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Fundamental Interactions

Electromagnetic Weak Strong

Atomic nuclei – natural results of the 
complex “game” of complex 
interactions in a complex quantum 
many-body system composed of two 
types of fermions

Protons

Neutrons

Nucleons
Fermions

What is so 
exciting about 
atomic nuclei?

Q: Is our 
Sun still 
burning?



Ø Limits of existence
Ø Shell structure
Ø Shapes
Ø Correlations
Ø Decays and reactions
Ø Fundamental 

symmetries

Properties of Atomic Nuclei

Total energy of 
the system
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Nuclear Chart: Known nuclides

Radionuclides created in terrestrial 
laboratories via nuclear reactions

(fusion, fission, spallation, transfer,  
fragmentation, multi-nucleon 

transfer, …. )
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Nuclear Chart: What is not yet known?

Terra incognita
Nuclei expected to exist

 
About 5000 nuclei

J.Erler,etal., Nature 486, 509 (2012) 



Nucleosynthesis Processes (best known)

Figure: NuPECC Long Range Plan 2024
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Slow neutron capture
s-process

Rapid proton capture 
rp-process

P-processes

Rapid neutron capture 
r-process

Nucleosynthesis Processes

Majority of nuclei of
interest are short-lived

They need to be produced
in nuclear reaction

(rare isotopes)



Atomic Mass – Fundamental Property of Atomic Nucleus 

Taken from

Q: Who has 
discovered?



1935-1936 H.A. Bethe, C.F. von Weizsäcker 



Predictive Powers of Mass Models
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Where do we stand?

Penning Traps
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Fig. 5. Sectional view (adapted from [54]) of the MR-ToF device. The mass-separated ions are either detected by a microchannel-plate detector to record a time-of-flight
spectrum (right top) or selected by the BNG (right bottom).

with respect to a set of operation parameter of the mass analyzer.
In general, for a rough identification of nuclear species, an “exter-
nal”, i.e. non-simultaneous, calibration with two or more different
ion species, e.g., with stable isotopes from the alkali ion source,
is sufficient. This allows assigning a mass-over-charge value, and
therefore a likely species, to every flight time. As a start, if one
species in the spectrum is clearly identified, the relative distances
to the neighboring time-of-flight signals can be used to further
analyze the ensemble. This procedure is advantageous in case of
voltage drifts, e.g., due to a change in the environmental conditions,
which might cause time-of-flight deviations. While these may  shift
the absolute positions of the peaks, the changes in the distances
between close-neighboring signals remain negligible.

In cases where ISOLDE’s resonance-ionization laser ion source
(RILIS) [79] is employed, the unambiguous identification of one
of the unknown ions in the time-of-flight spectrum can easily be
accomplished: The RILIS system can be tuned to selectively ion-
ize only the species under investigation. Blocking the laser beam
leads to an immediate drop of the signal of the corresponding ion
in the time-of-flight spectrum, i.e. a straightforward identification,
as shown for 185Au+ in Fig. 6: The surface-ionized isobar 185Tl+

is well separated after a flight time of about 33 ms.  By monitor-
ing the count rate the ionization efficiency can be optimized even
for very low yields, independent of branching ratio and half-life,
as described below. Furthermore, the hyperfine structure of the
isotope under investigation can be studied by scanning of the reso-
nances, as show in Fig. 7 as a proof of principle with a relatively
large laser line width [80]. A high count-rate range of four orders of
magnitude could be recorded background free. A detailed discus-
sion about the application of the MR-ToF MS  in the field of in-source
laser spectroscopy is out of the scope of the present treatment and
will be given elsewhere [81].

The abundance ratios of the different species composing the
MR-ToF time-of-flight spectrum are in many cases a direct rep-
resentation of the ion-beam composition delivered from ISOLDE.
Depending on the isotope, corrections may  have to be applied with
respect to, e.g., the half-lives and charge-exchange rates from col-
lisions with buffer-gas atoms in the RFQ. By varying the delay
between the ISOLTRAP RFQ collection-time window and the pro-
ton irradiation pulse on the ISOLDE target, the time structure of the
release of the nuclides from the target can be sampled. To derive
absolute yield numbers, the efficiency of the ISOLTRAP setup up
to the MR-ToF MS  can be calibrated by the signal intensity of a
reference beam.

Currently, the intensity of an ion beam from ISOLDE is moni-
tored with Faraday-cups, which give only an integral number and
no information on the composition. In addition, the sensitivity on
the order of picoamperes is not sufficient to measure the yield
of very exotic species far away from the valley of stability. The
beam composition is determined by nuclear decay spectroscopy.
This method, however, comes to its limits if the half-life exceeds

a few tens of seconds, if the branching ratio is unfavorable (as,
e.g., in Fig. 7, with an ˛-decay branching fraction of 185Au of only
0.26%), or if the production in the target is low. In contrast, the
MR-ToF MS  offers an efficient alternative to both Faraday-cup
beam-current measurement as well as decay spectroscopy as it
has no intrinsic upper half-life limit, provides single-ion counting
and can distinguish the species delivered by its ultra-high mass
resolving power. Thus, the MR-ToF MS  is a universal analytical tool
that provides yield information for stable to short-lived species
down to the 10-ms half-life range.

The ion-identification capability can be used to optimize the
ISOLDE performance for particular experimental requirements, e.g.,
to find the best parameters to enhance or suppress the yield of
specific isotopes. For example, the temperature of an ISOLDE tar-
get determines the diffusion time of the ions out of the target. In
Fig. 8, the target temperature was  varied from about 1740 ◦C to
1810 ◦C and the effect on the ion ensemble was  observed with the
MR-ToF MS:  At mass A = 72 the spectrum shows, amongst others,
the short-lived ions 72Ga+ and 72Cu+, with half-lives of 14.10(2) h
and 6.63(3) s, respectively [82]. The proposed species are the ones
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Fig. 6. A = 185 time-of-flight spectra after 1000 revolutions in the MR-ToF MS.  (a)
The  RILIS lasers were tuned to ionize 185Au+ atoms. The clear separation from 185Tl+

isotopes enables a background-free gold-yield analysis. (b) Furthermore, blocking
the laser beam unambiguously identifies the gold isotope.
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Direct Mass Measurements on the Chart of the Nuclides

About 7000 nuclei are expected to exist
Masses of about 2300 have been measured



Why do not we measure them all?

Mass spectrometry techniques:
- Bandwidth
- Resolving power
- Speed
- Sensitivity

Ultimate goal to combine 
all 4 characteristics

Characteristics of mass spectrometry techniques
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Proton-induced reactions
Q: What is the difference 
between spallation and 
fragmentation?



Heavy-ion-induced reactions

Projectile Fragmentation

Coulomb Fission / Coulomb dissociation

Fusion



FL = q · v ·B

Lorentz Force
Centrifugal Force

Fc =
m · v2

r

r - Radius
q - Charge
v - Velocity
m - Mass
B – Magnetic induction

m · v
q

= B · r

Charged Particle Motion in Magnetic Field

Velocity!!!



Production and separation of exotic nuclei



TOF-Br experiments at NSCL

Matos et al , NIMA (2012)
Meisel and George, IJMS (2013)

Note: technique pioneered at GANIL (SPEG), 
currently also an active program at RIKEN 
(e.g. Michimasa et al, PRL 2018)

𝛿𝑚
𝑚

≈ 2 × 10−4

(Stolen from Alfredo)



TOF-Br experiments at NSCL: mass calibration

𝒎
𝒒
= 𝒇(𝑻𝑶𝑭𝐁𝛒, 𝒁)

(Stolen from Alfredo)

- Bandwidth
- Resolving 

power
- Speed
- Sensitivity



Nuclear Physics at Storage Rings ESR at GSI 

CSRe at IMP

CRYRING at GSI 

R3 at RIKEN

Photos: M. Lestinsky, A. Zschau, GSI; IMP Lanzhou; RIKEN



Radioactive Ion Beam Facility at GSI

Picture: GSI, Darmstadt



In-Flight production & separation

Highly-Charged Ions (0, 1, 2 … bound electrons)
In-Flight separation within ~ 150 ns
Cocktail or mono-isotopic beams

Primary beams @ 400-1000 MeV/u



In-Flight production & separation
About 1000 nuclear 
residues identified

A/Z-resolution ~10-3

J. Pereira et al., PRC (2007)



Experimental Cooler-Storage Ring in Lanzhou, China

CSRe at IMP

Photos: A. Zschau, GSI; IMPCAS Lanzhou



Experimental Storage Ring ESR in Darmstadt, Germany

Photos: A. Zschau, GSI; IMPCAS Lanzhou

ESR at GSI 



Exchange of momenta

Gersh I. Budker
1918 - 1977

�v

v
⇡ 1 · 10�7

Electron Cooling of Secondary Beams

Q: The cross-section for recombination of electrons 
with highly-charged ions diverges at zero relative 

velocity. Why stored ions do simply not recombine and 
get lost from the ring? 

Markus Steck 2025✢



Simon van der Meer 
1925 - 2011

Stochastic Cooling (self-correction of trajectory)

Photos from the Nobel Foundation archive.

Q: Why do you need to send the signal to the opposite 
side of the ring? Why cannot one simply wait until the 

beam comes back after full revolution?

Fritz Nolden
2023✢

Nobel prize 1984: 
S. van der Meer 
and C. Rubbia 



Cooling:
Takes time

Destructive 
Detectors
(foil-based
Secondary
electron

detectors)

No cooling

Non-
Destructive
Detection
(Schottky
detectors)

Schottky and Isochronous Storage Ring Mass Spectrometry

B. Franzke, H. Geissel, G. Мünzenberg, Mass Spectr. Rev. 27 (2008)
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Hans 
Geissel
2024✢

Gottfried
Münzenberg
2024✢

Bernhard Franzke

B. Franzke, H. Geissel, G. Мünzenberg, Mass Spectr. Rev. 27 (2008)

1985: Proposal for Schottky Mass Spectrometry at the ESR



SMS: Broad Band Frequency Spectra



Nuclear Decays of Stored Single Ions
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Fig. 5. Sectional view (adapted from [54]) of the MR-ToF device. The mass-separated ions are either detected by a microchannel-plate detector to record a time-of-flight
spectrum (right top) or selected by the BNG (right bottom).

with respect to a set of operation parameter of the mass analyzer.
In general, for a rough identification of nuclear species, an “exter-
nal”, i.e. non-simultaneous, calibration with two or more different
ion species, e.g., with stable isotopes from the alkali ion source,
is sufficient. This allows assigning a mass-over-charge value, and
therefore a likely species, to every flight time. As a start, if one
species in the spectrum is clearly identified, the relative distances
to the neighboring time-of-flight signals can be used to further
analyze the ensemble. This procedure is advantageous in case of
voltage drifts, e.g., due to a change in the environmental conditions,
which might cause time-of-flight deviations. While these may  shift
the absolute positions of the peaks, the changes in the distances
between close-neighboring signals remain negligible.

In cases where ISOLDE’s resonance-ionization laser ion source
(RILIS) [79] is employed, the unambiguous identification of one
of the unknown ions in the time-of-flight spectrum can easily be
accomplished: The RILIS system can be tuned to selectively ion-
ize only the species under investigation. Blocking the laser beam
leads to an immediate drop of the signal of the corresponding ion
in the time-of-flight spectrum, i.e. a straightforward identification,
as shown for 185Au+ in Fig. 6: The surface-ionized isobar 185Tl+

is well separated after a flight time of about 33 ms.  By monitor-
ing the count rate the ionization efficiency can be optimized even
for very low yields, independent of branching ratio and half-life,
as described below. Furthermore, the hyperfine structure of the
isotope under investigation can be studied by scanning of the reso-
nances, as show in Fig. 7 as a proof of principle with a relatively
large laser line width [80]. A high count-rate range of four orders of
magnitude could be recorded background free. A detailed discus-
sion about the application of the MR-ToF MS  in the field of in-source
laser spectroscopy is out of the scope of the present treatment and
will be given elsewhere [81].

The abundance ratios of the different species composing the
MR-ToF time-of-flight spectrum are in many cases a direct rep-
resentation of the ion-beam composition delivered from ISOLDE.
Depending on the isotope, corrections may  have to be applied with
respect to, e.g., the half-lives and charge-exchange rates from col-
lisions with buffer-gas atoms in the RFQ. By varying the delay
between the ISOLTRAP RFQ collection-time window and the pro-
ton irradiation pulse on the ISOLDE target, the time structure of the
release of the nuclides from the target can be sampled. To derive
absolute yield numbers, the efficiency of the ISOLTRAP setup up
to the MR-ToF MS  can be calibrated by the signal intensity of a
reference beam.

Currently, the intensity of an ion beam from ISOLDE is moni-
tored with Faraday-cups, which give only an integral number and
no information on the composition. In addition, the sensitivity on
the order of picoamperes is not sufficient to measure the yield
of very exotic species far away from the valley of stability. The
beam composition is determined by nuclear decay spectroscopy.
This method, however, comes to its limits if the half-life exceeds

a few tens of seconds, if the branching ratio is unfavorable (as,
e.g., in Fig. 7, with an ˛-decay branching fraction of 185Au of only
0.26%), or if the production in the target is low. In contrast, the
MR-ToF MS  offers an efficient alternative to both Faraday-cup
beam-current measurement as well as decay spectroscopy as it
has no intrinsic upper half-life limit, provides single-ion counting
and can distinguish the species delivered by its ultra-high mass
resolving power. Thus, the MR-ToF MS  is a universal analytical tool
that provides yield information for stable to short-lived species
down to the 10-ms half-life range.

The ion-identification capability can be used to optimize the
ISOLDE performance for particular experimental requirements, e.g.,
to find the best parameters to enhance or suppress the yield of
specific isotopes. For example, the temperature of an ISOLDE tar-
get determines the diffusion time of the ions out of the target. In
Fig. 8, the target temperature was  varied from about 1740 ◦C to
1810 ◦C and the effect on the ion ensemble was  observed with the
MR-ToF MS:  At mass A = 72 the spectrum shows, amongst others,
the short-lived ions 72Ga+ and 72Cu+, with half-lives of 14.10(2) h
and 6.63(3) s, respectively [82]. The proposed species are the ones

0.0 0. 5 1. 0 1. 5 2.0 2. 5 3.0
0.00

0.33

0.66

0.99

0.00

0.33

0.66

0.99

(time of flight - 3 2750 µs) / µs

a)

b)

185Tl +

185Tl +

185Au +

Laser u nblocked

Laser b locked

ab
un

da
nc

e 
/a

rb
. u

ni
ts

ab
un

da
nc

e 
/a

rb
. u

ni
ts

Fig. 6. A = 185 time-of-flight spectra after 1000 revolutions in the MR-ToF MS.  (a)
The  RILIS lasers were tuned to ionize 185Au+ atoms. The clear separation from 185Tl+

isotopes enables a background-free gold-yield analysis. (b) Furthermore, blocking
the laser beam unambiguously identifies the gold isotope.
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a  b  s  t  r  a  c  t

Time-of-flight  mass  analyzers  have  been  developed  since  the  1950s,  but  there  was  a 30  year  period
during  which  new  developments  were  slow.  However,  in the  1980s  new  ideas  were  proposed  for  the
mass  analysis  of  high  energy  ions,  allowing  an  overview  of  the  masses  of  most  existing  nuclei,  and  for
low  energy  ions  a  fast  and  accurate  identification  of  large  molecules  became  possible.  Since  the 1990s
especially  multi-pass  energy-isochronous  time-of-flight  mass  analyzers  have  been  developed  for  high  as
well  as  for  low  energy  ions.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The masses of atomic and of molecular ions have been measured
with ever increasing accuracies since the early 1900s in order to
determine the isotopic composition and nuclear binding of stable
and of radioactive atomic nuclei and in order to identify molecules
by their weights as desired by medical, chemical, and geological
research. Both these measurements require mass analyzers that
have high mass resolving powers RM = M/!M  but also high ion
transmissions. For the early on available laterally dispersive static
sector-field mass analyzers this ion transmission is proportional to
the lateral phase space area "x of an ion beam, i.e. the product of
its lateral width and the maximal lateral angles of inclination of ion
trajectories in the ion beam. On the other hand the mass resolving
power of such mass analyzers is proportional to 1/"x since the prod-
uct RM"x is a constant for a given system [1], stating that the mass
resolving power RM can only be increased if the ion transmission is
reduced.

Such a limitation does not exist for a longitudinally dispersive
time-of-flight mass analyzers described in 1949, in which pulsed
ion beams would be injected into static electromagnetic fields [2]
and the mass characterizing ion flight times through the system
be measured. In such time-of-flight mass analyzers the ion trans-
mission is also proportional to the lateral phase space area "x while
the mass resolving power depends on the longitudinal phase-space
distribution of the ions in a packet, i.e. the product of the length
of an ion packet and the maximal differences of velocities of the

∗ Correspondence address: Chemistry Department, New Mexico State University
in Las Cruces, NM,  USA. Tel.: +1 50 5984 2808.

E-mail address: hwollnik@gmail.com

contained ions, showing that the mass resolving power and the ion
transmission could both be optimized independently, so that major
improvements in precision and accuracy of mass measurements
became feasible. However, new time-of-flight mass analyzers had
to be designed, constructed and built in which short ion packets
were not elongated during their flight through the system. Note
here also that in order to form short ion pulses and to quickly record
ion arrival times these time-of-flight mass analyzers required fast
electronic circuitries, techniques which only started to become
available in the 1950s and 1960s.

2. Demands on the performance of time-of-flight mass
analyzers

A prerequisite to design high performance time-of-flight mass
analyzers was  to extend the ion-optical description of ion transfer
between entrance and exit of a system for which ion flight times
were important. Such a transfer is best described [3,4] by a transfer
matrix which reads to first order for ions of equal masses:
⎛

⎜⎜⎜⎝

Xi+1

Ai+1

ıK

ıTi+1

⎞

⎟⎟⎟⎠
=

⎛

⎜⎜⎝

(X|X) (X|A) (X|ıK) 0
(A|X) (A|X) (A|ıK) 0

0 0 1 0
(ıT |X) (ıT |A) (ıT |ıK)  1

⎞

⎟⎟⎠

⎛

⎜⎜⎜⎝

Xi

Ai

ıK

ıTi

⎞

⎟⎟⎟⎠
(1)

where X and A describe the position and angle of inclination of the
trajectory of an arbitrary ion in to the time-of-flight mass analyzer
relative to a system axis along which a reference ion can move,
while ıK = (K/K0 − 1) and ıT = (T/T0 − 1) are relative energy and
time deviations, and the indices i and i+1 denote these quantities
at the entrance and at the exit of the system under consideration.
Furthermore K0 and K describe the energies of a reference ion and

1387-3806/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.ijms.2013.04.023
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Time-of-Flight Mass Spectrcmetry for Ions of Large 
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Introduction 

The mass resolving power of a time-of-flight mass spectrometer (TGF-MS) 
can greatly be improved by using an ion-reflector in the flight path 
(fig.1). In case of ions with an energy spread of more than lo % still 
mass resolving powers of more than 1000 can be achieved. 

Fig.1 Principle of a 
TOF-MS with a double stage 
ion-reflector and a total 
drift length 1=11+12. 

In an ion reflector the ions of higher energy penetrate deeper than 
those of lower energy which causes for the faster more energetic ions a 
longer flight time in the reflector than for the slower less energetic 
ions. m the other hand the higher energetic ions need less flight time 
in the drift tube of the TQF-MS than the lower energetic ions; Thus the 
overall flight time is widely independent of the kinetic energy of the 
ions and depends only on the particle mass /I/. 

Theory 

The overall flight time t for ions of mass m. and charge s, through a 
TOF-MS shown in Fig.1 consist of three individual terms: 

t = td + t12 + t23 (11 

where td is the flight time in the drift-tube, tl2 is the flight time in 
the first and t23 the flight time in the second stage of the reflector. 
Assuming the ion energy to be 

K =K ,*Il+61 

where K. is the energy of a reference particle and &is the energy devia- 
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the first and t23 the flight time in the second stage of the reflector. 
Assuming the ion energy to be 

K =K ,*Il+61 

where K. is the energy of a reference particle and &is the energy devia- 
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The des i gn o f a nove l r eco i l t i me - o f - f l i gh t i sochronous spec t rome t e r f or sys t ema t i c mass measur emen t s o f nuc l e i wh i ch l i e f a r f rom
t he va l l ey o f f t - s t ab i l i t y i s desc r i bed . Us i ng a f our i den t i ca l ce l l approach , op t i ca l abe r r a t i ons o f t he spec t rome t e r a r e nun i m i zed
r esu l t i ng i n a ca l cu l a t ed f l i gh t - t i me mass r eso l v i ng powe r o f m / Am=2000 . W i t h t he spec t rome t e r des i gned f or a so l i d ang l e
accep t ance o f f l = 2. 8 ms r and a momen t um ove r cha rge accep t ance o f (d p / ze ) / (p / ze ) = ± 2% , use o f t he h i gh i n t ens i t y pro t on
beam a t LAMPF w i l l f ac i l i t a t e good s t a t i s t i cs expe r i men t s y i e l d i ng new d i r ec t mass measur emen t s w i t h unce r t a i n t i es o f 30 keV t o 1
MeV (depend i ng on produc t i on r a t es ) f or nuc l e i w i t h A < 70 .

1 . I n t roduc t i on

Ground s t a t e mass measur emen t s o f nuc l e i , espec i a l l y nuc l e i wh i ch l i e f a r f rom ß - s t ab i l i t y , a r e o f gr ea t
i mpor t ance f or t he r e f i nemen t o f a t om i c mass mode l s and t hus o f our unde r s t and i ng o f nuc l ea r s t ruc t ur e
[1] . S i nce a r e l a t i on ex i s t s be t ween mass mode l s and nuc l eon - nuc l eon i n t e r ac t i ons , t he b i nd i ng ene rgy , and
hence t he mass , o f a nuc l eus i s dependen t upon t he exac t de t a i l s o f t he nuc l ea r f or ce . A sys t ema t i c s t udy o f
accur a t e l y de t e rm i ned masses , encompass i ng a w i de va r i e t y o f nuc l e i wh i ch l i e f a r f rom s t ab i l i t y , wou l d
prov i de a cha l l eng i ng t es t o f cur r en t mass t heor i es and be expec t ed t o y i e l d new i ns i gh t s i n t o t he nuc l ea r
s t ruc t ur e o f such exo t i c nuc l e i . To accomp l i sh t h i s s t udy , a new r eco i l t i me - o f - f l i gh t spec t rome t e r i s be i ng
deve l oped a t Los A l amos t ha t w i l l be capab l e o f mak i ng d i r ec t mass measur emen t s o f a l l A < 70
pa r t i c l e - bound l i gh t nuc l e i i n a sys t ema t i c and r ap i d f ash i on .

By comb i n i ng a r eco i l approach w i t h t he d i r ec t mass measur emen t me t hod , t h i s t i me - o f - f l i gh t spec -
t rome t e r has some d i s t i nc t advan t ages ove r o t he r ex i s t i ng mass measur emen t t echn i ques . The r eco i l

approach a l l ows s i mu l t aneous mass measur emen t o f shor t - l i ved exo t i c nuc l e i ove r an en t i r e r eg i on o f t he
nuc l ea r cha r t ( i . e . i ndependen t o f mass numbe r and nuc l ea r cha rge ) . Th i s i s an i mpor t an t advan t age ove r
o t he r t echn i ques wh i ch r e l y on t he r ap i d and e l emen t spec i f i c i on i za t i on o f t he rma l i zed r eac t i on produc t s .
Fur t he rmor e , t he d i r ec t mass measur emen t t echn i que has t he advan t age ove r o t he r approaches wh i ch
u t i l i ze decay and r eac t i on Q - va l ue measur emen t s , t ha t no know l edge o f t he decay scheme i s needed and t he
t echn i que i s no t l i m i t ed t o a pa r t i cu l a r produc t i on mechan i sm ( i . e . t o t wo - body r eac t i ons ) .

To ob t a i n a h i gh pr ec i s i on i n mass de t e rm i na t i ons , good s t a t i s t i cs a r e r equ i r ed . Such s t a t i s t i cs can be
ob t a i ned a t LAMPF whe r e t he h i gh - i n t ens i t y 800 MeV pro t on beam can be used t o i nduce f r agmen t a t i on
r eac t i ons on heavy mass t a rge t s wh i ch g i ve l a rge y i e l ds o f neu t ron - r i ch nuc l e i . Mor eove r , t he use o f t h i n
t a rge t s t ha t do no t d i s rup t t he pro t on beam pe rm i t s expe r i men t s o f l ong dur a t i on ( - t wo mon t hs ) . I n t h i s

* Pe rmanen t addr ess : Un i ve r s i t y G i essen , D - 63 G i essen , FRG.

0168 - 9002 / 85 / $03 . 30 C E l sev i e r Sc i ence Pub l i she r s B . V .
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way we p l an t o measur e 30 t o 40 new masses o f l i gh t neu t ron - r i ch i so t opes w i t h an es t i ma t ed s t a t i s t i cs - l i m i t ed
e r ror o f 30 - 1000 keV . W i t h de t ec t or i mprovemen t s l ead i ng t o be t t e r a t om i c numbe r i den t i f i ca t i on i t shou l d
be poss i b l e t o ex t end t hese measur emen t s i n t o t he l i gh t f i ss i on produc t r eg i on .

2. TOR - a t i me - o f - f l i gh t i sochronous spec t rome t e r

Our approach t o a r eco i l t i me - o f - f l i gh t spec t rome t e r i s t o emp l oy an i sochronous des i gn , wh i ch makes
t he t r ans i t t i me o f a pa r t i c l e w i t h a g i ven mass - t o - cha rge r a t i o pass i ng t hrough t he spec t rome t e r
i ndependen t o f t he pa r t i c l e ve l oc i t y ( see f i g . 1) . Th i s cond i t i on i s ach i eved by an a r r angemen t o f sec t or
magne t s t ha t t r ansm i t i ons o f equa l mass - t o - cha rge r a t i o bu t d i f f e r i ng ve l oc i t i es on t r a j ec t or i es o f d i f f e r en t
l eng t hs , such t ha t t he ove r a l l f l i gh t t i me i s cons t an t . The coro l l a r y t o t h i s ve l oc i t y i ndependence i s t ha t t he
f l i gh t t i me i s t hen a d i r ec t measur e o f an i on ' s mass - t o - cha rge r a t i o . I n add i t i on t o i t s i sochronous
prope r t i es , TOF I i s ove r a l l momen t um nond i spe r s i ve and f ocuses a l l i ons s t i gma t i ca l l y t o t he same sma l l
spo t . A r eco i l spec t rome t e r o f t h i s t ype a l l ows t he s i mu l t aneous measur emen t o f many nuc l e i , i nc l ud i ng

F i g . 1 . Pa r t i c l e t r a j ec t or i es t hrough TOF I show i ng t ha t i ons o f equa l mass - t o - cha rge r a t i os r equ i r e t he same f l i gh t t i mes s i nce mor e
ene rge t i c i ons move f as t e r bu t a l ong a l onge r pa t h l eng t h as compa r ed t o l ess ene rge t i c i ons . Th i s pr i nc i p l e i s i l l us t r a t ed by show i ng
t he pa r t i c l es a t f i ve d i f f e r en t t i mes w i t h f u l l c i r c l es r epr esen t a t i ng i ons o f mass - t o - cha rge r a t i os (m / ze ) o and k i ne t i c ene rg i es Ko and
K1 . Ana l ogous l y , t he open c i r c l es r epr esen t i ons o f d i f f e r en t mass - t o - cha rge r a t i o (m / ze ) , > (m / ze ) o aga i n w i t h ene rg i es Ko and
K1 . These c i r c l es show t ha t i n t he t i me t he f u l l c i r c l e pa r t i c l es have r eached t he s t op de t ec t or t he open c i r c l e pa r t i c l es a r e s t i l l t r ave l i ng
t hrough t he sys t em ( i . e . , t he t i me o f f l i gh t i s a d i r ec t measur e o f t he mass - t o - cha rge r a t i o ) .
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Fig. 2. The planned ESR of the GSI is shown with a specific 

optical mode which fulfills eq. (7a). i.e. the ion flight time from 

A to B is independent of the ion energy-to-charge ratio. 

Placing a timing foil at the positions A (and/or B), secondary 

electrons would be created each time an ion traverses this 

timing foil and thus time marks, which determine the ion 

mass-to-charge ratio. In the shown case the ion under consider- 

ation is entered into the ring by a septum magnet and kicked 

into a stable orbit by a kicker magnet, which advantageously 

would be placed at point A or at point B. 

If the optical mode is changed slightly so that a lateral 

focus is found not after 7 but after NT/( N k 1) one finds a 

focus at the timing foil after N +I turns. If the timing foil 

records not only the time of passage of an ion under considera- 

tion but also its position, one samples the lateral betatron- 

oscillation of the ion under consideration at increments of 

- 2?r/(l k N) allowing reconstruction of the initial phase-space 

position of this ion as well as its momentum-to-charge ratio. 

or 20000 and possibly even more, so that also the 
different elements within one isobar are separated for 
nuclei far from beta-stability. On the other hand, it is 
possible to tune the storage ring such that a good 
achromatic lateral focus occurs only after several turns 
at the position of the timing foil and that the ion flight 
time at least at the end is independent of the ion energy. 
In this case the instability problems should be eased 
and, furthermore, a single timing foil would obtain 
timing signals and position measurements after each 
turn. Since the particle crosses the timing foil always at 
different phases of the betatron oscillation one de- 
termines at the end a full cycle of the betatron oscilla- 
tion, similarly as in a sampling oscilloscope. 

Since this design looks at single particle events it 

should be considered to be complementary to the pro- 
posal of ref. [21]. However, it can handle several ions in 
the ring simultaneously and if necessary, short bunches 
of modest intensity. In any case one must eliminate in 
advance all abundantly produced ions of no interest, for 
instance, by a separator as shown in fig. 1. since such 
ions would contaminate the storage ring heavily. 

4. Summary 

In the past, recoil separators have mostly been con- 
structed as combinations of magnetic and electrostatic 
sector fields yielding lateral mass resolving powers. With 
increasing ion energies, electrostatic fields became more 
difficult and solutions which use magnetic sector fields 
exclusively have advantages. For fully-stripped en- 
ergetic ions a good solution is a two-stage momentum 
analyzer with an energy-loss foil between the two stages, 
a system which produces energy achromatic lateral 
nuclear charge and mass dispersions. For such ions 
time-of-flight separators can also be of high interest 
especially if arranged as rings through which the ions of 
interest can pass more than once. 

I would like to thank H. Geissel, G. Miinzenberg 
and T. Schwab for fruitful discussions, the GSI for 
financial support. 
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IMS: Time-of-Flight Spectra

About 13% in mass-over-charge range
Nuclei with half-lives as short as 20 μs

M. Hausmann et al., Hyperfine Interactions 132 (2001) 291

78Kr fragments in the ESR



IMS: Isochronicity Window
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Br-IMS Spectrometry at the CSRe
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Br-IMS Spectrometry at the CSRe
78Kr fragments in the CSRe
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IMS: Isochronicity Window
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126Hydrogen to silicon
burning 

Slow neutron capture
s-process

Rapid proton capture 
rp-process

P-processes

Rapid neutron capture 
r-process

Nucleosynthesis Processes

masses determine the pathways
of nucleosynthesis processes

1. Nuclear masses / nuclear 
binding energies

NASA/Dana Berry



Rp-process nucleosynthesis at 64Ge
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Rate of the most exotic species is 6 
ions in 2 weeks, which is sufficient

for the mass measurement with
relative precision of 1.7 10-6

65As is less bound
66Se is more bound

X. Zhou et al., Nature Physics 19 (2023) 1091–1097

Meng Wang Yuhu Zhang



Fragment 
Separator 

FRS

Radioactive Ion Beam Facility at GSI

Production
target

Storage
Ring
ESR

Heavy-Ion
Synchrotron

SIS

Linear
Accelerator

UNILAC

Picture: GSI, Darmstadt



Cooling:
Takes time

Destructive 
Detectors
(foil-based
Secondary
electron

detectors)

No cooling

Non-
Destructive
Detection
(Schottky
detectors)

Schottky and Isochronous Storage Ring Mass Spectrometry

B. Franzke, H. Geissel, G. Мünzenberg, Mass Spectr. Rev. 27 (2008)

- Bandwidth
- Resolving 

power
- Speed
- Sensitivity

- Bandwidth
- Resolving 

power
- Speed
- Sensitivity



Non-Destructive Particle Detection

Courtesy F. Nolden and M. S. Sanjari

GSI Helmholtzzentrum für Schwerionenforschung GmbH M Shahab Sanjari - 2019-10-02 - RIKEN, Wako

Resonant Cavity Pickups

▪ Resonant cavities 
▪ Wake fields 
▪ Surface current 
▪ Shape modes using proper 

design

GSI Helmholtzzentrum für Schwerionenforschung GmbH M Shahab Sanjari - 2019-10-02 - RIKEN, Wako

Resonant Cavity Pickups

▪ Resonant cavities 
▪ Wake fields 
▪ Surface current 
▪ Shape modes using proper 

design
Monopole Dipole Quadrupole

Electric

Magnetic
F. Nolden et sl., Nucl. Instr. Meth. A (2011) S. Sanjari et al., Rev. Sci. Instr. (2020)

The goal: to measure non-destructively the revolution frequency 
of a single ion within a few miliseconds



Combined Isochronous+Schottky Mass Spectrometry
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Schottky spectra of single events
Separation of the 101 keV isomer in 72Br

® Dm/m < 10-6
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>>

72mBr 72gBr

Ex=100.8(2) keV
T1/2=10.6(3) s

td~10.2 s

Courtesy W. Korten and D. Fernandez



Electromagnetic decays in bare nuclei

E*

E0

Electron conversion
Q=Z

Single-photon
Internal transition

0+

0+

Two-photon
Internal transition

Bound electron-positron 
conversion

Electron-positron pair
(E*>1022 keV)



Courtesy: D. Fernandes and W. Korten

Superposition of 
84 events

Combined Isochronous+Schottky Mass Spectrometry

Wolfram Korten



Isochronous 
mode

Velocity 
measurement

Non-
Destructive
Detection
(Schottky
detectors)

Schottky and Isochronous Storage Ring Mass Spectrometry

B. Franzke, H. Geissel, G. Мünzenberg, Mass Spectr. Rev. 27 (2008)

- Bandwidth
- Resolving 

power
- Speed
- Sensitivity

- Bandwidth
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No cooling

Isochronous 
mode

No cooling
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Slow neutron capture
s-process

Rapid proton capture 
rp-process

P-processes

Rapid neutron capture 
r-process

Nucleosynthesis Processes

What is my dream?



ILIMA @ FAIR Phase-0Nucleon-Nucleon Correlations

Y. Litvinov et al., Phys. Rev. Lett. (2005)
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Mass & half-life measurements in the neutron-rich N ≈ 116Hf region
First week of April 2025



Accelerator Complex

Superconducting Ion Linac: 
Ø Length: 180 m 
Ø Energy: 25 MeV/u (238U34+)
Ø CW mode: 10 pμA with A/Q=2~5
Ø Pulse mode: 1.0 emA with A/Q=2~7

Booster Ring:
Ø Circumference: 569 m
Ø Rigidity: 34 Tm
Ø Aaccumulation
Ø Cooling & acceleration

Spectrometer Ring:
Ø Circumference: 277.2 m
Ø Rigidity: 15 Tm
Ø Electron cooler
Ø Stochastic cooler

iLinac

Spectrometer Ring

Booster Ring

HFRS

Fast ramping operation
Repetition rate：3 Hz

Ion Sources:
Ø a 45 GHz FECR
Ø a 28 GHz SECRAL 
Ø a 2.45 GHz ECR

High Energy Fragment Separator:
Ø Length: 192 m
Ø Bρ = 25 Tm



Storage - efficient
use of rare species

Beam cooling - high quality beams
Isochronous mode – high mass resolution

Heavy-Ion Storage Rings - Versatile Instruments
Dedicated beam preparation and manipulation techniques

Nuclear reaction inevitably leads to large 
momentum spread of the secondary beam

Small production rates of secondary beams
Accumulation techniques

Single-particle sensitivity detection

Short-lived species
Instantaneous detection

A huge trap – more than 100 m 
circumference, aperture size – 25 cm
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