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AMS — Why do we do it?

AMS is an ultra-sensitive method to detect trace
amounts of long-lived radionuclides.

With both cosmogenic and anthropogenic sources,
these nuclides can used as a ‘clock’ for:

Archeology/paleoclimate ("*C 5.7 x 103 yr)
Earth sciences/geomorphology — °Be (1.38 x
106yr), 26Al1 (717 x 103 yr)
Environmental/hydrology — 3¢Cl (300 x 108 yr),
1291 (15.7 x10° yr)

Biomedicine — 14C, 41Ca (99 x 103 yr)

Nuclear science/oceanography — actinides (Pu
isotopes, U, etc.)
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AMS — Why do we do it?

AMS is an ultra-sensitive method to detect trace
amounts of long-lived radionuclides.

With both cosmogenic and anthropogenic sources,

these nuclides can used as a ‘clock’ for:

« Archeology/paleoclimate ("*C 5.7 x 103 yr)

« Earth sciences/geomorphology — °Be (1.38 x
106yr), 26Al1 (717 x 103 yr)

« Environmental/hydrology — 36ClI (300 x 103 yr),
1291 (15.7 x10° yr)

« Biomedicine — %C, 4'Ca (99 x 1083 yr)

* Nuclear science/oceanography — actinides (Pu
isotopes, U, etc.)
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AMS — Why do we do it?

AMS is an ultra-sensitive method to detect trace
amounts of long-lived radionuclides.

With both cosmogenic and anthropogenic sources,
these nuclides can used as a ‘clock’ for:

Archeology/paleoclimate ("*C 5.7 x 103 yr)
Earth sciences/geomorphology — °Be (1.38 x
106yr), 26Al1 (717 x 103 yr)
Environmental/hydrology — 3¢Cl (300 x 108 yr),
1291 (15.7 x10° yr)

Biomedicine — 14C, 41Ca (99 x 103 yr)

Nuclear science/oceanography — actinides (Pu
isotopes, U, etc.)

Decay counting
counts atoms
that decay over
time: grams of
sample, days of
counting
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AMS — Why do we do it?

AMS is an ultra-sensitive method to detect trace
amounts of long-lived radionuclides.

With both cosmogenic and anthropogenic sources,
these nuclides can used as a ‘clock’ for:

Archeology/paleoclimate ("*C 5.7 x 103 yr)
Earth sciences/geomorphology — °Be (1.38 x
106yr), 26Al1 (717 x 103 yr)
Environmental/hydrology — 3¢Cl (300 x 108 yr),
1291 (15.7 x10° yr)

Biomedicine — 14C, 41Ca (99 x 103 yr)

Nuclear science/oceanography — actinides (Pu
isotopes, U, etc.)

Decay counting
counts atoms
that decay over
time: grams of
sample, days of
counting

AMS utilizes direct
detection — potentially
every atom can be
extracted and detected:
mg of sample, minutes
of counting
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The main challenge of (AJMS?

The isobar



AMS - how do we do it?
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AMS - how do we do it? (isobar suppression)
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AMS - how do we do it? (compact AMS)

The working solution at ETH Zirich:
compact AMS.

Use of He as stripper gas allows
lower energies - better transmission

200kV MICADAS (46%) (12C1*~ 50%)
50KV LEA (50%) (12C™* - 60%)

MADE IN
ZURICH




AMS - how do we do it? (compact AMS)
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AMS - how do we do it? (compact AMS)

700

HE ESL """"""

(stigmatic
correction)

61

HE Magnet
(charge state
selection)
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i
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200 kV Accelerator
(electron stripping,
molecular destruction)

lon Source
(negative ion
production)

LE Magnet
(mass selection)
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What do we need from the source?

¢ Good efficiency — both sputtering efficiency and extraction, so that we can use the smallest amount
of sample possible and that measurements do not take too long
¢ 1 mg of carbon
¢ Good stability — so that optimum tuning parameters further downstream do not drift too far during
the measurement
[

|deally also: low maintenance!

ETH:zurich



What is a Cs sputter source?

+20kV ov -4.9kV -5kV

NEGATIVE IONS

SAMPLE
HOLDER

HOT TANTALUM

IONISER Cs+ ION
TRAJECTORY
HEATER
Cs DIFFUSER
IMMERSION
EXTRACTION LENS

ELECTRODE

Cs FROM
OVEN

K. Fifield, The Methodology and Physics of Accelerator Mass
Spectrometry (2025)
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ETH source design

Vacuum lock sample
‘magazine’

Automatic sample
changer




Target/cathode
(on potential)

?191.3

Isolating ceramics

: @127 : .
8 ETH:zurich



?191.3

@127

Target/cathode
(on potential)

Permanent
magnets

Isolating ceramics il
(Y Elele]y)

Vextr.

Vioniser

Eion-1 = Vtarget + Vioniser

ETH:zurich



Target/cathode
(-6 kV)

: . Ceramic spacers
Cs nozzle | = " between each
' voltage platform,
with shields to
protect from
excessive carbon
build up

Cu block for Cs heating
-Cs reservoir inside (5g Cs)
- air-cooled (1/4" pipe)

ETH:zurich



ETH source parameters and performance

‘Typical’ operation:
loniser = -36 kV
Target =-5.5 kV
Extractor = 5.6 kV

Corresponds to ~10s keV injection
energy

“If the machine is running 24/7 (30uA
12C at the high energy end), then the
source needs to be cleaned every 45-60
days”

ETH:zurich



ETH source parameters and performance

12, 14,12~ 144,12
c cri?c Heif’c .
(HE) 'c  blcor. fornom.er - sig 3cms5'3c 14C/12C x10-12
run pos target ID @A) com. (103 (1013 (10"%) (10'%) X%ed (na) (%) type cycl 1.112 1.151
LC885608 2 12 3.21.35 22.80 97’787 15574 1 83 0.00 0 1 22 091 -10.7 oxa2 10 .
LC885643 2 122423.21.35 24.00 101995 1.5433 1.1278 0.00354 19 081 -149 oxa2 10
LC885678 2 12242321.35 2368 100549 1.5421 1.1289 0.00357 0.00255 0.5 0.75 -15.8 oxa2 10
LC885713 2 1224232135 2365 101144 15526 1.1391 0.00359 0.00278 0.6 0.72 -16.9 oxa2 10
LC885748 2 1224232135 2338 99149 15399 1.1298 0.00360 0.00317 0.8 0.68 -16.9 oxa2 10
LC885783 2 1224232135 2324 98500 1.5389 1.1301 0.00361 0.00264 0.5 0.63 -17.4 oxa2 10
LC885818 2 1224232135 24.26 102587 15356 1.1299 0.00354 0.00484 1.9 0.62 -18.3 oxa2 10
LC885853 2 1224232135 2422 103000 15447 1.1365 0.00355 0.00478 1.8 0.60 -18.3 oxa2 10
LC885888 2 1224232135 24.12 101969 1.5353 1.1301 0.00355 0.00484 1.9 0.56 -185 oxa2 10 -
LC885923 2 1224232135 2367 100228 15377 1.1327 0.00359 0.00572 25 0.51 -189 oxa2 10
LC885958 2 122423.21.35 23.80 100790 1.5377 1.1328 0.00358 0.00442 1.5 0.50 -18.9 oxa2 10
LC885993 2 122423.21.35 23.70 100719 1.5430 1.1361 0.00359 0.00390 1.2 0.49 -18.6 oxa2 10
LC886028 2 12242321.35 23.69 100550 1.5411 1.1343 0.00358 0.00214 0.4 0.48 -185 oxa2 10
LC886063 2 12242321.35 2370 100646 1.5423 1.1343 0.00358 0.00411 1.3 0.48 -18.1 oxa2 10
LC886098 2 12242321.35 23.78 101237 1.5460 1.1372 0.00358 0.00393 1.2 0.48 -18.2 oxa2 10
LC886133 2 1224232135 23.68 100597 1.5429 1.1338 0.00358 0.00308 0.7 0.47 -17.7 oxa2 10
LC886168 2 12242321.35 23.68 100466 1.5403 1.1328 0.00358 0.00295 0.7 0.45 -18.1 oxa2 10
LC886203 2 1224232135 2354 99822 15399 1.1325 0.00359 0.00193 0.3 0.45 -18.1 oxa2 10
LC886238 2 1224232135 2252 a7z 18995 11327 0.00359 0.00369 1.1 0.44 -18.3 oxa2 10
LC886273 2 122423.21.35 2 11 1.1326 0.00361 0.00481 1.8 042 -17.7 oxa2 10
__mean _ 2 1223232135 191 M == 53325 D00120 000063 07 055 —_ oxaZ 19 4
LC885609 3 3.21.36 é 23 1.0 -8 Xazl 1(
LC885644 3 12242321.36 Zwsw 1uwuis  1.0w38 12 -14.3 7 2 d d I 3
LC885679 3 1224232136 2350 99681 1.5400 0.7 -16.4 oxa Stan ardas (on y
LC885714 3 1224232136 23.84 101929 1.5529 15 -17.0
LC885749 3 12242321.36 2391 101’547 1.5421 0.8 -16.5 h I 2 M
LC885784 3 122423.21.36 23.95 101990 1.5467 1.9 -17.3 S OWn), C Ose to Counts
LC885819 3 1224232136 2514 106'395 1.5366 05 -18.5
LC885854 3 122423.21.36 25.21 106729 1.5374 13 -18.6 h M 8500 2 3 h h
LC885889 3 122423.21.36 24.81 104796 1.5339 14 -18.7 eaC In S . rS eaC
LC885024 3 1224232136 2472 104384 1.5334 0.6 -19.0
LC885959 3 12242321.36 24.95 105634 1.5375 1.0 -19.0
LC885994 3 1224232136 2476 104723 1.5361 0.7 -18.7
LC886029 3 1224232136 2457 103395 15282 0.9 -18.8
LC886064 3 12242321.36 24.19 101996 1.5309 17 -18.2
LC886099 3 12242321.36 24.36 103566 1.5442 11 -18.4
LC886134 3 1224232136 24.18 1021104 15330 0.9 -18.0
LC886169 3 122423.21.36 23.96 101603 1.5401 1.0 -18.0
LC886204 3 1224232136 2376 100547 1.5367 1.0 -18.0
LC886239 3 122423.21.36 279/ 1ni1maa 1 R4(7 X 1.3 -18.1
LC886274 3 122423.21.36 ¢ 24 B i -17.6
“mean _3 Z 1.96 B4 1.1308 0.00139 0.00086 _T.1 —
LC885618 11 o - 1 0.4 8.1
LC885653 11 122423.21.37 Zwwc 1vouso  1.0958 0.7 -14.0
LC885688 11 12242321.37 23.96 102675 1.5564 03 -14.9
LC885723 11 1224232137 23.45 99200 1.5364 08 -15.9
LC885758 11 1224232137 23.44 99036 1.5345 0.6 -16.5
LC885793 11 122423.21.37 23.69 100968 1.5479 21 -16.8
LC885828 11 12242321.37 24.84 105849 15398 03 -17.9
LC885863 11 122423.21.37 24.44 102922 1.5293 0.9 -18.4 T
LC885898 11 12242321.37 2462 104247 15374 13 -18.4 i
LC885933 11 12242321.37 24.47 103404 15347 0.6 -18.3 ,
LC885968 11 122423.21.37 24.41 104153 1.5496 1.4 -18.4 | I
LC886003 11 1224232137 2427 102800 1.5381 1.4 -18.2
LC886038 11 1224232137 23.99 101992 1.5439 05 -18.1
LC886073 11 1224232137 23.65 100082 1.5364 05 -18.1
LC886108 11 1224232137 2372 100920 1.5447 0.8 -18.1
LC886143 11 12242321.37 2334 99397 1.5465 13 178
LC886178 11 122423.21.37 23.09 98013 1.5412 1:1 -18.2
LC886213 11 122423.21.37 2°~+ 07772 < =473 0.5 -18.0
LC886348 31 122423.21.37 ¢ 13 : . N.Ee 0. -18.3 =
mean _ 31 T2zazszrar_ 2 1 96 03 “1.1315 0.00139 0.00080 1.0 095 — g
Mean of runs " 1.1321 0.00031 0.00034 o
Mean of samples 1.1321 0.00053 0.00048 0.8 e

Mean sample scatter 1.1321 0.00140 0.00117 x ]
emET e B ETH:zuric
1.112 1.151
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Why push to even lower energy?

532nm
laser

;tatt))le radioisotope
el of interest
36S- 36C|

|

| (2.08ev) 2.33 eV

photodetachment cross section (typ. Mbarn)

energy (typ. eV)

(3.67eV)

(It's isobar suppression again)

N = NO. e(-O(I)t)

surviving

o: detachment cross section
¢: photon flux
t: interaction time

ETH:zurich
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Why push to even lower energy?

§table radioisotope
isobar of interest
36S- 36C|
(2.08eV) 233eV' (3.61eV)

532nm
laser

photodetachment cross section (typ. Mbarn)

energy (typ. eV)

adjustable pumping hole sleeves

entrance aperture

deceleration

He gasin

RF electrodes

exit aperture

acceleration

electrodes \ / electrodes
T\ | Iy
ion — | l J/; ) s ion
beam ~0.16 mbar " —’beam
— 1| 1Y
6x10~7 mbar | el — \ 8x10-7 mbar
v M 2x10-5 mbar — v
| [
v
turbo pump turbo pump
650 1/s 650 1/s
turbo pump
12701/s

M. Martischini et al, IUMS 415, 9-17 (2017)
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Why push to even lower energy?

532nm
laser

§tatt:le radioisotope
el of interest
36S- 36C|

(2.08eV) 2.33eV¢

(3.67eV)

photodetachment cross section (typ. Mbarn)

energy (typ. eV)

adjustable pumping hole sleeves

entrance aperture

deceleration

RF electrodes

He gasin

exit aperture

acceleration

electrodes \ \ \ electrodes
T\ iy
ion | l J/; ) o ion
beam ~0.16 mbar " —’beam
— 1| 1Y
6x10-7 mbar | d— — \ 8x10-7 mbar
v M 2x10-5 mbar — v
| [
v
turbo pump turbo pump
650 1/s 650 1/s
turbo pump
12701/s

M. Martischini et al, IUMS 415, 9-17 (2017)

Reason 1: ease of RFQ construction

ETH:zurich
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Why push to even lower energy?

2582

3195

For a maximum field
of 0.695 T at LE
magnet:

36CI|- = 40 keV
41CaH = 32 keV
41CaF; =14 keV (1Y)

Reason 2: existing LE magnet
limit

ETH:zurich
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Why push to even lower energy?

Reason 1: ease of RFQ construction
Reason 2: existing LE magnet limit

Reason 3: utilize the benefits of compact AMS for
more isotopes

ETH:zurich
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Diagnostics

LE ESA

a1

36C|

Einzel

RFQ Lens

|

Reacceleration

Deceleration

, ~ >
E 1 E }E

37C|
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What parameters can we optimise?

For the same total energy, we can

independently control:

« Target/sputter potential and
ijoniser potential

« loniser-sample distance

 Cstemperature

« Plus more (!)

ETH:zurich



What parameters can we optlmlse7

Co t EI ctric pt t|(02kVp gl

For the same total energy, we can

independently control:

« Target/sputter potential and
ijoniser potential

« loniser-sample distance

 Cstemperature

« Plus more (!)

z (mm)

15

.02 003 0.04 005 006 007 008 009 01

o ETHzArich
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How were these measurements made?

ETH:zurich



How were these measurements made?

Cs sputter
ion source
Einzel
(box) Lens 12C
BPM 17T ; S
Hi—
| Eeyi;
J h) r
Beam j W g
Dump ' =

LE magnet

16
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First examination: target potential and distance

-1.5mm +1.5mm
Closer to > Further from

ioniser ioniser

« Examined using aluminium ‘dummy’
targets

« Optimum sputter spot (size,
‘sharpness’) found for fixed target
potentials

Target potential 4 kV
loniser potential 22 kV
Total energy 26 keV

ETH:zurich



-1.5mm +1.5mm

Closer to < > Further from
ioniser ioniser

2kV sputter energy

4kV sputter energy

6kV sputter energy

18
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-1.5mm +1.5mm

Closer to < > Further from
ioniser ioniser

2kV sputter energy
As sputter energy increases,
the ‘ideal’ sputter spot is
created when the sample is
closer to the ioniser

4kV sputter energy Why?

6kV sputter energy

18
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z (mm)

2kV sputter energy 4kV sputter energy 6kV sputter energy

Contour: Electric potential (0.2 kV spacing) - SamplePot=-2 kV
S —— T T T T T T

Contour: Electric potential (0.2 kV spacing) - SamplePot=-4 kV Contour: Electric potential (0.2 kV spacing) - SamplePot=-6 kV
A —— T T T T T T T T T T T T

T ——

z (mm)
z (mm)

5 10 15 20 25 30 35 40 45 50 5
r{(mm)

10 15 20 25 30 35 4 45 50!
\ r(mm)

. : loniser + Cs nozzle
Sample + immersion

lens

19
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z (mm)

2kV sputter energy 4kV sputter energy 6kV sputter energy

Contour: Electric potential (0.2 kV spacing) - SamplePot=-2 kV

Contour: Electric potential (0.2 kV spacing) - SamplePot=-4 kV
S —— T T T T T T

A ——

Contour: Electric potential (0.2 kV spacing) - SamplePot=-6 kV
A —— T T T T T T

z (mm)
z (mm)

‘1‘.‘11"“\

i
5 10 15 20 25 30 35 4 45 50! 10 15
r (mm) \ r (mm) r (mm)

loniser + Cs nozzle

Sample + immersion
lens

As sputter energy increases, gradient between ioniser and
sample is stronger, bringing Cs+ to a focus in a shorter
19 distance - sample needs to be moved closer

ETH:zurich
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Second examination: temperature and ionizer

potential

N N
o (6]
1 1
° N
[e]

<

2

o

£

=

- e 130°C

5 15 120°C

m 110°C

s | T T e e et e
2 | e

Curre
—
o

1

(6;]
1

10 15 20 25 30 35
Injection Energy (keV)

More Cs temperature gives a
greater Cs* density, which ‘shields’
the target, hence needing a greater
sputter energy to overcome it

ETH:zurich
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Normalised Current on Beam Dump

NN
o
1

w
[e0)
1

w
()]
1

w
SN
1

w
N
1

w
o
1

N
(0]
1

N
()]
1

N
~

10

15

T

20
Injection Energy (keV)

T

25

30
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Normalised Current on Beam Dump

21

w
[e0)

(O]
()]
1

¢

10

15 20
Injection Energy (keV)

25

30

« Seem to be extractor limited at the
low energies

« That is, the lens formed between the
extractor and the ioniser is not
appropriate to extract all of the beam
formed at these energies

Contour: Electric potential (0.2 kV spacing)

zurich
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(@) oo o
1 1

w
=
1

Normalised Current on Beam Dump
N w w
(o0 o N
1 1

N
()]
1

N
~

21

10

15

20
Injection Energy (keV)

25

30

« Seem to be extractor limited at the
low energies

T
p
b
C

« That is, the lens formed between the
extractor and the ioniser is not
appropriate to extract all of the beam
formed at these energies

ne other possibility is that the
hase space is so large, that the

eam is hitting the magnet

hamber

ETH:zurich



Normalised Current on Beam Dump

22

40.0 1

37.5 1

35.0 1

32.5 1

30.0 1

27.5 1

25.0 1

22.5 1

20.0 -

¢ 4KV sputter energy
6kV sputter energy

o¢+*

—

T T T T

10 15 20 25
Injection energy (keV)

30

35
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Normalised Current on Beam Dump

22

40.0 1

37.5 1

35.0 1

32.5 1

30.0 1

27.5 1

25.0 1

22.5 1

¢ 4KV sputter energy
6kV sputter energy

o¢+*

—

20.0 -

T T T T

10 15 20 25
Injection energy (keV)

30

35

Normalised Current on Beam Dump

w w D
o NS
(e) (€3] (@)

1 1 1

32.5 1

30.0 1

27.5 1

25.0 1

22.5 1

¢

4kV sputter energy
6kV sputter energy

o¢+?+\"

L

20.0 -

T T T

5 10 15 20
loniser energy (kV)

25 30
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What about the phase space?

Cs sputter
ion source
Einzel
(box) Lens
Object
aperture
BPM |
DY
Beam ﬂ
Dump '

Image
aperture

23 ETHzurich

LE magnet



What about the phase space?

r= \/FWHM% + FWHM;;

, r—a
T =
d
- /
oG e =7 X1 X 1000 [mm mrad]
ion source
€ =eVE
Einzel norm VE
(box) Lens
Object
Z[PELIE a = aperture diameter = 3 mm
= d = drift length = 247 mm
BPM | ~ &
=Y
By =Y o
Beam ﬂ ﬂp‘{f 3 * Calculations assume image
Dump ! T : aperture is size-defining
Image
aperture LE magnet

* ETH:z(rich



What about the phase space?

. ¢t
" ;o bt

10 15 20 25 30 35
Injection Energy (keV)

24 ETH:-Urich
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What about the phase space?

(mm mrad \/E)

—
N
1

Normalised emmittance

—
E=N
1

—
o
1

(o]
1

(@]
1

¢

+++
PO I B

Could we be sampling

only part of the phase
space?

10

15

20 25 30
Injection Energy (keV)

35
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What about the phase space?

Normalised emmittance (mm mrad \/E)

14 A + + +
R
¢
10 1
T s
Could we be sampling
6 - only part of the phase
space?
110 115 210 215 310 3l5

Injection Energy (keV)

Current on Beam Dump (uA)

I
o
1

w
(6]
1

w
o
1

N
o1
1

—
(6]
1

—
o
1

®  No apertures

®  Tuned through image aperture

10

T T T T T

15 20 25 30 35
Injection Energy (keV)
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What did we learn? - Conclusions _

« Low energy operation seems
to be extraction-optics
limited

« Beam quality doesn't behave
as expected — phase space
vs magnet chamber?

25

ad VE)
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What next? — Future work

® Diagnostics and measurement
technique:

o Quad-scan emittance using box lens
o Change aperture + BPM setup
® lon optics:
o Introduce negative extractor potential
® Open physics question:

o |s the low-energy limitation
dominated by re-neutralization or
phase-space blow-up?

26
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ETH Cs sputter sourc
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ETH source performance - temperature

Al

nt [u




Compact AMS - Cl charge states

60 Cl charge state
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Measurements by L. Danini, semester project
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Charge state yield for CI* around 50% for compact
accelerator energies (150-200 keV), while high
energy tandem energies (46 MeV) requires use of a
higher charge state 7+, which gives a much lower
yield, around 15%
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RFQ + LPD: magnet limited for the higher masses
(example for 36Cl, 41Ca), construction of RFQ,
optimum ratio of accelerator to source potential (where
we might want to operate - ~100kV accelerator)

—  200kV MICADAS (46%) (CSY - 50%)

- 50kV LEA (50%) (CSY — 60%)

° Basically, better performance as you go down in energy

(transmission wins in particular) but compromise on
molecular destruction and angular spread/scatter

Big advantage to move to low energy for Cl

He advantage — anomaly in the 1+ CSY due to lack of
‘back reaction’/neutralisation reaction

Ultimate question: how low can we operate the source
while retaining a useful, transportable beam?

- i.e. small/reasonable phase space, good transmission

Why push to even lower energy?

adjustable pumping hole sleeves He gas in

entrance aperture exit aperture
deceleration RF electrodes acceleration
electrodes \ electrodes
| \ll. \ — J/ '
: ~ .

— ||l NN
6x10~7 mbar — — 8x10-7 mbar
v — 2x10-5 mbar v
| |
v
turbo pump turbo pump
650 1/s 650 1/s
turbo pump
1270 /s

M. Martischini et al, IIMS 415,9-17 (2017)

For a maximum field of 0.695 T at LE magnet
36CI- =40 keV

41CaH- =32 keV

41CaF3- =14 keV (1)
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   V  t a r g e t


   V  i o n i s e r


   V  e x t r .


   E  i o  n  − 1 =  V  t a r g e t +  V  i o n i s e r


  r ′ =   r − a d


  r =  F W H  M x 2 + F W H  M y 2


  𝜖 = r ×  r ′ × 1000   [mm mrad]


   𝝐  𝒏 𝒐 𝒓 𝒎 = 𝝐  𝑬


  a = aperture diameter = 3 mm


  d = drift length = 247   mm

