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Motivation FRS lon Catcher
Q_ Double alpha decay is a simultaneous e:ussmn of Gryogenic stopping cell RFQ '"('f‘;ss Zﬂl ‘"‘l/c‘;\irgg: mmums

® ®
Experimental campaigns

two a-particles, a possible rare decay mode filed with He DSS detectors
A phenomenological estimate for the

branching ratio was found to be quite Deca

pessimistic: 102 [1]. A  recent 216Rn A A e,

microscopic estimate of 10° [2] e

triggered experimental studies at GSI [3],

CERN, and MSU. 228Th source Matchingion ~_Collection foil,
(@ Slanatures: bacto-back emission and RF carpet extracts s ptice 0.1 m of carbon

the known energy Qzq/2 = 6.10 MeV. a
7 Experimental branching ratio relative to
£ conventional single a-decay

GSI -FRS lon Catcher
224Rg — 220RN See M.

DSSD Simonov’s
2022 poster!

The FRS lon Catcher (GSI) is a universal system to perform decay and
laser spectroscopy and mass measurements of heavy ions. Two
double-sided silicon strip detectors (DSSDs) were used to_charged
products of 24Ra during the 4-month-long measurement in 2022.

- e ! gy

216py

Counts

Each DSSD covers 33% of 4mr:
« Pixel 3.0 mm + gap 0.1 mm B
16x16 square pixels, zone of
detection 49.5x49.5 mm?
Surface Rn, Po, Pb DSSD1
Ex

0. hi Deviation from exp. data

Solid angle model is used
to cross-check the geometry,
validate ~ Monte  Carlo
simulation. ~ The  most
prominent _deviations are
related to the shadow from
the foil holder.

enery (ev)
Background formed by all a-transitions needs to be
described as the background. 2‘Ra comes from the
foil only, whereas its descendants can settle on the
DSSD surface and corresponding peaks spiit apart.

gt < 10078 — Outlook

- : « Data: 3-10° ions of 2/Ra decayed, 90 events for 2a
i . “Ra | "o ex;
el H = 76| * Status: Effective reduction factors achieved: energy
Blinded ROI | =, cut x 10-2, space cut x 10~2, time resolution x 105,
- 28 Rutgnat! Reotn~
B 1.09 + Goal: Unblinding the data and determination of the

half-life/setting the limit
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Experimental setup

Incoming beam 4 DSSD ~ 8 cm
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30 keV Energy + Position + Time

Implantation in
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Incoming beam 4 DSSD
220Rg / 222Rg MUSETT

10x10 cm, 128x128 strips
30 keV Energy + Position + Time

Implantation in

carbon foil
20ug/cm?




A few numbers
w I 18 ms
1

Q2a/2
7.896 *
200 [ 216Rn 7.453
I 29 ps
1
212Pg | g 050 |1
295 ns I Qs /2
1 5576
1
208Pp | s.785 i
stable ---'@--J

2a ”?



A few numbers
=

216R 1 B 7453
29 ps

212D | ¢ 050
295 ns Qs /2

Q2C\{/2
7.896

8.576
208Pp | s.785
stable €

~108 implantations D ?
~107 events expected* '

*Microscopic
e 6
prediction




220R 4, ¥ 222R 5
18 ms I | ‘ 33.6 s
Q2a/2 Q2a/2 \
7.806 ¥ I 210 6.970 ¥ )1s
216 R 8 7453 | Po ‘ Rn | 6558
29 ps 138.4d 33.75 ms
| / \
206 . 214
304
212D | 4 050 | Stageb 5.30 Po | 7.129
295 ns Q20 /2 : Q2a/2

I 7548
8.576 I 207T] 4,604 ( |
208 < 107*%
Pb | s.785 477 m :
stable € I Y y |

~108 implantations

2a ”?

~107 events expected*

*Microscopic
. §)
prediction



I \
220Ra W | 222Ra
18 ms I ‘ 33.6 s
Q «@ 2 QQa/2 \
2o W I 6.970 ¥
7896 210 | 218
216 Ry | 7453 | Po Rn | 6.558
29 s 138.4 d | 33.75 ms
I o \
212p,, ||2%Pb [5301 | 210Bi “HPo | 7129 |
8.050
stable 5.01d 136.48 us |
295 ns Qonr/2 I y Q20./2

8.576 I

208Ph | s.785
stable € I
|

2a ”?

~108 implantations
~107 events expected*

*Microscopic
prediction

I 7548

|
210Ph | 7687 |
22y | « .

~10' implantations
~102 events expected*
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Motivations, setup

Cuts to identify
double alpha events
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How to identify double o« decay ?

2 a particles +...

Detector resolution
FWHM ~ 30 keV
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How to identify double o« decay ?

2 a particles +...

Kinematics Spatial condition
E1 +E2 = SZC((Ell Ez, 9) ang|e@

Detector resolution Beam spot reconstructed
FWHM ~ 30 keV with simulations

Time condition
«Ty =T, »

Detector resolution
FWHM ~ 5ns



Main spectra features: #22Ra
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Main spectra features: #22Ra

a — a coincidence
- 3 peaks = Po, Rn, Ra
16 105
14 N f a + a(incomplete) coincidence
. . :: _104
121 : ?
101
— 3
> 10°,,
Z, 5
o
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— 0
12 14 16 10
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Main spectra features: #22Ra
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(see later)
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Main spectra features: #22Ra

Es [MeV]

16+
2a %22Ra
14
12
12 14 16

104

105

103

102

10t

10°

Counts

a — a coincidence
3 peaks = Po, Rn, Ra

a + a(incomplete) coincidence

a + a(pile-up) coincidence

Po contaminants

Rutherford BackScattering

(see later)

« Qut of Random » region

Ei+4+ Eg ~ Qo (1—6 [1+f(g—2> COSH])

M
@ ~9102 <
Mdaughter aY) 1

1



Candidates summary

4 double a candidates

220Ra, 216Rn*, 222Ra, 218Rn~k

* Can escape from implantation foil
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Candidates summary

4 double a candidates 2 informations / cut

220Rg, 216RN* 222Rg, 218RN* 1) Kinematics: E, + Egz = S,,(E4, Eg, 6)

* Can escape from implantation foil

>

2 ROl / candidate

o

A) 6 = 180°, E; = Eg : « symmetric »
B) E, & Eg« out of random » : « asymmetric »

A Kinematics
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Candidates summary

4 double a candidates 2 informations / cut
220Rg, 216RN*, 222Rg, 218RN* 1) Kinematics: E, + Eg = S,4(E4, Eg, 6)
2) Time Ty —Tg = AT(2a)
* Can escape from implantation foil

>

2 ROl / candidate

o

A) 6 = 180°, E; = Eg : « symmetric »
B) E, & Eg« out of random » : « asymmetric »

A Kinematics

0
A Time 12



Candidates summary

4 double a candidates

220Ra, 216Rn*, 222Ra, 218Rn~k

* Can escape from implantation foil

2 ROl / candidate

A) 6 = 180°, E; = Eg : « symmetric »
B) E, & Eg« out of random » : « asymmetric »

2 informations / cut

1) AKinematics:E, + Eg = S,,(E4, Eg, 0)

2) ATime Ty —Tg = AT(a)

N a 2a events
© . centered around (0,0)
) |

g :

@ |

Sol el
e i

—
4 ~FWHM(setup)
I >

0
A Time 12
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Motivations, setup

Calibrations + cuts
Methodology

Preliminary
results
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Symmetric 2« : 2?Ra Same E & 6 = 180°

Expected : few 10% (microscopic)
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Symmetric 2« : 2?Ra Same E & 6 = 180°

Expected : few 10% (microscopic)

r 1 8 —7 o 3 —/2 =
:> n > B >
B e — T _18_‘3
o [ s 2~ [ 78
L <)) 2_— | .
Zrs r ik 105
B 'l —5 8 — : — 4'-‘?
< 3 y s
Lﬂ . 5L 123
7 _| B 1.2 ¢
- & M= R S
- < O 1 38
— 3 —
6.5— % - 0.8
B - P
o - Sl 0.4
6 ._ Same energy 1 4 2 Same energy
[222R 4 0 ~ 180° C 222R, 0 ~ 180° 0.2
C 1 1 1 I I 1 I 1 I 1 1 1 1 I 0 _3_| 111 I 111 I 111 I 111 I 111 I 111 I 111 I 111 0
6 6.5 7 75 40 30 -20 -10 0 10 20 30 40

Ep [MSeV] A Time [ns]
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Symmetric 2« : 2?Ra Same E & 6 = 180°

Expected : few 10% (microscopic)

Background

[

w
|

N

Counts / (10 keV)?

|||||||||||\|'||||||||||
@
|

A Kinematics [MeV]

|
[\

IIII|III—.I|IIII|IIII|IIII|IIII

—

o

6.5

|
—_

Same energy
0 ~ 180°

I[\.'J
(\V]
SRV
oy
_gj_-

N L I e ITIE L JCRC 0.6
Same eyergy o4

222R 4 0 ~ 198° 02

I I7!5IIII8I 0 IIII—éOHII—édllI—‘IIdIHCI)HH‘IIOIIII2|0IIH(3|0H I40 0
Ep [MeV] A Time [ns] \

Background
15

|
|
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o

o
o
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Symmetric 2« : 2?Ra Same E & 6 = 180°

Expected : few 10% (microscopic)

Background

[

T 1 8— —7 o 3 P —
> - > I~ >
B e — T P i)
L s 2 » F "8
L <)) 2_— | .
Zrs r ik 105
<t [ © 1= = e
Lﬂ B SR 123
7 _| K 1.2 ¢
- P L= =
B © o= 1 8
— 3 —
6.5— % - 0.8
B ® 2 E _1_-“_ NG T e LT L e e 0.6
. | < T | 04
6 : Same energy 1 4 21— Same exergy
L . ~ o B
222R 5 0 ~ 180 - 222R, 0 ~ 188° 0.2
C 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 11 I 11 I 11 I 11 I 111 I 111 I 111 I 11 1
6 6.5 7 75 0 30 0

Ep [MeV] A Time [ns] \
No excess of events in the ROI Background
Microscopic branching ratio overestimated 15



Summary : Symmetric 26( (sameE, 6 = 180°)

Upper limits on 2a branching ratio :

222Ra : 4.47 10
218RNn : 9.88 10"

220R3 : 1.60 10-8
216RN : 4.14 108
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Summary : symmetric 2a eamee,o - 10

Upper limits on 2a branching ratio :

222Ra : 4.47 10
218RNn : 9.88 10"

220R3 : 1.60 10-8
216RN : 4.14 108

Benchmark : “C decay of 222Ra, BR = (3.0+0.1) 1010

Microscopic prediction overestimated
BR(th) / BR(upper limit, exp)

222Ra : 1750
218Rn : 6400

220Ra: 3
216RN : 19
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Summary : Symmetric 26( (sameE, 6 = 180°)

Upper limits on 2a branching ratio :

222Ra : 4.47 10 220Ra : 1.60 108
218RNn : 9.88 101 216Rn : 4.14 108

Benchmark : “C decay of 222Ra, BR = (3.0+0.1) 1010

Microscopic prediction overestimated
BR(th) / BR(upper limit, exp)

222Ra : 1750 220Ra: 3
218RNn : 6400 216RN : 19

~3 orders of magnitude too large ~1 order of magnitude too large
‘ I Need to refine the microscopic

theoretical model 15




Out of random : %2?Ra £ Eocout of random»

Event Number -

1@ 8 @ 18 N
i@ 140 19
5 150 22
6 O 16O 23
Ta 17O 24

141

DO

12_ OO

o®nDoe

—_
1

101 O

EB [MGV]
A Kinematics [MeV]
" e |
O|:|

6- » 5
—1 Event Number
4 1 O @ 1 m 8 @ I8
- @ 4@ 140 19
5 ° —21 O 50 150 2
| @ ® 60 160 23
222}{a o ¢y 222Ra RS S
0 | | | | | | | _ | | | | | | |
0 2 4 6 g 10 12 14 16 —40 —30 =20 —-10 O 10 20 30 40
£ [MeV] A Time [ns]
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Out of random : %2?Ra £ Eocout of random»

Event Number

1w 8 @ 18
i@ 140 19
50 150 22
6 0 160 23
TO 17O 24

&

Event Number - o
14 °© @ '1Em 8 @ 18 N
©@ 4@ 140 19 — 9
g g O 50 150 2 >
1 /o) ¢ 60 16O 23 D)
\;I o. 70O 17 24 2 |
—— 10+ . 0
e ~ 0 0
=, 81 46—‘5 0 . o
Qq
Lﬂ )
6-\ E i -
<

|
(\\)
flooOooe

222Fﬁ%
6 8 10 12 14 16 240 —30 =20 —10 0 10 20 30 40
E 4 [MeV] A Time [DS]
Background contamination
Rutherford BackScattering + single alpha
— to be studied with even more refined simulation 16




Ouvutlook & conclusion

Successful
campaign

Able to (at least) set
upper limits on
branching ratios
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Ouvutlook & conclusion

Symmetric 2a decay
Upper limit :

1-3 orders of magnitude
w.r.t.
microscopic prediction

Successful
N campaign

o5 Able to (at least) set
: upper limits on
branching ratios

Same energy
6 ~ 180°

v e b b b b b Ly
40 30 -20 -10 0O 10 20 30 40
AT [ns]

n a4 O
NERER R

N

[\

[N}

Q
E
© © © o o =

N A O 0
o

17



Outlook & conclusion
Background to be assessed

Esum - S, [MeV]

1-3 orders of magnitude

Symmetric 2a decay

Upper limit :

microscopic prediction

w.r.t.

Same energy

6 ~ 180°

20

T
30

40

AT [ns]

Successful
campaign

Able to (at least) set
upper limits on
branching ratios

3 o
O
o
2_
1_
ODI
O
0 o L
14 O
- Event Number
03 @ 1m 8 & 18
©@ 4O M40 19
-2 O 5¢ 150 22
‘ 6 O 16 O 23
222Ra o 7O 11O A
240 =30 =20 =10 0 10 20 30 40
AT — ATy, [ns

17



Ovutlook & conclusion
Symmetric 2a decay Asymmetric 2a decay
Upper limit : Background to be assessed

1-3 orders of magnitude

w.r.t. 3 s
. . . . O
microscopic prediction S ®
uccessful >
. e ) =
Ty I campaign = .
".’5 2; —1.6% c’? 0- I:,O
woF 142 °
1= e 3
: S Able to (at least) set i -
of— 18 . . < Event Number
s upper limits on = 2 o o 1m0
r . . —27 59 15 22
1 06 branCh|ng I’atIOS 222 E 6 0 16; 23
0.4 Ra o Tm 17O U
2 Same energy ' —3 | | . . . . .
222 0 ~ 180° 0.2 —40 =30 =20 =10 0 10 20 30 40
i . AT — ATy, [ns
T R T R B 0 2a

AT [ns]

Next steps

Refine microscopic model
Detailed background simulation 17




Thank you for your attention!

L. Heitz'2, Ch. Theisen!, E. Khan?, M. Vandebrouck’, D. Thisse', B. Sulignano' ,T. Chaminade’, D a

V. Alcindor?, M.Assié?, B. Blank3, D. Beaumel?, J. Bequet, Y. Blumenfeld?, D. Cotte™®), T.Davinson?,
D. Desforges’, T. Dickel®, J.-P. Ebran’, J.Giovinazzo3, C.Houarner8, K. Johnston* M. Kowalska?,

U. Kdster?, I. Moore™©, V.Moreld, L. Nies®, A. Ortega-Moral3, . Pohjalainen™ P.M. Reiter®, T. Roger?, D()Uble alpha
F.Saillant8, M. Simonov®, L. Thulliez!, G. Toccabens', H. Wilsenach®

lIrfu, 2lJCLAB, 3Bordeaux, “CERN, °Edinburgh, 6GSl, “"CEA DAM, 8Ganil, °ILL, "0Jyvaskyl3,

This project has received funding from the European Union’s Horizon Europe Research and i
Innovation programme under Grant Agreement N°101057511 E U R @ | LA BS

EUROPEAN LABORATORIES
FOR ACCELERATOR
BASED SCIENCES

THE UNIVERSITY

- E \/ —= A Oa D 3 cp
E Irfu e @@E NBG /E//D\\D\%ﬁ%_ WN: of EDINBURGH
Iréne Joliot-Curie

/
CNRS/IN2P3

. A ¢
FAR m=su &9 19921 o ...

NEUTRONS UNIVERSITY OF JYVASKYLA
FOR SOCIETY



BACK-UP



E, [MeV]

9.2

9
8.8
8.6
8.4
8.2

8
7.8
7.6
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- a)

- =

— g

= - 216Rp

= Same energy
- = 0 ~ 180°
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72 74 76 7.8 8 82 84 86 8.8 9 9.2

E, [MeV]

2.5

1.5

0.5

Counts / (40 keV)?

Eoum - S,,, [MeV]

- b)
2
-
o
= :
— i 216RH
2 Same energy
C 0 ~ 180°
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AT [ns]
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Counts per 10 keV

— — — — — —
L 2 Q2 @ 3 2
O I T T T T T T IIIIIII| I IIIIIII| I |||||||| |

—_k
o

—h

14C decay of ???Ra

5 10

3 events

| | | | | | | | | | | | | | “I II l | l l l l | l l l l | |II l l l | l | | |
15 20 25 30 35

40

Energy [MeV]
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E; [MeV]

8.5

7.5

6.5

5.5

LI|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

Qo
N—"

220Ra

Same energy
0 ~ 180°

6.5 7 7.5 8 8.5 9 9.5
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Counts / (40 keV)?

Esum - Sy, [MeV]
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e
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E, [MeV]

=

218Rn —{1.8

Same energy | —16
0 ~ 180°

Equm - S, [MeV]

|
(0]
Counts / (10 keV)?

N 3 T e .
- 0.8
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) ame energy 1 -2/ — ) ) N
.!__5 O ~ 180° = e T . 0.2

II|III|III|III|III|III|III|III|III|III| 0

2

2 1 | -I |- 11 1 | | 11 1 1 | 11 | -I | 11 1 | | 11 1 | | I I | | 11 1 1
62 64 66 6.8 7 72 74 76 7.8 8 -3 0
E, [MeV] -40 -30 -20 -10 0 10 20 30 40

AT[ns]

74



EB [MGV]

16

141

12+

10+

3
) Event Number Event Number
o @ 10 10@mO 17 @ 1 © 1w0@m 17
] O 2@ 11 <> 18 2_ O 2@ 11 <> 18
O 60 120 19 O 60 120 19
O se 130 20 % O soe 130 209
® 90 16 < 1_009016 > o
U§ O oH
| 07
q
&
+ 11
<
=
O _ 9
22 O¢ 22
‘Ra ‘Ra
2 4 10 12 14 16 240 —30 =20 =10 0 10 20 30
E 4 [MeV] AT — ATy, |ns

40



EB [MGV]

16
141
121

10+

E 5 [MGV]

D Event Number
o @ I m 110 19
- m 2 <O 12@m 2
® 6 @ 13O 2
o o B s @ He 2
® 9 @ 18O 23
%o o 10
O
. ..
216Rn *4d
2 4 6 8 10 12 14

Event Number
@ 1 @ 11 O 19
20U m 2 O 12@m 20
® 6 @ 13O 2
B 8 O 14 @ 22
1{ € 96 B3O 2
o 1
O_
o &
1 O o5
_ 9
2161:{n
240 =30 =20 —10 0 20 30 40

AT — ATQQ [HS]



EB [MGV]

16

141

121

10+

34
35
36
39
40
41
42

3 | | | | .
—40 =30 =20 =10 0 10
AT — ATy, |ns]

20

3 > = &
N2
2_
&
14 a
O_
l‘. -
hE\gn‘cNumbero
218 s B 1
S R 4
: REE

77




3.0 7

[,u,—6. 2ns] ' 216Rn
o =5.

-40.0-30.0-20.0-10.0 0.0 10.0 20.0 30.0 40.0
AT [ns]

3.0 7

2.9 1

2.0 1

1.5

1.0+

0.5 1

[u = 1.62 ns] 216Rn
o=2054

-40.0-30.0-20.0-10.0 0.0 10.0 20.0 30.0 40.0
AT — ATy, [ns]

3.0 1

2.9 1

2.0 1

1.5

1.0+

0.5 1

pw=—0.74 ns | 216 n
o =4.39 ns R

-40.0-30.0-20.0-10.0 0.0 10.0 20.0 30.0 40.0
AT — ATRBS [HS]

78



