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The Electron Affinity Landscape

EA: energy needed to remove an electron from a negative ion

Analogous (and as fundamental) as the
Ionization Potential

Of fundamental importance for chemistry:
Strongly related to how much an element is
prone to form chemical bonds by sharing
electrons
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The Electron Affinity Landscape

Negative Ions are challenging...

0.015 eV 3.613 eV

Modified from www.webelements.com

... theoretically ...

Of fundamental importance for atomic physics:
Ideal systems to benchmark atomic theories by
their ability to describe many-body dynamics.

Mostly bound by electron-electron correlations
Therefore they cannot be described through 
mean-field approaches.

2



The Electron Affinity Landscape

~1/3 of EAs in the Periodic Table are unknown

0.015 eV 3.613 eV

Unbound

Modified from www.webelements.com

Unknown

Missing opportunities on: 

Radioprotection 
Nuclear medicine
F-block chemistry

Fundamental atomic physics: 
SHE and Actinides: highly-correlated systems,
relativistic effects very pronounced

Fundamental & applied chemistry:
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The Electron Affinity Landscape

… challenge to study experimentally

Techniques often require macroscopic quantities
lacks sensitivity for rare elements:
• EAs unknown for actinides/superheavies (SHE)
• not applicable to short-lived isotopes

~1/3 of EAs in the Periodic Table are unknown
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Unexplored Opportunities:
Fundamental & applied chemistry:

• Nuclear medicine
• F-block chemistry

Atomic physics of SHE&Actinides
• highly-correlated systems
• pronounced relativistic effects

Rare isotope science
• isotope shifts in EA
• benchmark elect.-correl. in specific mass shift

EA: energy needed to remove an electron from a negative ion
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The Electron Affinity Landscape
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EA: energy needed to remove an electron from a negative ion

D. Leimbach et al., Nature Communications 11, 3824(2020)

first new EA in radioactive At

Need for highly-sensitive method 
for most exotic species

ISOLDE yield: ≈4.106 ions / sec



The Sensitivity Gap

Very low cross section around threshold
Tiny fraction of ions are photodetached, large quantities needed = low sensitivity!

Laser Photodetachment Threshold (LPT) probes the energy to dismantle the negative ion:
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S. Rothe et al., J. Phys. G: Nucl. Part.Phys. 44, 104003 (2017)
D. Leimbach et al., Nature Communications 11, 3824 (2020)

exploited for radionuclides by



Our trap of choice: MR-TOFs

Ion
Widely used in rare isotope sciences as high precision mass spectrometers for over a decade

Multiple-Reflection Time-of-Flight devices

Expertise on their use to increase sensitivity ofseveral laser spectroscopy techniques with

The Sensitivity Gap - Our Solution

9

The Sensitivity Gap

Very low cross section around threshold
Tiny fraction of ions are photodetached, large quantities needed = low sensitivity!

Laser Photodetachment Threshold (LPT) probes the energy to dismantle the negative ion:

Neutral
Particle
Detector

Neutral
Atom

Negative
Ion Beam

Laser
Beam

Free electronElectrostatic 
deflector

+
-

-

+
-

-

+
-

-

Si
gn

al

Threshold: EA

Photon Energy
7

The EA sensitivity gap

Increase exposure to laser beam by ion-beam confinement
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Multi-Reflection Time-of-Flight (MR-ToF) device
• long exposure time ⇒ less particles for same signal 
• neutralized atoms remain directed towards detector

gain in sensitivity}
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S. Sels et al., Nucl. Instr. Meth. B 463, 310 (2020)
F.M. Maier et al., Nucl. Instr. Meth.. A, 1048, 167927 (2023)

Multi-Reflection Time-of-Flight (MR-ToF) device
• long exposure time ⇒ less particles for same signal 
• neutralized atoms remain directed towards detector

gain in sensitivity}
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Demonstrator experiment with 

8

at
ISOLDE negative ion source

S. Sels et al., Nucl. Instr. Meth. B 463, 310 (2020)
V. Lagaki et al., Nucl. Instrum. Meth. A, 1014, 165663 (2021)

B. Vosicki, Nucl. Instr. Meth. 186, 307–313 (1981)

MIRACLS low-energy setup+ + GANDALPH expertise
S. Rothe et al., J. Phys. G: Nucl. Part.Phys. 44, 104003 (2017)
D. Leimbach et al., Nature Communications 11, 3824 (2020)
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Figure 1. Schematic of the experimental setup. a) A continuous beam of Cl→ anions produced by an ion source is

accumulated in a He-filled Paul trap, from where anions are sent downstream in low-emittance bunches. After kinetic energy

adjustment and isotope selection by time-of-flight, 35Cl→ anions are stored in an MR-ToF device, where they can be illuminated

by a collinear laser beam. Atoms produced by neutralization processes leave the MR-ToF instrument and are registered by a

detector. b) The cumulative signal of neutral particles impinging on the detector grows with storage time. By measuring the

di!erence (yellow band) between the cumulated neutral atom counts per cycle with (red circles) and without (green squares)

laser illumination, the laser-induced photodetachment signal is determined. Error bars represent 1ω uncertainty and lines are

guiding the eye.

background, originating from detector dark counts and photoelectrons that are emitted when laser (stray) light hits146

the detector, accounts for about 3% of the total counts per cycle. The detector dark counts amount to → 0.4 counts147

per cycle and the laser-induced background counts are → 0.2 counts per cycle for each milliwatt of laser power.148

As evident in Fig.1(b), the cumulative neutral atom counts per cycle grow with longer anion storage times, indi-149

cating a significant improvement in experimental sensitivity with longer laser exposure. Eventually, the growth rate150

diminishes as the population of anions is depleted due to neutralization. To determine the fraction of the integrated151

counts per cycle due to laser-induced photodetachment, measurements with laser illumination are interleaved by iden-152

tical measurements with the laser o!. As described in detail in the Methods section, the photodetachment signal is153

then defined as S = Non ↑N int
o! , where Non is the number of counts of neutral atoms per cycle detected with lasers154

on, and N int
o! is the interpolated (int) counts of atoms detected between the two interleaving measurements with laser155

o!. To properly compare measurements taken at distinct laser powers and total stored anion content, we employ156

ISOLDE negative ion source
S. Sels et al., Nucl. Instr. Meth. B 463, 310 (2020)
V. Lagaki et al., Nucl. Instrum. Meth. A, 1014, 165663 (2021)

B. Vosicki, Nucl. Instr. Meth. 186, 307–313 (1981)

MIRACLS low-energy setup+ + GANDALPH expertise
S. Rothe et al., J. Phys. G: Nucl. Part.Phys. 44, 104003 (2017)
D. Leimbach et al., Nature Communications 11, 3824 (2020)

Demonstrator with stable 35Cl
• most bound negative ion
• well-understood exp ⇒ precision benchmark

U. Berzinsh et al. Phys. Rev. A 51, 231–238 (1995)
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Results for Cl’s EA
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Figure 2. The LPT spectrum of
35
Cl. Measured photodetachment signal strength S, as defined in Eq. 1 (black dots), as a

function of laser photon energy. Two models are fitted to the data: the Wigner threshold function (Eq. 2, blue dashed line)

and a more realistic model adapted to the MIRACLS approach (red line). A zoom of the region around the threshold is shown

in the inset. The photon energy is presented in the laboratory frame, i.e., not Doppler corrected. Error bars represent 1ω

uncertainty.

the photodetachment signal strength (S), defined as the relative, power-normalized excess counts per cycle of neutral157

atoms produced with laser illumination:158

S =
S

N int
o! · P

. (1)

Here, P is the average laser power and N int
o! is used as a proxy for the total anion content, since it is directly159

proportional to the number of stored anions (see Methods section).160

The laser wavelength is scanned between about 340.5 and 343.5 nm, in search for the threshold above which a161

photodetachment signal is found. In contrast to most LPT experiments, we approach the threshold through successive162

approximations rather than with uniform steps, with higher statistics acquired closer to the threshold. This method163

focuses the acquisition where data is more relevant, so a useful spectrum can be obtained with the least experimental164

time possible. The resulting LPT spectrum is shown in Fig. 2.165

F.M. Maier, E. Leistenschneider  et al., accepted Nature Communications 
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Trainham et al.
(1987)

Hanstorp et al.
(1993)

Berzinsh et al.
(1995)

This work

Figure 3. Electron a!nity EA of the chlorine atom as reported from several previous experiments37,53,54(gray circles)

compared to the value obtained in the present work (red star). Error bars represent 1ω total uncertainties while the pink

band denotes the 1ω statistical contribution to the uncertainty in our work. The systematic uncertainty is almost entirely due

to a blueshift depletion when exploiting our MIRACLS scheme in collinear geometry but would be absent in an anticollinear

measurement configuration. See text for details.

in which S = Non → N int
o! is the photodetachment signal introduced above, Nanion is the number of initially stored217

anions per cycle, ! is the photon flux (expressed as number of photons per second), and ω is the photodetachment218

cross section at the employed photon energy E above the threshold.219

In Fig. 4, we show ” for all measured points above the threshold in our experiment. Nanion is determined indepen-220

dently from the integrated counts/cycle of collision-induced neutralizations N int
o! (see Methods section) and averages221

to 6100(800) anions/cycle initially stored in the MR-ToF device. ! = P/E is obtained from the photon energy E and222

laser power P in each measurement, typically around 2 mW. The values for ω are taken from Ref.13.223

Our signal-sensitivity values are compared to those calculated from the data of two LPT experiments employing224

conventional single-pass approaches: on chlorine from Ref.53 and on iodine from Ref.31. Here, Nanion, Non and N int
o! are225

given as the measured anion or atom number per second. As no dedicated background measurements were conducted,226

for N int
o! the average number of detected neutral atoms for laser energies significantly below the photodetachment227

threshold was taken. As evident in Fig. 4, the signal sensitivity ” for those measurements are compatible to each228

other. In contrast, our results represent an improvement of more than three orders of magnitude over single-passage229

experiments.230

Our enhancement significantly advances LPT techniques, bringing them remarkably close to the capability of231

probing rare samples produced at the one-atom-at-a-time level. Ideally, such an LPT measurement should be able to232

F.M. Maier, E. Leistenschneider  et al., accepted Nature Communications 
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Figure 4. Signal sensitivity of LPT experiments. Signal sensitivity as a function of the photon energy above the

threshold evaluated for this work (red circles), as well as for selected single-passage LPT measurements: Berzinsh et al.53 on

Cl (gray squares) and Rothe et al.31 on I (blue open diamonds). The horizontal solid lines indicate the weighted averages for

each experiment. The dashed line represents the signal sensitivity ideally required for one-atom-at-a-time LPT experiments

implying S/Nanion → 1. Error bars represent 1ω uncertainty.

achieve S/Nanion → 1 at a reasonable target photon energy above the threshold and at a technologically attainable233

laser power. Fig. 4 illustrates the required signal sensitivity for one-atom-at-a-time experiments (gray dashed line),234

assuming 1 W of laser power at the corresponding wavelength and the theoretical photodetachment cross section235

for chlorine. At least within the energy range of 0.01 – 0.1 eV above the threshold, absolute photodetachment236

cross-sections to the lowest bound state are also known, either theoretically for H→, Si→, Cr→65 or experimentally237

for F→, Cl→, Br→, I→13, O→66, and Au→34. Interestingly, when the same photon flux is assumed, the one-atom-at-238

a-time sensitivity limits for all these elements are within a factor of ↑ 10 to the one shown for Cl→. Therefore,239

while the sensitivity target indicated by the gray dashed line in Fig. 4 is that for chlorine, it also provides a useful240

order-of-magnitude guidance for LPT studies of rare samples involving other species.241

In particular, Fig. 4 indicates that with a respective upgrade in photon flux, our current apparatus has already242

achieved the necessary one-atom-at-a-time signal sensitivity — namely, the ability to successfully neutralize each243

available anion — at photon energies as low as ↑0.1 eV above the threshold. Hence, in the case of rare samples such244

as accelerator-produced, short-lived (chlorine) isotopes, EA measurements with a precision of 0.1 eV are within reach,245

> 
10

00

F.M. Maier, E. Leistenschneider  et al., accepted Nature Communications 



Enhanced Signal Sensitivity

11

11

10−6 10−5 10−4 10−3 10−2 10−1
10−23

10−22

10−21

10−20

10−19

10−18

10−17

Si
gn

al
 S

en
si

tiv
ity

, G
 

(e
ve

nt
s/

io
n/

ph
ot

on
/s

/M
b)

Photon Energy above Threshold (eV)

This work, 
chlorine

Atom-at-a-time sensitivity
             limit for Cl at 1W   

Berzinsh et al., 
chlorine

Rothe et al., 
iodine

Figure 4. Signal sensitivity of LPT experiments. Signal sensitivity as a function of the photon energy above the

threshold evaluated for this work (red circles), as well as for selected single-passage LPT measurements: Berzinsh et al.53 on

Cl (gray squares) and Rothe et al.31 on I (blue open diamonds). The horizontal solid lines indicate the weighted averages for

each experiment. The dashed line represents the signal sensitivity ideally required for one-atom-at-a-time LPT experiments

implying S/Nanion → 1. Error bars represent 1ω uncertainty.

achieve S/Nanion → 1 at a reasonable target photon energy above the threshold and at a technologically attainable233

laser power. Fig. 4 illustrates the required signal sensitivity for one-atom-at-a-time experiments (gray dashed line),234

assuming 1 W of laser power at the corresponding wavelength and the theoretical photodetachment cross section235

for chlorine. At least within the energy range of 0.01 – 0.1 eV above the threshold, absolute photodetachment236

cross-sections to the lowest bound state are also known, either theoretically for H→, Si→, Cr→65 or experimentally237

for F→, Cl→, Br→, I→13, O→66, and Au→34. Interestingly, when the same photon flux is assumed, the one-atom-at-238

a-time sensitivity limits for all these elements are within a factor of ↑ 10 to the one shown for Cl→. Therefore,239

while the sensitivity target indicated by the gray dashed line in Fig. 4 is that for chlorine, it also provides a useful240

order-of-magnitude guidance for LPT studies of rare samples involving other species.241

In particular, Fig. 4 indicates that with a respective upgrade in photon flux, our current apparatus has already242

achieved the necessary one-atom-at-a-time signal sensitivity — namely, the ability to successfully neutralize each243

available anion — at photon energies as low as ↑0.1 eV above the threshold. Hence, in the case of rare samples such244

as accelerator-produced, short-lived (chlorine) isotopes, EA measurements with a precision of 0.1 eV are within reach,245

> 
10

00

Today’s potential (with 1W)
EA measurement with ∆ ≈ 0.1 eV 
with single ion trapped at a time

F.M. Maier, E. Leistenschneider  et al., accepted Nature Communications 



Enhanced Signal Sensitivity

11

11

10−6 10−5 10−4 10−3 10−2 10−1
10−23

10−22

10−21

10−20

10−19

10−18

10−17

Si
gn

al
 S

en
si

tiv
ity

, G
 

(e
ve

nt
s/

io
n/

ph
ot

on
/s

/M
b)

Photon Energy above Threshold (eV)

This work, 
chlorine

Atom-at-a-time sensitivity
             limit for Cl at 1W   

Berzinsh et al., 
chlorine

Rothe et al., 
iodine

Figure 4. Signal sensitivity of LPT experiments. Signal sensitivity as a function of the photon energy above the

threshold evaluated for this work (red circles), as well as for selected single-passage LPT measurements: Berzinsh et al.53 on

Cl (gray squares) and Rothe et al.31 on I (blue open diamonds). The horizontal solid lines indicate the weighted averages for

each experiment. The dashed line represents the signal sensitivity ideally required for one-atom-at-a-time LPT experiments

implying S/Nanion → 1. Error bars represent 1ω uncertainty.

achieve S/Nanion → 1 at a reasonable target photon energy above the threshold and at a technologically attainable233

laser power. Fig. 4 illustrates the required signal sensitivity for one-atom-at-a-time experiments (gray dashed line),234

assuming 1 W of laser power at the corresponding wavelength and the theoretical photodetachment cross section235

for chlorine. At least within the energy range of 0.01 – 0.1 eV above the threshold, absolute photodetachment236

cross-sections to the lowest bound state are also known, either theoretically for H→, Si→, Cr→65 or experimentally237

for F→, Cl→, Br→, I→13, O→66, and Au→34. Interestingly, when the same photon flux is assumed, the one-atom-at-238

a-time sensitivity limits for all these elements are within a factor of ↑ 10 to the one shown for Cl→. Therefore,239

while the sensitivity target indicated by the gray dashed line in Fig. 4 is that for chlorine, it also provides a useful240

order-of-magnitude guidance for LPT studies of rare samples involving other species.241

In particular, Fig. 4 indicates that with a respective upgrade in photon flux, our current apparatus has already242

achieved the necessary one-atom-at-a-time signal sensitivity — namely, the ability to successfully neutralize each243

available anion — at photon energies as low as ↑0.1 eV above the threshold. Hence, in the case of rare samples such244

as accelerator-produced, short-lived (chlorine) isotopes, EA measurements with a precision of 0.1 eV are within reach,245

> 
10

00

Today’s potential (with 1W)
EA measurement with ∆ ≈ 0.1 eV 
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Anticipated improvements:
• higher cw laser power
• higher detector efficiency
• detectors in collinear & anticollinear direction
• (better vacuum ⇒ lower background ⇒ better S/N)

F.M. Maier, E. Leistenschneider  et al., accepted Nature Communications 



Advanced Electrostatic Trap for Heavy Element Research 
(AETHER)
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MIRACLS Proof-of-Principle MR-TOF was sent to LBNL to seed the new infrastructure

Towards AETHER...
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MIRACLS low-energy system sent to LBNL to seed the new infrastructure
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Superheavy element production with BGS @ LBNL’s 88-inch cyclotron
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AETHER

AETHER for EA measurements
• MR-ToF based measurements of unknown EA
• formation of negative ions via double-charge exchange

AETHER's Concept

Create sample 
of element

Prepare sample 
for spectroscopy Probe Sample Detect SignalCreate 

negative ion

Double charge-exchange with metal vapors:

Positive
ions

Collision leading to 
Neutralization 

Vapor Cell
Metal Vapor

(Cs, Mg, K, Na...)

Negative
ions

Collision leading to 
Anionization 
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AETHER’s integration
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AETHER's Status

October 2023
MR-TOF arrives from CERN

Ongoing in 2024
Cave 2 cleared from older beamline
Seismic provisions ready
FIONA equipment to be rearranged

22

October 2023
MR-TOF arrives from CERN

AETHER's Status
Ongoing in 2024
Coupling beam line under development

23

2024
Clearing of Cave 2 and coupling to beamline

Summer 2025
Beamline commissioning

Strategy: 
• couple MR-ToF directly to cooled BGS-enabled beams next to FIONA for SHE mass measurements
• develop efficient infrastructure for double-charge exchange
• upgrade neutral particle detectors and MR-ToF system

see talk by
M. Lykiardopoulou



Summary
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• Electron Affinities (EA) critical information for chemistry, medical isotopes & 
fundamental physics

• ~1/3 of EAs in the Periodic Table are unknown
➡ conventional methods requires sizeable quantities
➡ generally lack sensitivity for radioactive elements, including (super)heavy elements 

• exploiting MR-ToF devices: enhances sensitivity of LPT technique 

• demonstrator experiment on 35Cl with MIRACLS 
➡ > 1000x higher signal sensitivity
➡ allows use of narrow-band lasers
➡ improved precision of EA in Cl
➡ !! competitive precision with 105 less ions !! 

• AETHER
➡ coupled to BGS @ LBL
➡ unique opportunity to measure currently unknown EA’s in (super)heavy elements 
➡ bonus: MR-ToF for SHE mass measurements 
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