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Motivation

« Search for the neutrino mass

« |f Majorana neutrino: Ovpf3

* Aowsg = G|M|[*(m, Y
OvpB — | M|*(my)

i :‘Higég;fg?m 1 Dol | . Need N M E from thEOl’y

| fundamental

* Any constraint is welcome.

» Electroweak process of 2"d order
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double B_decay PHYSICAL REVIEW

2vpp (OvBP) | Double Beta-Disintegration
M. GOEPPERT-MAYER, The Johns Hopkins University
ST oddodd (Received May 20, 1935)
e O T

Max Born (Goéttingen, 1927):
“Study 2"d order processes!”

]
D
tl__-'fl

Svenaven M. Goppert, Dissertation, 1929
7 7 M.Go6ppert-Mayer, Ann. Wiss. (1931)

Uber Elementarakte mit zwei Quantenspritngen
Von Maria Géppert-MHayer

first evidence in the laboratory: (dttinger Dissertation)
S. Elliot, A. Hahn, and M. Moe, (Mt 5 Figuren
PRL 59, 2020 (1987) Binleitung

Der erste Teil dieser Arbeit beschiftigt sich mit dem
Zusammenwirken zweier Lichtquanten in einem Elementarakt.
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The double-gamma decay

First discussed by Maria GOppert-Mayer in
her doctoral thesis in 1929

M. Goppert-Mayer, Uber Elementarakte mit
zwel Quantenspringen

Second order process (10 weaker)

7~ ”‘I g EU = E'l = E2
) 4' m e E,, Ez are continuous
|
: l’V studied inverse in atomic physics
I % *M. Lipes et al., PRL 15, 690 (1965)
‘1, *P.H. Mokler et al., Phys. Scr. 69, C1 (2004)
Fig.4 7 K. llakovac et al., Rad. Phys. Chem. 75,

M. Goppert-Mayer, Ann.Wiss. (1931) 1451 (2006)
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The double-gamma decay in nuclear physics

vy-decay only known in a special case:

0t — 0O (QOZI—’ 40Ca, 160)

«J. Schirmer et al., PRL 53, 1897 (1984)

«J. Kramp et al., NPA 474, 412 (1987) |I)
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The double-gamma decay in nuclear physics
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vy-decay only known in a special case:
0t — 0O (QOZI—’ 40Ca, 160)

«J. Schirmer et al., PRL 53, 1897 (1984)

«J. Kramp et al., NPA 474, 412 (1987)

never observed in competition to allowed
single y-transition

*\W. Beusch et al., Helv Phys. Acta 33, 363 (1960)
«J. Kramp et al., NPA 474, 412 (1987)

*V.K. Basenko et al., Bull. Russ. Acad. 56, 94 (1992)
«C.J. Lister et al., Bull. Am. Phys. Soc. 58(13),
DNP.CE.3 (2013)
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The double-gamma decay in nuclear physics

LETTER

vy-decay only known in a special case:
O+ N O+ (QOZr’ 40Ca, 160) gggﬁga(tii(;); ;f the competitive double-gamma
«J. Schirmer et al., PRL 53, 1897 (1984) W S, . Pl .t a8, 0. P
«J. Kramp et al., NPA 474, 412 (1987) “)
never observed in competition to allowed E,
single y-transition Eo
*\W. Beusch et al., Helv Phys. Acta 33, 363 (1960)
«J. Kramp et al., NPA 474, 412 (1987)
*V.K. Basenko et al., Bull. Russ. Acad. 56, 94 (1992) E,
«C.J. Lister et al., Bull. Am. Phys. Soc. 58(13),

DNP.CE.3 (2013) 0

Dr. Christopher Walz

The two-photon decay of the 11/2- isomer of Dissertation Award 2014, TU Darmstadt
137Ba and mixed-symmetry states of °2°4Zr and  Dissertation Award 2014, EPS — NPD
94Mo and

(Dissertation, TU Darmstadt, 2014) C.Walz et al., Nature 526, 406 (2015)
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o cs
[SD ,EE:I 662 keV
. A 514 key /93 5%
P 7
1176 ke >
b,9% T BEZ KeY i+
&
137
55 02 o .

Energy (keV)
 Study 662-keV transition in 13’'Ba

e use radioactive 3’Cs -source
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Basic principle of the experiment UNIVERSITAT
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euse radioative 3’Cs -source: 16.3(5)uCi
1000 F . tl %tg . S— .2“/—decay 4 Ibackgroundl-
E1, t1 -- background
LaBri|:|Ce o0 |
£ 600 | 2y-decay@662 keV
o 3
13705 © 1|
LaBr|:|Ce o
E25 t2
’ 5:'.;0 6(.1(] 6;)0 7(.J0 7:')0
E] +E2 (kCV)

» background < small decay probability (~1 event per day)

» direct Compton scattering
* random coincidences
e cOSMic rays, sequential Compton scattering, internal radioactivity
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Decay scheme of 13’Cs

* Activity of 13’Cs -source: 16.3(5)uCi

5/27
3~ -decay 712"

11/2~

M4 | 662 keV

3/27
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Matrix element of the double-gamma decay

drz_ 13784
dwd cosﬁ(%d’ =

5/2*

7/2%
: M2
(f1|0l|n) - (n||O'||1) T
Koo' = Z E. 112
n

B2 M4

27||E2||7/2%) - (7/2%||M2||11 /2~ +
o (B/2I[ERI7/2Y - /2 M2l11/27) g

E7/2+
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Matrix element of the double-gamma decay

dr?}/’}’ ( ) 1378a
o .
dwdcosd' °° 7/2
5/2%
7/2*
(n||O’|]i) Wi

(F1O[[n) -
Soor= Zn: E. 11/2~

2 M4

3/2%||E2||7/2%) - (7/2"||M2|[11 /2~
e < S2NERIT/2) 72 MRt /2)
E7/2+
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Matrix element of the double-gamma decay

dra 137
(g, .o Ba
dwd cos 0

_x (fllo]|n) - (nl|O7]]/)
St Zn: = 11/2"

(3/2*||M1[|5/2) - (5/2*|[E3|[11/27)

QE3M1 = ELos +o g0t
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Experiment
(C. Walz, H. Scheit)

e 72°: 5 detector pairs
e 144°: 5 detector pairs

o E; + E, = 662 keV

e Compton scattering
==
double-gamma decay

® Chps = 1.50(5)°/o

e measurement time:
1273 h
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1000 B 9:72-; = (}ajuﬁsi-an ¢ background | sl _ 0:1’14C i
00 | bac kEI o ] i St&ti St ical
> s | % w0 significant peaks
700 | v 400
=600 o & 7.3 < o =43
5] =300 p
2500 | 2
g 400 p E 200 f
& 300} 5 wo b LTI
200 f i
100 } - 0F
550 600 650 700 750 550 600 650 700 750
E, + E, (keV) E, + E, (keV)
A, (72°) = 693(95) counts A>,(144°) = 325(76) counts
0 —6 &) —B
[ /T(72°) = 1.56(23)-10 [/l (144°) = 0.70(18)-10

» Result: Successful observation of the competitive double-gamma decay
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Timing Analysis

. . . — 2’}1—ierfa11

D F -
7p
E’ 50 F -
=
Q
b

25 F -

0 'l » 'l

-3 -2 -1 0 1 2 3
At (ns)

: support structure
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Timing Analysis

. — .27—Zerlfa11
= Compton-Streuung

75 | :

Counts

support structure
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Timing Analysis UNIVERSITAT
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1000\  g—79° ] 100 F
900 F ]
= o l 2 300 F
5 v
o T00f 2
= goo f =
3 < 200 |
A 500 F 2.
0 =
s 400 F =
3 3
oIl S ¢ ), I O 100 f
200 F
100 }
U =
D » » 2 » » o [ ™ [ ] o [ ™ [ ] ™ ™
550 600 650 700 750 .4 -9 g 0 1 2 3
E, + E; (keV) At (ns)

Shape of the time spec-
trum proofs that Compton
scattering is not the origin

of the peak at 662 keV
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Counts per 7.5 keV
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Timing Analysis UNIVERS ITAT
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1000 100 | — pdecay -
= Compt. scat.
900
800 Z 300 -
700 12
600 =
oH] - -
- < 200
]
400 =
3
300 O 100
200
100 |
0
ﬂ a 2 u » 1 [ ] [ 1
600 650 700 750 3 2 0 1 2 3
E; + E, (keV) At (ns)

Shape of the time spec-
trum proofs that Compton
scattering is not the origin

of the peak at 662 keV

8/9/15 | Varnal5 | The Competitive Double-Gamma Decay | Prof. Dr. Dr. h.c. Norbert Pietralla | Technische Universitat Darmstadt 19



TECHNISCHE
Results UNIVERSITAT
DARMSTADT
30
5 F O .
- angular distribution . s 0= T2 energy sharing
fb)
4
i | o Of
. 20 l ? )
= [ 1]
= 1 I &,
—~ 4
T |
~ 10} . = 3
= p
E [ ‘h“e: B
5 F - —
| ‘ l
(} '] '] '] L '] ] '] [J 1 '] L '] '] 1L '] L '] ']

10 60 80 100 120 140 160 160 180 200 220 240 260 280 300 320
f(degree) w(keV)

arz,,
dwd cos 6

2 2
= Agq(aee2) + Aod(aesmi) + Ax(ameez -+ aeam)
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St) | | | | ] | L | | 1 | | | | L | | ] L | |

angular distribution |

I./I'(107) per 25 keV

o )

'] ] 1 1 ] '] 1 ! ] '] 1 1 1 ']
40 G0 80 100 120 140 160 160 180 200 220 240 260 280 300 320

f(degree) w(keV)
2
di.,
dwd cos ¢

2 2
= Aqq(a’MZEQ) - = Aod(a,t_:3m1) + Ax(CEM2E2 : &E3M1)

» Assumption: Only appe2 and agzpm contribute
» Agq, Aog and A, exhibit characteristic dependence on w and 6
» fit both distributions simultaneously to determine apoe> and agzpq
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30 | | | | ] | L | | 1 | | | | L | | ] L | |

angular distribution |

=1

I./I'(107) per 25 keV

'] ] 1 1 ] '] 1
40 G0 80 100 120 140 160

f(degree)
2
drs,
dwd cos @

= Aqq(aingz) - - AOd(azESM1)

6

L

] ! ] T ] '] 1 1 1
160 180 200 220 240 260 280 300

w(keV)

+ Ax(ameE2 © aEamt)

> Assumption: Only amze2 and agami €077 0 ) — 4£38.2(36) i /mev

» Agg, Aog and A, exhibit characteristic

ag3mt = +7.4(38) m*/mev

» fit both distributions simultaneously to determine apzes anu aegzun

']
320
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Results & Comparison to QPM
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P30T

amze ( e;gf ) | +38.2(36)
e ef,,gf ) | +7.4(38)

amee2 dominates

relative sign between ay2e2 and

gam1 1S positive

good description in the framework of

the QPM

in collaboration with T. Aumann, V.Yu. Ponomarev, and
H. Scheit (TU Darmstadt)
C. Walz, H. Scheit, NP et al., Nature 526, 406 (2015).

2.1(3)
+42.6

L/rao™

per 25 keV

—
=
1

1,/1(10

=
T

angular distribution |

40 60 &l 100 120 140 160
0(degree)

=72 energy sharing

[

1640 180 200 220 240 260 280 300 320

w(keV)
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Opportunities: y-tracking detectors DT
AGATA: Advanced Gamma-ray Tracking Detector
g “r.
EEecs
T — =
Spatial resolution of y-interaction points —> Compton-background rejection
Continuous-angular coverage —> complete angular distribution

in collaboration with G. De Angelis, J.J. Valiente Dobon + AGATA Collaboration
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Opportunities: Other Multipolarities

DARMSTADT
60
%Co
55Cs137 5.272 a 0.31 MeV f 99.88% 4+
T2+
30.17 a B, .
-1 S . .-'rﬂ
2o, 1.48 MeV [~ 1.1732 MeV y E2
':’.E:J ”'5"51,:5'
" ":'.-' v
o e BRI eerr sz 2t
. 255m
,f{
%, 0.6617 MeV y M4 1.3325 MeV y E2
21
v, 85.1%
i ¥ S6Bal37 i
* . siahle “ a2 O+

NI

 E2 competitive to E1,E1 and M1,M1 double-gamma decay
« 90Co allows for a high-statistics coincidence condition
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vyly-Decay can be measured for well-chosen
transitions

M1,M1 is related to
Double-Gamow-Teller (DGT)

Double-charge exchange (DCX) reactions

conjectured to be related to Ovpp - NME
(Martinez Pinedo, Capuzzello and collaborators)

DGT related to Ovp - NME (?)
(see J.Menendez, tomorrow 2:30 pm)

vy - decay purely electromagnetic; no final-state
Interaction as in DCX (see J.A. Lay Valera)

vy - decay may provide opportunity for (partial)
new constraint for NME predictions

(5 4
[#] o
U Ul
o dip
W A e
4l U
di———dip
u u
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Summary

e Observation of the competetive double-gamma decay
e Measurement of the energy sharing and angular distributions

e Branching ratio: I/, =2.1(3)- 10 °  (in*'Ba)
e Determination of the matrix elements agsye and agayq
e M2E2-decay paths through 7/2* states dominate

« Formally similar to E1 polarizability / Ovpp - NME

* Related to Symmetry Parameter of Nuclear EoS ?
 Access to aspects of NME for Ovj3 - decay ?
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Summary

e Observation of the competetive double-gamma decay
e Measurement of the energy sharing and angular distributions

e Branching ratio: I/, =2.1(3) - 10~°__(in22=—

e Determination of the—s==- 6. 406 (2015) M1
e M2E2-decay Nature 52

Walz et al.,

tion!
. Formally Thank you for r atten J\IME
* Related t¢ ~___——armetel of Nuclear EoS ?

 Access to aspects of NME for Ovj33 - decay ?
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Radioactive decay: Second order

double B-decay (competitive) double y-decay
2vpp (OvBP) Yy (y)
o N[y odd/odd i)
e I
e S =
K j
v v E>
[*] L ¥ even/even
7 Z )
first evidence in the laboratory: competitive double-gamma decay
S. Elliot, A. Hahn, and M. Moe, has not been observed before

PRL 59, 2020 (1987)

M.E. = (flO@)0()liy = > (FO@)nnlOD)li)
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The double-gamma decay

First discussed by Maria GOoppert-Mayer in
her doctoral thesis in 1929

M. Goppert-Mayer, Uber Elementarakte mit
zwel Quantenspringen

=
f) —
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The double-gamma decay in nuclear physics

vy-decay only known in a special case:

0t — 0OF (9OZI—’ 40Ca, 160)

«J. Schirmer et al., PRL 53, 1897 (1984)

«J. Kramp et al., NPA 474, 412 (1987) |I)

never observed in competition to allowed
single y-transition

*\\. Beusch et al., Helv Phys. Acta 33, 363 (1960)
«J. Kramp et al., NPA 474, 412 (1987)

*\V.K. Basenko et al., Bull. Russ. Acad. 56, 94 (1992) =
«C.J. Lister et al., Bull. Am. Phys. Soc. 58(13),
DNP.CE.3 (2013) f)

main experimental obstacle:
spresence of the one-photon decay
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Objectives

» Observation of the ,competitive double-gamma decay” (yy/y)

i)
« Measurement of the energy distribution
and yy-angular correlation E1 .
0
» Determination of the multipole order and E>
radiation character 1)

-Determination of yyly - branching ratio [~ /T :

[y /T5(0) =Ty /T -W(6)
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Outline

* Double-gamma - decay

e EXperiment

» Data analysis & results
e  First yyly - branching ratio
e Multipole analysis

e Summary
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Measurement Principle
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LaBr

LaBr

Ce

Ce
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Challenge due to Background

E, + E> =~ 662 keV
t-| ~ tg

LaBr|:|Ce

~ 1:1.000.000

LaBr|:[Ce
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The experimental setup &
direct Comption scattering

e 72°: 5 detector pairs - @  Pource
o 144°: 5 detector pairs [ |

¢

? o)

~ support structure
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The experimental setup &
direct Comption scattering

e 72°: 5 detector pairs
e 144°: 5 detector pairs

o E; + E, = 662 keV

e Compton scattering
==
double-gamma decay
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The experimental setup &
direct Comption scattering

e 72°: 5 detector pairs o ‘__ source
e 144°: 5 detector pairs ' -‘..___‘_ g O 4

o E; + E, = 662 keV

e Compton scattering
==
double-gamma decay

~ support structure
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random coincidences

T 9:.720 : : . ; : —

6000 .
5000

4000

3000 f .

Counts per 0.25 ns

2000 F i

1000 F .

-30 -20 -10 0 10 20 30
At (ns)
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7000 F 9_720 : R true + random coinc. |
B 2.4 ns 3000
6000 F R T
g >
w5000 f & 2500 F -
C‘\! [ Tn]
= =
= 4000 F 9 2000 P .
= oF
= 3000 } % 1500 !
E 3000 2
o 3
O 2000 f 3 1000 F :
1000 p J 500 F 1
U Il Il Il 2 I Il 2 U 1 1 | 1 '] [
30 20 10 0 10 20 30 550 600 650 700 750
At (ns) E, + E, (keV)

use excellent time
resolution of the
LaBrs-detectors
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Time spectrum &
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7000 F O— 720 Jath) true + random coinc. |
7% 2.4 ns i random coincidences .
6000 F Ry EELE )
g >
@ 95 e
v 5000 P i 2500
oY oL
= ~ .
ab]
o, o,
E 3000 £ 1500 -
3 =
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» Result: Successful observation of the competitive double-gamma decay

8/9/15 | Varnal5 | The Competitive Double-Gamma Decay | Prof. Dr. Dr. h.c. Norbert Pietralla | Technische Universitat Darmstadt 43



TECHNISCHE
UNIVERSITAT
DARMSTADT

Critical analysis (1)
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Outline

* Double-gamma - decay

» Experiment

e Data analysis & results
e  First yyly - branching ratio
« Multipole analysis

e Summary
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Electric dipole polarizability —
matrix element of the double-gamma decay
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Electric dipole polarizability:
(Ogsl[ET[17) (15 [|ET[|0gs)

aDO(Z E.

n

Matrix element of the double-
gamma decay (J; = 07,2%):

(Ogs| [ET[[15) (14 |[ET[|J7)

11 X E
En

n

» similar structure of ap and agqg1
» «gqpq alternative quantity?

» ap requires measurement of E1-strengths over wide energy range (difficult)
<= afgq1gy accessible through one electromagnetic transition
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