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What we can learn from EO
transitions and how?

HANDEOOK OF
NuUCLEAR
SPECTROMETRY
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> Emission of EO transitions

» New tabulation of Q-(EO)

» e-y angular correlations of EO+M1+E2 transitions

» EO transitions and the evolution of shape co-existence
0 W-Os-Pt-Hg (Z=82, N=126)
0 Fe (Z=N=28)
0 12C (Z=N=8)

» Monopole transitions in atomic nuclei - new review

hor Kibedi. Dep. of Nuclear Phvsics. Australian National University EO Workshop. CEA 2017



a@ EO transitions - 75 years
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CONSTITUTION OF
The Absolute Intensities and Internal Conversion Coefficients of ATOMIC NUCLET1
the v-Rays of Radium B and Radwum C. AND
By C. D. Buus, F.R.S., Fellow of Trinity College, Cambridge, and G. 1. RADIOACTIVITY
Agron, M.A., B.Sc., Trinity Hall, Cambridge. -
Proc. Roy. Soc. (London) 129 (1931) 180-207 G: EAMCT

Highly converted K, L1, M1 lines

corresponding to 1.426 MeV
transition

Brumidid Ellis 1.4155 MeV EO in 2*Po Geor QMY (
SEOB | T,,=99(3) ps; p?=0.0013(2)

1931

6.05 MeV EO pairs in 160

Fowler & Lauritsen, Phys. Rev. 56 (1939) 840 0 = O transition:
6.05 MeV EO (1¢O) E1+M1 double photon quantum transition
Gorodetzky et al., Phys. Rev. Lett. 7 (1961) 170 forbidden

hor Kibedi. Dep. of Nuclear Phvsics. Australian National University EO Workshop. CEA 2017




Formation of EO transitions

> "Normal conversion” (L>0):
d Small contribution from inside the nucleus
O Inner part of the atom (K-L-M shells)
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» EO conversion electrons: e Py shells: L2, M2, N2
O Monopole potential o i —— 11 ” s
localised inside the LA T )
0.01 g O, 7 10 10.0
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EO transitions

Transition probability
W;=W, + Wee + W,

Conversion coefficient
ace,n = ch,n/ Wy

CE &«
ch,n= Wy X Ogen

EO
ch,n= p2(0+_)0+) X 'ch,n(ZaK)

Monopole strength parameter
- <0;€| > ejr]g|02r> ) <O;€|m(EO)|O§r>
P = eR? - eR?

Reduced transition probability
B(EQ) = e? R* p?

Tibor Kibedi, Dep. of Nuclear Physics, Australian National University EO Workshop, CEA 2017



EO transitions

c Transition probability
Wr=W, + Wee + W,
Xayo v Conversion Coefficient
.\ Ccen — ch,n/ Wy
CE & =
ch,n= Wy X| Oce
EO
ch,n= PZ(O+—>0+) X
Separation is less completel! nuclear atomic

Piet Van Isacker (GANIL) talk on Monday

7 2 4
o=y <f(%) —o(%) +fi) (R=rA",r, =12 fm)

k Eprotons

Tibor Kibedi, Dep. of Nuclear Physics, Australian National University EO Workshop, CEA 2017



EO transitions

c Transition probability
WT=Wy+WCE+W7t

Conversion Coefficient
Ccen — ch,n/ Wy

CE &n

ch,n= Wy X| Oce
EO

ch,n= P2(0+—>0+) X

nuclear atomic

[ L20: W,and W,
L=0 i.e. EO: only W, ,!

Need to measure electrons and/or

. electron-positron pairs )

EO Workshop, CEA 2017
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Q(EOQ) - theory

> QK,n(EO) ~ IK,TE(EO)

» Only ratios of Q, .(E0) could
be measured
= K/n
= K/L, K/LM, K/MN
= L/M

New Q¢ calculations

Takahe (Jackson Dowie, ANU)
> Modified version of the CATAR code
(Puli & Raff, 1975)
Relativistic Hartree-Fock-Slater
atomic model
Sliv® s surface current model
Directional & polarization particle
parameters
Penetration parameters

Qce electronic factors
Z up to 126

Tibor Kibedi, Dep. of Nuclear Physics, Australian National University

A\

VVV VY

51/2, P1/2 and P3/2 shells Only

Qce(E0), Mo (Z=42) 1000 keV

Takahe |Bell et al. | Hager &

(2017) (1972) Seltzer

(1968)

K |1.454E+9 |1459E+9 |1438E+9

L1 |1.629E+8 |1574E+8 |1611E+8

L2 | 1.358E+6 |1.152E+6 | 1.346E+6
M1 | 2.913E+7
M2 | 2.566E+5
N1 | 4983E+6
N2 | 3.788E+4
O1 | 3.807E+5

EO Workshop, CEA 2017




how good are they?

Experiment Vs. Theory Experiment Vs. Theory
BrIcc precision ICC Ratios of Q¢ & Q, CATAR
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EO vs E2 transitions
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ICC(E2, 2=26) | 1.10'%) Q(EO0, 2=26) K

1 10 100 1000 1 10 100 1000
Transition energy [keV] Transition energy [keV]
» Z and atomic shell dependent

» Increases with energy
» K/L weak dependence on Z (4 to 9)
» Pair conversion dominant at low Z

Tibor Kibedi, Dep. of Nuclear Physics, Australian National University EO Workshop, CEA 2017



EO+M1+E2 transitions
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Church, Rose and Weneser (1958)

» EO can proceed in competition of E2 & M1

» e-y angular correlations: a sensitive test

» First observation: 334.0-356.5 cascade in
196Pt (Gerholm & Pettersson 1958)

W(yy,M1 + E2) = Py +

1 1
——[A5+254,+6%ATP, + — [A7]P,

W(ey, M1 + E2) = Py +
1 1
sz[bfAS'FZszAz"'szglA?zn]Pz + sz[bfAZ]PzL

2
W(ey, EO + M1 + E2) = ——P_Ww(ey, M1 + E2)+

14+p?+q>?

q* q

———— Pyt———— b, P
1+p2+q2 O 14p24q2 0 2

Multi-detector electron-y arrays
Need to evaluate numerically the e-e/e-y correlation!

Tibor Kibedi, Dep. of Nuclear Physics, Australian National University

Mixing ratios:

EO Workshop, CEA 2017



EO+M1+E2 transitions
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Mixed EO+M1+E2 conversion coefficients

ap P(E0 + M1+ E2) = [62[1 + q%]ak (E2) + ayx (M1)]

1+ 62

Ny? Ni°
. . . 62 — q° = —
MIXII’\Q ratios: N]9/11 N}]gz

Reduced EO matrix element

2 _ 1 o ag(E2)W,(E2)
p=(E0) T(E0)XQ(E0) q Q(E0)

B(EO)/B(E2) ratio (Rasmussen 1960)
p?(e0)e?Ry  2.54x10°xA*3Epq*ay (E2)

X(EO0/E2) = B(E2) QL (E0)

Tibor Kibedi, Dep. of Nuclear Physics, Australian National University EO Workshop, CEA 2017



Proton number Z ——

82 |

(64)

50

(40)

28
20

Heyde & Wood, Phys. Scr.

91 (2016) 083008

3000 o mid-shell o 30Hg
+ 127 +
2500 N = .\~\\ :
8 © Va .
6
— 2000} . o/ o
E 6
> 1500} s 4P
%‘3 4" < 0 4
M 1000+ e
500—2 .. 1 /
0 Ov= oo Y P S D D
174 178 182 | 186 190 194 198 202 206
| |14 T T T T T T T
(40) 50 6 T T \/\/
1200 4
——— Neutron number N —— [ = even-even b I
o oo i
3 soo | & Sveneven os 188y T fa
Heyde & Wood, Rev. Mod. Phys. 83 (2011) 1467 u I - ] \\/
% 200 :
Textbook example around Pb(Z=82): . . i
Hg(Z=80), Po(Z=84) S P ]

Tibor Kibedi, Dep. of Nuclear Physics, Australian National University

NI

L

neutron number neutron number

Dracoulis PRC 49 (1994) 3324

L L 1 L Lo 1 1 1 L L 1 1
94 96 98 100 102 104 106 108 110 94 96 98 100 102 104 106 108 110
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Evolution of shape co-existence

W-0Os-Pt

a
)
-

o

——3+-312.4>1082.6

From radioactive
decay: v, y—g, CE

174Pt: Dracoulis, et al., PRC 44, R1246 (1991)

176Pt: Dracoulis, et al., J. Phys. G 12,197 (1986)
1720s: Davidson, et al., Nucl. Phys. A568, 90 (1994)
174-182(Qs: Kibedi, et al., Nucl. Phys. A567, 183 (1994)
172-178W: Kibedi, et al., Nucl. Phys. A 688 669 (2001)

Tibor Kibedi, Dep. of Nuclear Physics, Australian National University EO Workshop, CEA 2017



Evolution of shape co-existence

THE AUSTRALIAN NATIONAL UNIVERSITY

172-178 W: Kibedi, et al.,

Nucl. Phys. A 688 669 (2001)

> 0+ - O+ EO transitions (4)

> J+-J+(J=2,4,6) EO+M1+E2
transitions (19)

» No T1/2 - only X=B(EQ)/B(E2)

Tibor Kibedi, Dep. of Nuclear Physics, Australian National University

W-0Os-Pt

EO component of Ji+ — JfJr transitions in A = 170 to 178 tungsten isotopes (only for K -conversion
electron lines have been considered)

JF >0t A E,  ag(exp) agx(B2) ag(Ml) S8(E2/MI) ¢?(E0/E2) X (E0/E2)
[keV] x100  x100  x100

0f >0 172 7616  EO 3.6(11)  0.060(18)
174 7922 EO 214 0.041(2)

176 8440  EO 256)  0.058(15)

07 = 0F 178 1294.4 EO 26(2) 1.73(12)
2 —>2f 172 7437 452200 0677 178 —103730 573)  0.153(®)
174 7770 849 0618 160  —45797 131015 03905

176 8222 5.6(4) 0551 138 —2770% 10277 034670032

+2.8 +0.13 —+0.006

178 976.5 0.76(5 0392 0902 —12.372% 0947013 0.0457000
2 25 172 8071 L14(15) 0572 145 +7.613% 74019 0.17(4)

+1.0 +0.42 +0.018

176 932.4 0.83(16) 0429 101 43079 0897037 00397508

178 1004.6 0.908) 0370  0.840 >+2 15793 007679914

27 —»2f 178 13115 149(13) 0223 0436 |>2] 69797 0.617597

45 —>4f 170 7398 46(1) 0684 181 —33TL6  6118)  0.16(5)
172 7150 7.0(7) 0735 197 —4113%  8o11)  0.221(26)

174  739.4 5.8(9) 0685 181 —42707 78014 0214

176 7687 6.6(7) 0632 164 —2279% 11739 0331009

—0.06
178 9324 1.76(11) 0429  1.01 —6.6T12 3151030 14010013

3.0 —0.28 —0.013
48 47 172 8651 1.4(4) 0.497 122 42t 189 0.007(3)

178 1037.4 0515 0497 122 —1.9%97 075  0.014(18)

4F —4f 178 12551 1.01(8) 0242 0485 |>2° 37705 0.307593
6f > 65 170 7028 67715 0762 206 17798 1003) 0.23(7)
172 694.1 6.4(14) 0782 212 —507%%  1003) 0.23(7)
176 696.6 499 0776 210 |>2] 6277 0.15T00d

EO Workshop, CEA 2017



Evolution of shape co-existence
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Evolution of shape co-existence

W-0Os-Pt

4-band mixing calculations

» K=0 g.s. unperturbed ground-state
rotation

» K=0 "deformed" band

» K=2 g-band

» K=0 "s"-band, unperturbed
rotation-aligned band, back
banding observed in (HI,xn)

4000 ~

3000

2000

1000

Energy [keV]

4000 r

» Parameters to fit excitation
energies:
O Moment of inertia (VMI)
O Unperturbed band-head
energies
[ Spin-independent interactions
O aligned angular momentum of

024 6 8 10 12 J 14 16 18 : The S_band
Kibedi, et al., Nucl. Phys. A 688 669 (2001)

Tibor Kibedi, Dep. of Nuclear Physics, Australian National University EO Workshop, CEA 2017

3000

2000 r

1000




Evolution of shape co-existence

W-0Os-Pt

4-band mixing calculations

» K=0 g.s. unperturbed ground-state
rotation

» K=0 “deformed" band

» K=2 g-band

» K=0 "s"-band, unperturbed
rotation-aligned band, back
banding observed in (HI,xn)

4000 ~

3000

2000

1000

Energy [keV]

4000 r

» Interactions:
Q 150 keV (g-d)
0 30 keV (g-y)
Q 5 keV (d-y)

3000

2000 r

1000

024 6 8 10 12 J 14 16 18

Kibedi, et al., Nucl. Phys. A 688 669 (2001)

Tibor Kibeédi, Dep. of Nuclea Phy s, Australian National Uni EO Workshop, CEA 2017



Evolution of shape co-existence

W-0Os-Pt

o —r—t—————2— > Smooth evolution across Z=80 to
w00 | A.?; of Q : 74 and N=98 to 106
400 | AT i . . .
N . | | » Differences in deformation
I I I . 0 T T T T
i e o] 3> Unperturbed y and d bands
800 6 I . . .
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= 0 ! i
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Kibedi, et al., Nucl. Phys. A 688 669 (2001)
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Evolution of shape co-existence
<~ ANU FShap
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10! - T T —F ] T T T ] T | —F ] 7
172W.O - 174y 176y 178y B(EO)/B(EZ)
B o [ mO Vg 1 1 1 .
= ? //M //9’_0 _ 1> J-dependence
a [ I ¢ I I i
S 1 1 ¢ | . i
5101§ 9/9/9, N 3 O/;/O/ 1 > EO component of
o L S T S S E\L | Jy~Jgfransitions
P S S i Nl S '
< 0.00 1 1 1 » B(EO) J-independent
i\ 0.02 - -+ 4
é 0T T T T » J-dependence from
ol o T~ o T >0 o T %~ o B(E2)
6

Kibedi, et al., Nucl. Phys. A 688 669 (2001)
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Evolution of shape co-existence
<~ ANU e

x(EO/E2) systematics

o0 p*(EQ) 15 data
| 0:-0:

MNPZ e A PEITINN N 2(E0)/B(E2) [ERERL
FANSCARE 0.0

10% k

10 E
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10° E
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10° L
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<102 Zy y 21

102
104 L

88 92 96 100 104 108 112 116
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Kibedi, et al., Nucl. Phys. A 688 669 (2001)
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Shape co-existence around

N=Z=28

|
|
82 | === S
! l
L ' |
I (64) - "T@"
N B |
2 | |
|
g 50 — e
: N=Z=28 2 : L
5 - _ =1 _[_ I K
g @0 : !
n @ |
2 A o - r I
I
20 57~ < N H
B I | F G
- D
(D"_ E
R | | |1 | | | | 1 | | | | | 1
2 8 20 28 (40) 50 82 126

—— Neutron number N ——

Heyde & Wood, Rev. Mod. Phys. 83 (2011) 1467

N=Z=28 double magic
Shape co-existence “could emerge”

Tibor Kibedi, Dep. of Nuclear Physics, Australian National University Dracoulis PRC 49 (1994) 3324 EO Workshop, CEA 2017



< ANU Motivation
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1 Excited 0* around N=Z=28: from

mp-mh excitations from the 17, ' | SR ilorio
to the 15, 2p,, and 2p5, orbits ' < :
< fonl P74 A
N A
3 EO transitions: not very well N
known )

O Aim: Characterise EO transitions
in Z=26, N=28,30,32 <240

U EO s in Ni isotopes talk by Adam
Garnsworthy

3*«—&2 @T RI U F UNIVE ROS ITY i) F

KENTUCKY"

Tibor Kibedi, Dep. of Nuclear Physics, Australian National University EO Workshop, CEA 2017



< ANU Experiments
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Q (p.p) reaction, E,;=6.7-7 MeV DC beam

Q 1-2 mg/cm? 5456.58Fe targets

ANU HEAVY ION
ACCELERATOR
FACILITY

[ Singles gamma, conversion electron and pair
conversion (Super-e)

ece=0.1-0.9% E  CEKI/PF
£pr=0.01% [keV]  (Z=26)
, 1500 1.6

2500  0.066
4000  0.009 S—

SUPERCONDUCTING
LINEAR ACCELERATOR

90 ACHROMAT

Tibor Kibedi, Dep. of Nuclear Physics, Australian National University EO Workshop, CEA 2017
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0+

Extended level schemes

Counts

4000

3000

2000

1000

T
- 94Eg 1408 gate -
LA A L i L A }l 1 A | X2“° -Jtm MJM " .Jl uJ.\ M
1000 1500 2000 2500 3000 3500
E, [keV]

EO Workshop, CEA 2017



Extended level schemes
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SN Angular correlation of 0-2-0 cascades
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1153y - 1408y 2095y - 847y

56Fe

WYY(B) [rel.]

1447y - 811y

0 90 180 0 90 180 0 90 180
0 [ded]
W, (8) = N(1 + a,cos?(8) + a,cos*(6)) a, a,
5 _
0% 5 2+ o5 0+ ‘Fe 2.8(6) 3.9(7)
S6Fe | —2.6(9)  3.7(10)
a,=-3,a,=4 58Fe —2.8(8) 3.8(9)

Tibor Kibedi, Dep. of Nuclear Physics, Australian National University

EO Workshop, CEA 2017



EO transitions - %Fe
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Tibor Kibedi, Dep. of Nuclear Physics, Australian National University
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Transition energy K (Fe) [keV]

4000
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EO transitions - °Fe

THE AUSTRALIAN NATIONAL UNIVERSITY
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EO transitions in 24.56.58F¢
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Experimental monopole strength p*(E0) = Q(E0)x7(E0)

2
Monopole strength and band mixing  p2(E0) = Z_4a2 (1 — a?) [A(r?)]?

10° (5)

-

S 54 =

54Fe 2561 (0,-0,) <80 102 3, ?!‘ ; Q{ egggf § %
4291 (05-0;) 92(+22-23) | e ﬁ: ¥ % ég ‘ ]

56Fe 2942 (0,-0,)  3.2(11) =) 10t 3 : /'Ei: ¢ 0 Si : . : % % E
Fe 2258 (0,01) <12 | =0 “Fe,"s §§ S T
S = S8Fe 23

107l "1 .

54Fe 1758 (22-21) - ]
o=4.9E-5(3) M1+E2 1072 - 58N f E
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g Shape co-existence around N=Z=28

Summary

28 32 34 36
Ge 32
Zn 30 . 3.8, 0.19-54
Ni 28 ] 0.0063,, 1-27
Fe 26 <80 3.2 <12
Cr 24
Ti 22
Ca 20 25.6;, 140, 140 14.54

Q New results in 2426.58F¢: extended level schemes, new T1/2, 3(E2/M1),
EO transitions, p2(EO)

Q Future: look for EOs between J>0 states to characterise bands built
on excited O* states

d Interpretation within the bandmixing approach
O EOs in Cr (Z=24) and Ti(Z=22) to explore N=28 isotones

Tibor Kibedi, Dep. of Nuclear Physics, Australian National University EO Workshop, CEA 2017



The Hoyle state
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Heyde & Wood, Rev. Mod. Phys. 83 (2011) 1467

Hoyle state: not a typical excited O* at
south-west from the double magic O
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The Hoyle state

0* /—ioyle slfafe 7 65

E2 EO
2+
——4 .44
E2
O+
12¢
30
25_: 12C Ground State Band
] o
~ 20- S
% Bending Band 4+
s 157 2" ~$a . Hoyle Band
= ] 4- 4T
10
5
0 BN LA S I IULI L

JJ+1)
D.J. Marin-Lambarri, et al., PRL 113 (2014) 012502
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Q 1(0,)=9.3(9) eV; T,,(0,)=3.5(3) x10-7 s

0 “Extended object” (Brink 1966)
RMS=2.89(4) fm = 1.2* RMS(g.s.)
PRC 80 (2009) 054603

O p?(E0)=500(81) ADNDT 89 (2005) 77

d 2" at 9.8 MeV

Nucl. Phys. A738, (2004) 268; Phys. Rev. C 84 (2011) 054308; 80
(2009) 041303(R); 84 (2011) 027304: 86 (2012) 034320;
PRL 113 (2014) 012502

d 4+ at 13.3 MeV

Phys. Rev. C83 (2011) 034314

d 05+ at 10.3 MeV; I'(0,)=2.7 MeV
Nucl. Phys. A738, (2004) 268

1 Microscopic a-cluster model /exp
E(0,)-E5,=0.23 / 0.38 MeV
I'(0,)=7.6/9.3(9) ueV
M(EO)= 6.3/ 5.4(2) fm?

Yasuro Funaki, Phys. Rev. C 94 (2016) 024344
Dracoulis PRC 49 (1994) 3324
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The radiative width of the Hoyle

state

12C Carbon production
(0 4. ¥ —_— @’-\ (0.04%)
. SBe 0" Hoyle state 7 65 pev
B > E2 EO EM decay

/ ' ¥ 4.44 MeV
a-decay
o® (99.96%) E2
0+
— . - 12C
traditional approach ] Unc. #
e
oc [, Jexp(-] e
[ad/T (x104) 4.19(11) 8
I (E0)T(x10°6)  6.7(6) 4
' «(E0) (neV) 62.3(20) 8

[rq=3.9(4) x10-3 eV EM
branching: 0.042%
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a@\@"\

0t I;Iovle state

a-decay
(99.96%)

“traditional approach” ]

[ ad]eX

Carbon production
(0.04%)

The radiative width from p-y—y

Univ. Oslo Cyclotron
CACTUS + SiRi

7.65 MeV
E2 EO EM decay
2 ¥ 4.44 MeV | 2c 3215 4439
E2
0+
12C

Tibor Kibedi, Dep. of Nuclear Physics, Australian National University

-
Events in 12 days:

Y-ray energy [MeV]

N

Q Total: 6.0E+9
O p-singles (7.65): 2.72E+8
Q p-y—y (7.65): 260(16)

lrrad

= 2.76(21)E-4
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The radiative width from pair
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12C Carbon production ANU Su _ .
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The radiative width from pair

conversion measurements
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Properties of Monopole transitions
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Properties of Monopole transitions
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in atomic huclei

Motivation: With J.L. Wood and A. Garnsworthy

> New data since the last evaluations

First pass of ENSDF: 174 j-j (j>0)

transitions

Eg=[41.9:1877] keV

J.=1[8], 2[109], 3[4], 4[32], 5[3], 6[6],
8[21, 9[1], 10[1], 16[1]

+ _

2+

T

I 154Gd 156Dy
62" %0 6490 6% 90
Heyde & Wood., Rev. Mod. Phys. 83 (2011) 1467
EO strength model independent probe of

co-existing structures -spin dependence
Tibor Kibedi, Dep. of Nuclear Physics, Australian National University
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Park et al., PRC 93, 014315 (2016)

Strongly deformed g.s.,
weakly deformed O* at 215 keV
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<JANU Properties of Monopole transitions

in atomic nuclei

With J.L. Wood and A. Garnsworthy

Approach
> Consistent treatment of the data known 238) 966.1 keV 2*

QO Combine data on 0* > 0* and J* > J* T1/2=2.4(+17-7) ps
(J>0) transitions 921.2 keV EO+M1+E2

0 Collect and adopt T1/2, EM o M) 3'59319(80)
. . . oy o K - .
brppchmg r'aflos, mu.l’rlpolam‘nes, o (E2)= 0.00966
mixing ratios, experimental
conversion coefficients from 0.03 1= o"0’056‘(4'22"23’)’""""""""""'f """""""""""" ]
original references 0.025 - o 238U~921~E0+M1+E0 -

d ACCZPT data if: T1/2, ICC and 0.02 ,,,,,,, GGCSIPRC64 ,,,,,,,,,,,, ,,,,,,, i
mixing ratio are known oots | (2011) 047603

» New conversion coefficients, Q(EO) ot L LN T
electronic factors
0005 7 """""""""""" """" 7
0 L
0 0.005 %01 0.015 0.02
p~(EO)

Tibor Kibedi, Dep. of Nuclear Physics, Australian National University EO Workshop, CEA 2017



THE AUSTRALIAN NATIONAL UNIVERSITY

Collaborators (ANU) Collaborators (Oslo) Students

A.E. Stuchbery M. Guttormsen T K. Eriksen (12C pairs, 54Fe)
M.W. Reed A. Gorgen B. Alshahrani (*2C pyy)
S.S. Hota S. Siem A Akber -
G.J. Lane A.C. Larsen ' : .
A.T. Mitchell F. Giacoppo J. Dowie (Qce calculations)
T.G. Tornyi A. Morales Lopez M. Gerathy
Collaborators (TRIUMF) E. Sahin B.Q. Lee
A. Garnsworthy G.M. Tveten M. de Vries
L.J. Evitts F.L. Bello Garrote T. Palazzo
M. Moukaddam L.C. Campo
J. Smallcombe M. Klintefjord
Collaborators (Georgiatech) S. Maharramova 2=
J.L. Wood H-T. Nyhus 1 o
ANU technical staff T. Renstrom
A. Cooper
C. Gudu
J. Heighway
D. Tsifakis
T. Tunningley

ANU Major Equipment Grans 2011
ARC Discovery (2014-2016) DP140102986

Tibor Kibedi, Dep. of Nuclear Physics, Australian National University






