not clear that one can measure down to the levels required

to account for random (isolated) state mixing
where < 1% g-ray branches are implied

[2] To identify and understand the properties of states
that lead to increasingly larger photoactivation resonances

In the laboratory

Intense, quasi-monoenergetic low energy

[Dream]
Photon source ( <500 kev to 4MeV)
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conclusion ?

There are more questions than answers,
And the more | find out, the less | know

..Johnny Nash 1972

George Dracoulis; NSP2013 conclusions-more-g-than-a.md
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