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Formation: Making the molecules

Reactive gas: Target Radio-frequency quadrupole cooler-

CF4, NF3, SFs m buncher (RFQ-cb)

He buffer gas
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Fluorination
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238( J19F+ ?
181Tg19F .+ ?
238J160),,* 7E5
181Tg19F,16 7

O+

238 JI9F 160+ 7

238| J19F .+ 7

181Ta19F5+ ?

CE/RW SY
\

ion current [A]

1011,

235() +

238 +

23816y +

2381116
238 19F + U0,

5238ulé6ol9F +

§238U19F2+

230

01/12/2022

240

250 260
mass [amu]
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Metastable molecular

ions

1077 : —
. L . { 23819 + into| 238y L9F +
Dissociation after acceleration, ’

. ;238U19F3+ IntO 238U19F+ 1
before mass separation. 5 1 |
10—8_ _ 5181§Ta19Fj’ inti0§181-|-a19|:§+-

5 5238U19F£—l|— ihto 238U19F+ T
m : 8 ;a
apparent mass: m* = m—f z - 1
- my: mass of fragment ion 5 M ___________
(@] :
. U ..........
* my: mass of precursor ion = AN F 7N I 4 1111 O 1| P
o AL P
Ex: UF,* into UF+* + F r \fFr |
m = — . i
238+ 2(19) 200 220 240 260 280 300 320
mass [amu]
107% e : 109 e
I P SR
-:5 e . +- TaFzinto TaF3 < L 3
S100) L - : -~ UF4 into UF 21010 L Z
S R T - e - -~ UF3 into UF N e
c o e T ) -+ UF; into UF 2 P e
. 10711 e r: —————————— -e-- UF; into U 2 10-13 o emmme - . =4
600 1650 1700 1750 1800 1850 ?14'00 16‘0(? 12;'00 2000 2200 2400

target temperature [°C]

CE/RW SY
\

X7/
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ion source temperature [°C]
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L200

L220

L240

L260

L300

L320

U +

TaF4 into TaFs
metastable UF,
metastable UF;
metastable UF,
metastable UF,

- U

- TaF4 into TaFs
UF,4 into UF
UF3 into UF
UF; into UF
UF, into U

ERE
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Decomposing mass spectra

g 250 238UFF @ 1000 revs
- E O 6
238 |E6(119 a
— : : : : : : U : O F+ 150 4 >
< 2354 238+ 238160+ - 238160 | 1 8 !
— 1011 U : : U u=0o 5238U19F+ s 5238U19F2+ /éloo 3
o : : < 2
Q 50
= . 1
> 0 . . . . g‘j . . - . 0
(@] 40024000 40026000 40028000 40030000 40032000 40034000 40036000 0 25
c ToF [ns] counts in
o) 40022 - 40036 us
230 24 250 260 270 280
mass [amul]
2
5
9 200 1
. 5 238YFO @ 1000 revs ‘ '
S € o 235UF, @ 1000 revs
S 100 IS g ‘ 6
El 238y @ 2000 revs a L
E oL— Z:UO@%s revs s 801 ‘ e 5
32 —_— UOH @ 966 revs .
o) 4
601 65 60 A
2 <
2 I 3
w401 | aser off 40 40
% 20 * 2
| 2 ‘
; 204 1
37166000 37168000 37170000 37172000 37174000 37176000 37178000 0 100 0 04 : - : — i — : : 0
ToF [ns] 371%%U_'1§57i1f‘78 us 39806000 39808000 39810000 39812000 39814000 39816000 39818000 50
ToF [ns] counts in

39805 - 39818 us
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Plasma ionization

238YFF @ 2000 revs

summed counts

200 i
O T T T T

60 |
o
] n | | " 1
* High efficiency
S
= 201
* Low selectivity I T
79986000 79988000 79990000 79992000 79994000 79996000 0 50 100
ToF [ns] counts in

79985 - 79996 us

 Dissociation

10—8_

-
o
&

FC490 [A]

10—11

------- metastable TaF,
....... metastable TaF,
....... metastable UFs
------- metastable UF,
....... metastable UF;
------- metastable UF,4
....... metastable UF,4
------- metastable UFs

200 220 240 260 280 300
mass [amu]

N

~Z Accelerator Systems

y =
chmy | Y { T} 01/12/2022 ISOLDE Workshop 2022 | M. Au




In-trap formation

2010 0
" H H H R H 2008
e - | 1 | I I I -
Il | | 1 | 2006 05
AT O TR S0 SOV 1
2
\ S .
s i - - L = 2002 3
T £ B, 2 S
3 2000 2
, a - el g
x x 1. \IIHY H O 1 O 1T Hl LT B F % £
w \ W\ H"“H W\\ 1) Y I w { Hh’ W” ‘ ' » I? om0 b
[ Il [ I H Wi 1] 1)) 11 \H
 |ID by ToF and revs vs ToF Ll 1T T -
V V [ \ [ Il ‘ “ ﬂ I’ \} [ Tt | §
: [ '\‘ & w‘ : “ ‘IH u“ i u”\i ui ‘\ T 1o92 B
. u [ I\ll} lyl{ mﬁ ‘ Tl l [ “]J . I ﬂ\ [P‘ ‘ | [‘ I 1990
° Sldeband populatlons R VLA UL IR (i H|ﬁ||” HHH 1y { 1l
SR L ToF after ejection / us
selection of " )
A=624 and 832 ) £ 5
;‘gg i [ o 2 1000 g 200
© 18l — 237
320 s l 1mTa @ Orevs L l 3 U @ 1000 revs
280 E oL— TaO @ O revs c oL 238y @ 998 revs - 6
20 2 80 *¥1Ta0; @ 0 revs 3 - 238J0 @ 966 revs
Z 160 ¢ 6o 10.0 150 23940, @ 935 revs 5
8 120 a2 5 n
"‘;’_ 80 0 % 'E 10 ms 5 ] 4
5 40 £ g4 50 6100 ' 3
s g = S
g s 2 100 ms 25 X 50 2
+o 16 <] i
X 5 1
& " 49000 42500 45000 47500 50000 52500 55000 57500 600D 200 00 5
& : ToF ts i 0 d : A 0
10 w? oF [ns] %o-LTZS(SIEs 37088000 37090000 37092000 37094000 37096000 37098000 37100000 0 25
& ToF [ns] counts in
6 37087 - 37101 us
4 w
2 111 ! 1 1 111 1 ] § ,;
0 20 40 60 80 100 1200 20 40 60 80 100 120 o ] ——- 238U
ToF after ejection / s ; 1001 — 2384 1033 revs E 200 538
g ,L— %°u01000revs " a UOH
. € 100 — 2*U0; 970 revs ‘ 5 = 1501 --e- 238y0
Fischer, - 2380H 998 revs . = .- 2380,
. 80 < ]
Schweikhard (2020) g s g 100
. < 60 o
Rev. Sci. Inst. 91, 2 £ )
= 404 2 o S0 !
023201, DOI VA =
’ 20 o ‘ 1 = \'\H—?\,
10.1063/1.5131582 ’ § i A -
38396000 38398000 38400000 38402000 38404000 38406000 38408000 O 25 ] 0 20 40 60 80
ToF [ns] counts in cooling time [ms]

38395 - 38408 us
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In-target formation

Proposal to the ISOLDE and Neutron Time-of-Flight Committee

Ac F Laser ionization spectroscopy of AcF
X

September 28, 2021

° AC M. Athanasakis-Kaklamanakis'?, S.G. Wilkins®, M. Au®®, R. Berger®, A. Borschevsky’,
K. Chrysalidis®, T.E. Cocolios?, R.P. de Groote?, Ch.E. Diillmann®%°,
K.T. Flanagan''? R.F. Garcia Ruiz®, S. Geldhof?, R. Heinke®, T.A. Isaev'?,

® E n h a n Ced extra Cti O n J. Johnson?, A. Kiuberis’, A. Koszorts!, L. Lalanne?, M. Mougeot!, G. Neyens?,

L. Niesb4, J. Reilly™!, S. Rothe?, L. Schweikhard!4, A.R. Vernon®, X.F. Yang'®

 AcF
« Laser spectroscopy =
 AcF,

« Coordination chemistry W
° 225AC

Po 211 Po 213
516 ms 42ps

Bi 209 Bi211
100 247m

« Radiopharmaceutical “theranostic”
« Optimized production

cE | Y Tany 01/12/2022
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T U225 U 226 u 227 U228 U 230 ﬁ U 232 U 233 U 234 U235 U 236
61ms 350ms. 11m otm 2084 8y 159365y 10,0054 07204 237E7y

26m 7038

/] ﬁ.'

¥

A c F 1.00E+12 gz ; | raRR | RadP "’?,3” TN
x 1.00E+11 . . .

b
4
1.00E+10 e Th223 | Th224 | Th225 | Th226 1;%725 1;;;59

Th 232
100
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1055 872m 3057 187184

1.00E+09 X %  x W |
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S 1.00E+08 X %ox T e R ]
> X
2 100807 . T Ra221 223 Ra 226
© 1.00E+06 25 Neoiesy
= e .
% 1.00E+05 5 e
s 1.00E+04 :
1.00E+03 L] —
1.00E+02 n 2000
1.00E+01 2500
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1.00E+00 Ac: 16 E8
222 224 226 228 230 232 234 236

Isotope number [amu]

x FLUKA x GEANT4 e Ac e AcF e AcFF

NI
1200
1.00E+03 163 1000 228AcF: 9 E8
1.00E+02 ® x o
600

1.00E+01 [} !
X

po

gamma counts

S . T e

1.00E+00 X x x x % .
X X X 1400 0
1.00E-01 1200 228AcFF: 30 E8
[ ]
1.00E-02 @ 1000
800

X 0o 00

Extraction efficiency

1.00E-03 ¢ £ o0
o 2 400
1.00E-04 200
Y Aoty ot
0
1.00E-05 .o oo )
1.00E-06 1200 228
- <
1.E-01 1.E+01 1.E+03 1.E+05 1.E+07 £ 1000 AcFFF: < 0.1 E8
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% 600
2 400
x GEANT4 e Ac o AcF e AcFF 200 |
A AN " N A
° 200 400 600 800 1000

energy [keV]

.
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25 226Ra @ 2000 revs
HEE R 226Ac @ 2000 revs
20 : HE 226Fr @ 2000 revs
§1s5 : :
£ :
@
€10
3
o
S
5
0 L1 Loy il hn s g e wie 111
72381000 72381250 72381500 72381750 72382000 72382250 72382500 72382750 72383000
ToF [ns]
s oo 225RaF @ 2000 revs
------ 226AcF @ 2000 revs
7 100
5
. 80
2
&
> 60
=
3 40
S
20
bt dl i b ool i e P

75361800 75362000 75362200 75362400 75362600 75362800 75363000 75363200
ToF [ns]
------ 225AcF, @ 2000 revs

80
g
S 60
g
=
&
n 40
8
c
3
8

20

L Sesuiidic ol 1 i ke

0
78228000 78228500 78229000 78229500 78230000 78230500 78231000 78231500 78232000
ToF [ns]

Efficiency

[ions / uC p*] [%]

sample:
229\cFF

1.6 (1) E5 0.05 (2)

sample:
225\cFF

1.93 (0.05) E7 2.5 (0.04)
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VP S e,

=3

56 = 5830.60 keV.
9 FW(1/5)M: 22.37




_ .. o
Outlook: Other actinides™ . F»

Actinide fluorides

* NpF, . -
 PuF, Yield Efficiency

[ions / micro C p*] [%]

Next up
sample 12: 1.6 (0.2) E3 Q38 (5)

« Improving statistics 238N pFF \\3
sample 13: <35 o @
234Np \
sample 24: 1.4 0.00013
3| e e 234N pF \
3 —— 238UF @ 998 revs 10
g ] T o mone e ’ sample 14: @ ) E2 0.037 (10)
g N . 238yCcO @ 981 revs j 234Np
07 38550000 38552000 3855‘400‘%& 38556000 38558000 0 100 z Sample : < 12 E2 < 00001

ToF [ns]

35S e s 234NpFF

/ff
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Conclusion

Surface, plasma beam compositions for actinide mass region
In-trap formation (UO, , TaO,)

In-target formation : AcF, production, ID and measurement
Molecular spectroscopy of AcF: ongoing!

Outlook: AnF,

Z—
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Laser ionization schemes used

Ac U Pu
Al

----------- IP 43394.5 cm™ =—-=—fx----= IP 49958 cm™"! =mmmofgmTo 1P 48604(1) em™

22801.1 25235.76 24690.3 (12345.2) cm'*
(11400.55) cm™’ (12617.88) cm™’

(J = 6) 5/6d?7s (J = 1)°
25235.76 24613.42
(2131574752.9926) cm-’ (12617.88) cm" (12307.71) cm™” 24188.4 (12094.2) cm-’
' 620.32 (30%)
5751; d:g’_ §g§f3aé'7f2°1 O)NIME gi‘é‘;a’g'\é'- f; 84'0(25?11 ﬁ)oggg/- Kneip, N. et al. Hyperfine Interact 241, 45 (2020).
Pa | Np

IP 49 000 (110) cm™!  w—

""""""""""""""""""""""""""""" IP 50536 cm™! Y eeSSASSSLSASLLNNSLLLLILALLLLA0LERPSLLLGLLLLOLLLYNYSELONEES
25296.3 25412.44 4 24507 3 25260.8 24690.34 25551.8 25643.8 25657
(12648.13) § (12706.22) | (12253.65) | (12630.4) (12345.2) (12775.9) (12821.9) (12828.5)
cm’’ cm-’ cm-! om-’ cm-? cm-? cm-! cm''
ol J=11/2° |
25728.6 25488.8 23806.87
(12864.3) (12724.4) cm"” (11903.4) cm’ 25277.6 (12638.8) cm"
cm’’ Naubereit, P. et al. Phys. Rev.
5R6d7s2 *Ky1/2 A 98, 022505 (2018). Mainz, Private communications (2021).
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Surface ionization vs laser enhancement

Outgassing over time

. . —— Laser off 231 A
Sideband ratios [ Laser in source

10_7'§ ........... U+

52238U19F2+ into§23§8U19F+ . 2238§U1‘§50%9F+
o P 238 )19F160+ | i

5238U19F3+ intci» ;238U19F +

238J19F +

5238§U16019F2+ .......... UF*

100U TatoEy nto WTaRY . . |
j P38Y19F + R - uo;

238U16O+§ .......... UF*

10—9 238U+ 238U1602+é 5238U19F3+

FC current [A]

10-10/

---------- TaF, into TaFs
P P P P Lo P metastable UF,
10-114 I o i 2PUF S

. — = AL e metastable UFs
22 240 260 280 30 0 metastable UF,
mass [amu]
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