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Broad-band measurements 

Long storage times 
Very short lifetimes 
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Radioactive decay of highly-charged ions 
Direct mass measurements of exotic nuclei 

High resolving power 

In-ring nuclear reactions 
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3. How were the heavy elements  
    from iron to uranium made? 

National Research Council's board on physics and astronomy 

02.01.2002  
The 11 Greatest Unanswered Questions of 

Physics 
 

Resolution of these profound questions could 
unlock the secrets of existence and deliver a 
new age of science within several decades 

by Eric Haseltine, Illustrations by Dan Winters 
& Gary Tanhauser  



charged-particle  
induced reaction 

mainly neutron  
capture reaction 

involve mainly STABLE NUCLEI involve mainly UNSTABLE NUCLEI 

Nuclear processes in astrophysics 



Nucleosynthesis on the Chart of the Nuclides 

Astrophysical scenarios: 
high temperature =  
high degree of ionization 



Limits of nuclear stability: superheavies; p- and n- drip lines; 
pathways of stellar nucleosynthesis  

To measure: Ground state properties of exotic nuclei:  
 

masses and β decay half-lives 
 

masses determine the  
pathways of s-, rp- and r-processes 

 
β half-lives the accumulated abundances 



Up to 2004! 

Current status of experimental nuclear masses 

G. Audi et al., Nucl. Phys. A565, 1(1993); A 595, 409 (1995)，A729.337(2003) 

About 2200 nuclear masses were measured 
3000 nuclides known 
Still far away from the r-process path,  
Especially for the heavy nuclides 
 



Predictive Powers of Mass Models 
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Predictive Powers of Mass Models 
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Calculated abundances  
assuming that one neutron 
separation energy  
is varied by 1 MeV 
 
 
B. Pfeiffer et al.  



Production Cross-Sections for Tin-Isotopes 





Devices for precise mass measurements 



Direct Mass Measurements on the Chart of the Nuclides 

Penning Traps 

Storage Rings 

Individual Project 
High-Precision Measurements of Nuclear Ground State Properties 
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Experimental Storage Ring ESR 

B. Franzke, NIM B 24/25 (1987) 18 F. Nolden et al., NIM B 532 (2004) 329 
M. Steck et al., NIM B 532 (2004) 357 



Heavy Ion Research Facility in Lanzhou (HIRFL)!
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Experimental Cooler Storage Ring CSRe 



Isochronous Mass Spectrometry 

H. Wollnik et al., GSI Proposal, 1985 



Mass Measurements of 78Kr Projectile Fragments 
New masses of 63Ge, 65As, 67Se, and 71Kr 

Rate of 71Kr was just 2 ions/day 

80-90% of the reaction flow passes  
through 64Ge via proton capture reactions 

X.L. Tu, et al., Phys. Rev. Lett. 106 (2011) 112501 



Y.H. Zhang et al., Phys. Rev. Lett. 109 (2012) 102501 

Isobaric Multiplet Mass Equation 

? 

Mass Measurements of 58Ni Projectile Fragments 
New masses of 43V, 45Cr, 47Mn, 49Fe, 51Co, 53Ni, and 55Cu 
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Mass measurements of the neutron-deficient 41Ti, 45Cr, 49Fe and 53Ni nuclides: First test of the
isobaric multiplet mass equation in fp-shell nuclei
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Isochronous mass spectrometry has been applied to neutron-deficient 58Ni projectile fragments at the HIRFL-
CSR facility in Lanzhou, China. Masses of a series of short-lived Tz =�3/2 nuclides including 41Ti, 45Cr, 49Fe
and 53Ni have been measured with a precision of 20� 40 keV. The new data enabled for the first time to test
the isobaric multiplet mass equation (IMME) in f p-shell nuclei. We observed that IMME is inconsistent with
the generally accepted quadratic form for the A = 53, T = 3/2 quartet. We performed full space shell model
calculations and compare them with the new experimental results.

PACS numbers: 21.10.Dr, 27.40.+z, 29.20.db

Isospin symmetry, a fundamental concept in nuclear and
particle physics, allows to classify states with quantum num-
bers T and Tz in addition to, e.g., spin J and parity ⇥ . Within
the isospin formalism, protons (p) and neutrons (n) are de-
scribed as different charge states of the nucleon with total
isospin values T = 1/2 but having the isospin projections of
Tz(p) =�1/2 and Tz(n) = +1/2, respectively. All states in a
nucleus composed of Z protons and N neutrons have the same
isospin projection Tz = (N � Z)/2 but they can have differ-
ent total isospin T = |N �Z|/2, |N �Z|/2+1, . . . . States in
isobaric nuclei with the same T and J⇥ that have very similar
structure and properties can be considered as members of an
isobaric multiplet. These isobaric analog states (IAS) are en-
ergetically degenerate in the absence of any charge-dependent
nucleon-nucleon interaction when the neutron-proton mass
difference is corrected for. In general, there are several iso-
baric multiplets for a set of isobaric nuclei.

Assuming the two-body nature for any charge-dependent
effects and the Coulomb force between the nucleons,
Wigner [1] as well as Weinberg and Treiman [2] noted that
masses, m, of the 2T +1 members of an isobaric multiplet are
related by the isobaric multiplet mass equation (IMME):

ME(A,T,Tz) = a(A,T )+b(A,T )Tz + c(A,T )T 2
z , (1)

where ME = (m � A · u)c2 is the mass excess value and a,
b, c are parameters depending on the atomic mass number A
and the total isospin T. Extra terms such as dT 3

z or eT 4
z can

be added to IMME in order to provide a measure for any de-
viation from the quadratic form associated with the isospin
symmetry. Numerous measurements have been performed in-

vestigating the validity of IMME. Reviews and compilations
of existing data can be found in Refs. [3, 4].

In the recent years, precision tests of IMME became possi-
ble due to access to accurate mass data coming mainly from
Penning trap facilities. The tests were focused on the light-
mass region [5–15]. As a general trend, quadratic form stems
well with the data [3, 4], except for slight disagreements at
A= 8, 9, 32, and 33 [3–6, 12–16]. Several explanations for the
cubic term in IMME have been suggested such as the isospin
mixing, second-order Coulomb effects, or charge-dependent
nuclear forces [5, 16–18]. To our knowledge, no experimen-
tal tests of IMME have been reported in fp-shell up to now.
The main reason for this is obviously the lack of accurate
mass data on exotic Tz = �3/2,�1/2 nuclei. As noted in
Ref. [17], the correction to the quadratic form of IMME with
coefficient d is proportional to Z� (� being the fine struc-
ture constant). Hence, the effects of isospin mixing and/or the
charge-dependent nuclear forces may be enhanced in heavy
nuclei. We like to stress that an accurate test of IMME in fp-
shell is motivated not only by the fundamental importance of
the isospin symmetry, but also by the requirements of accu-
rate mass predictions for the neutron-deficient nuclei in this
region, which in turn is essential, e.g., for understanding the
astrophysical rp-process of nucleosynthesis [19].

In this Letter, we report on the new mass measurements
conducted at the Institute of Modern Physics in Lanzhou.
Masses of a series of Tz =�3/2 nuclei have been determined
with high accuracy. In particular, the masses of 41Ti, 45Cr,
49Fe and 53Ni nuclides enabled us to perform the first exper-
imental test of IMME in the f p-shell. We observed that for
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the A = 53 (T = 3/2) quartet IMME is inconsistent at a 3.5⇧
confidence level with the generally accepted quadratic form.

The experiment was conducted at the HIRFL-CSR accel-
erator complex. Its high energy part consists of the syn-
chrotron CSRm, the fragment separator RIBLL2, and the
cooler-storage ring CSRe [20]. To produce short-lived Tz =
�3/2 nuclei of interest, we used projectile fragmentation of
463.36 MeV/u 58Ni primary beams in a ⌃15 mm 9Be pro-
duction target. At this energy, the reaction products emerge
from the target as bare nuclei, i.e. with no atomic electrons.
After in-flight separation with RIBLL2, the cocktail beam of
exotic nuclei within a B⌅-acceptance of about ±0.2% was in-
jected into CSRe. Both RIBLL2 and CSRe were set to a fixed
magnetic rigidity of B⌅ = 5.6770 Tm to allow for an opti-
mal transmission of the Tz = �3/2 nuclides centered around
47Mn. Other nuclides within the acceptance of the RIBLL2-
CSRe system were transmitted and stored as well. Typically,
about ten ions were stored simultaneously from each injection.

The masses of stored particles were measured employing
the Isochronous Mass Spectrometry (IMS) technique [21–23].
In this technique, the ring is tuned into the isochronous ion-
optical mode such that the velocity spread of injected ions is
compensated by their orbit lengths. As a result, the revolution
frequency of the particle becomes a direct measure of its mass-
over-charge ratio, m/q. For more details see Refs. [21–23].

To measure revolution frequencies of stored particles, we
used a dedicated timing detector [24], which is equipped with
a 19 µg/cm2 carbon foil installed inside the CSRe aperture.
Secondary electrons were released from the foil at each pas-
sage of every stored ion. The electrons were guided to a set
of micro-channel plates, thus giving timing signals. The latter
were directly sampled using a digital oscilloscope. For each
injection the recording time was set to 200 µs, which corre-
sponds to ⌃ 320 revolutions of the ions. The periodic timing
signals were used to determine the revolution time (frequency)
of each ion. The revolution times of all ions form a revolution-
time spectrum. More details can be found in Refs. [23, 25].

The resolving power of CSRe mass spectrometry is deter-
mined by the instabilities of magnetic fields which cause small
shifts of the entire revolution time spectra measured for dif-
ferent injections (see Ref. [25]). Compared to our previous
measurements [23, 25], the stability of the magnets has been
improved significantly. Furthermore, the magnetic fields of
CSRe dipole magnets were constantly monitored which was
used to identify time intervals of relatively constant magnetic
fields. Different from the data analysis described in Ref. [25],
the entire data, accumulated in a 5-days experiment, were
grouped according to these time intervals. In total 761 in-
dependent sub-spectra were obtained. Each spectrum corre-
sponds to about 100 injections into CSRe. Taking the relative
shifts between individual spectra into account the 761 sub-
spectra were combined into a common revolution time spec-
trum. Figure 1 illustrates a part of this spectrum zoomed in
a time window of 608 ns ⇧ t ⇧ 620 ns. The identification
of the peaks in the spectrum was done in the same way as in
Refs. [25, 26]. The standard deviations of the revolution time
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FIG. 1: The revolution time spectrum zoomed in the time window
of 608 ns ⇧ t ⇧ 620 ns. The insert shows the well-resolved peaks
of 30S16+ and 45Cr24+ nuclei, which have very similar m/q values.
Nuclei with masses determined in this experiment and those used as
references are indicated with bold and italic letters, respectively.

TABLE I: Experimental ME values obtained in this work and val-
ues from the updated atomic-mass evaluation AME’11 [27]. The
extrapolated values are indicated with symbol “#”. The deviations
⇥ = MECSRe �MEAME ⌥11 are given in the last column. Also listed
are the numbers of identified ions N, standard deviations ⇧t and
FWHM values of the revolution time peaks (see Fig. 1). The latter
are converted in keV via FWHM= 2.36 ·q ·(a1+2a2 ·t+3a3 ·t2) ·⇧t ,
where a1, a2 and a3 are the free parameters of the calibration fit.

Atom N MECSRe MEAME ⌥11 ⇥
(keV) (keV) (keV)

41Ti 76 2.0 580 �15698(28) �15090(363) -608(364)
45Cr⇤ 218 2.2 702 �19515(35) �19403(196)# -112(199)
49Fe 338 3.0 1026 �24751(24) �24824(149)# 73(151)
53Ni 651 4.1 1488 �29631(25) �29687(298)# 56(299)

⇤ see text and Ref. [31].

peaks in this time range lie within 2 ⌃ 5 ps and the achieved
mass resolving power amounts to m/Dm = 180 000. In order
to calibrate the spectrum, fourteen nuclides with accurately
known masses [27] (see Fig. 1) were used to fit their m/q val-
ues versus the corresponding revolution times t by employing
the third order polynomial function. The unknown mass val-
ues were determined by interpolating the fit function.

In order to estimate possible systematic errors, we re-
determined the ME values of each of the fourteen reference
nuclides by calibrating the spectrum with other thirteen nu-
clides. The agreement between our re-determined ME values
and the corresponding literature values has been examined by
calculating the normalized �-value, defined as �n =

p
�2/n,

in the same way as in our previous measurements [23, 25]. In
our case n= 14. The obtained �n = 1.18 is within the expected
range of �n = 1±0.19 at 1⇧ confidence level, indicating that
no additional systematical errors have to be considered. The
ME values of 41Ti, 45Cr, 49Fe, and 53Ni determined in this
work are listed in Table I.

A low-lying isomeric state in 45Cr (Ex = 107 keV, T1/2 >

3

TABLE II: Compilation of ME values for ground states (g.s.), iso-
baric analog states (IAS) and the corresponding excitation energies
(Ex) for A = 41,45,49 and 53 (T = 3/2) quartets. Also listed are ⇥n
for quadratic fits and d-coefficients for cubic fits (see text).

Atom Tz ME(g. s) Ex (keV) ME(IAS)
(keV) (keV)

53Ni �3/2 �29631(25)⇥⇥ 0 �29631(25)
53Co �1/2 �42658.6(17) [27] 4393(19) [33] �38266(19) [33]
53Fe +1/2 �50946.7(17) [27] 4250(3) [32] �46696.7(34)
53Mn +3/2 �54689.0(6) [27] 0 �54689.0(6)
Quadratic fit: ⇥n = 3.7
Cubic fit: d = 39(11)
49Fe �3/2 �24751(24)⇥⇥ 0 �24751(24)
49Mn �1/2 �37615(24) [27] 4809(28) [33] �32806(15) [33]
49Cr +1/2 �45333(2) [27] 4764(5) [32] �40569(5)
49V +3/2 �47961.0(9) [27] 0 �47961.0(9)
Quadratic fit: ⇥n = 1.5
Cubic fit: d = 13.2(87)
45Cr �3/2 �19515(35)⇥⇥ 0 �19515(35)
45V �1/2 �31880(17) [27] 4791(19) [33] �27089(9) [33]
45Ti +1/2 �39008.3(8) [27] 4723(7) [32] �34285(7)
45Sc +3/2 �41070.4(6) [27] 0 �41070.4(6)
Quadratic fit: ⇥n = 0.7
Cubic fit: d = 5.4(79)
41Ti �3/2 �15698(28)⇥⇥ 0 �15698(28)
41Sc �1/2 �28642.41(8)[27] 5937(3) [33] �22705(3) [33]
41Ca +1/2 �35137.92(14) [27] 5819(2) [32] �29320(2)
41K +3/2 �35559.544(4) [27] 0 �35559.544(4)
Quadratic fit: ⇥n = 0.5
Cubic fit: d =�2.6(50)

⇥⇥ this work.

80 µs) has been reported in [30]. This isomer can not be re-
solved in our spectra (see the insert in Figure 1). Therefore,
a dedicated analysis was conducted to account for a possible
contamination by the isomer. The details of this analysis and
the error propagation will be reported elsewhere [31].

Our ME(41Ti)=�15698(28) keV is in excellent agreement
with the recommended value ME(41Ti)= �15700(100) keV
from the atomic-mass evaluation AME’03 [28]. However, it
differs largely from ME(41Ti)=�15090(360) keV measured
in the storage ring ESR of GSI using the same IMS tech-
nique [29]. Compared to Ref. [29], we accumulated by a fac-
tor of 15 larger counting statistics for 41Ti, achieved by a fac-
tor of 1.6 higher mass resolving power, and, very essentially,
we have used 14 well-known reference masses instead of 4.

To test the validity of the quadratic form of IMME, the en-
ergies of four members of a T = 3/2 multiplet are required.
These are the mass values of the ground states of Tz = ±3/2
nuclei and the IAS energies of the Tz = ±1/2 nuclei. Note,
that the spin and parity of the T = 3/2 IAS for A = 45,49 and
53 are J⌅ = 7/2� and for A = 41 they are J⌅ = 3/2+.

With our new mass values the data for four T = 3/2 isospin
quartets at A = 41,45,49, and 53 are completed for the first
time. All available experimental data for these multiplets are
compiled in Table II. The mass values for the ground states
are from this work and from Ref. [27]. The excitation ener-
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FIG. 2: d coefficients for the four T = 3/2 isobaric multiplets in p f -
shell (squares). Experimental data since 2001 (circles) [9–12] are
shown for comparison. Please note, that albeit the large uncertainties,
there seems to be a trend of gradual increase of d with A in f p shell.

gies of IAS in the Tz =+1/2 nuclei are from compilation [32].
The data for Tz = �1/2 nuclei were obtained in Ref. [33]
from measurements of � -delayed protons of the respective
Tz =�3/2 nuclei. Please note, that listed in Table II ME(IAS)
and Ex values from Ref. [33] were updated here taking into ac-
count the most recent ground state masses compiled in [27].

Assuming the quadratic form of IMME (see Eq. (1)) the
fit results for A = 41,45 and 49 have reasonable ⇥n val-
ues (see Table II). A striking result ⇥n = 3.7 is obtained
for the A = 53, T = 3/2 isobaric multiplet. This corre-
sponds to a probability of 0.02% that the data can be de-
scribed by Eq. (1). Using very accurate data for 53Fe and
53Mn we have recalculated the masses of IAS for 53Ni and
53Co. Since three values are needed to fit a parabolic func-
tion, we used in addition the mass of 53Ni to determine the
value for 53Co, and vice versa. The corresponding results are
ME(53Ni)= �29397(58) keV and ME(53Co)= �38344(14)
keV. Both values deviate by 4⇧ from the values in Table II.
Therefore we added a cubic term dT 3

z in Eq. (1) and derived
all four coefficients from the four ME values. In particular,
the b and d coefficients for the T = 3/2 states are given by
the differences b = (9b3,3 � b3,1)/8 and d = (b3,1 � b3,3)/2,
where b2T,2Tz = [ME(A,T,�Tz)�ME(A,T,Tz)]/(2Tz). When
b3,3 = b3,1 we have d = 0 and b = b3,3 = b3,1.

The obtained d coefficients are given in Table II and pre-
sented in Figure 2 together with recent precision tests in the
sd-shell nuclei [9–12]. For the A = 53 (T = 3/2) quartet we
obtain d = 39(11) keV which deviates by 3.5⇧ from zero thus
indicating a dramatic failure of the quadratic form of IMME.

We note, that no long-lived states are known in 53Mn [35].
Thus, assuming mirror symmetry which works well in nuclear
structure, no long-lived isomers are expected in 53Ni and the
measured ME value should correspond to the ground state. In
the unlikely case that an unknown isomer would exist in 53Ni,
the ground-state ME-value would inevitably be more nega-
tive than the reported one, thus leading to a more pronounced
breakdown of IMME, i.e., to even larger d coefficient.

Experimental and theoretical b3,1, b3,3 and d coefficients
for the case of A = 53 are given in Table III. The theory is
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Isospin symmetry, a fundamental concept in nuclear and
particle physics, allows to classify states with quantum num-
bers T and Tz in addition to, e.g., spin J and parity ⇥ . Within
the isospin formalism, protons (p) and neutrons (n) are de-
scribed as different charge states of the nucleon with total
isospin values T = 1/2 but having the isospin projections of
Tz(p) =�1/2 and Tz(n) = +1/2, respectively. All states in a
nucleus composed of Z protons and N neutrons have the same
isospin projection Tz = (N � Z)/2 but they can have differ-
ent total isospin T = |N �Z|/2, |N �Z|/2+1, . . . . States in
isobaric nuclei with the same T and J⇥ that have very similar
structure and properties can be considered as members of an
isobaric multiplet. These isobaric analog states (IAS) are en-
ergetically degenerate in the absence of any charge-dependent
nucleon-nucleon interaction when the neutron-proton mass
difference is corrected for. In general, there are several iso-
baric multiplets for a set of isobaric nuclei.

Assuming the two-body nature for any charge-dependent
effects and the Coulomb force between the nucleons,
Wigner [1] as well as Weinberg and Treiman [2] noted that
masses, m, of the 2T +1 members of an isobaric multiplet are
related by the isobaric multiplet mass equation (IMME):

ME(A,T,Tz) = a(A,T )+b(A,T )Tz + c(A,T )T 2
z , (1)

where ME = (m � A · u)c2 is the mass excess value and a,
b, c are parameters depending on the atomic mass number A
and the total isospin T. Extra terms such as dT 3

z or eT 4
z can

be added to IMME in order to provide a measure for any de-
viation from the quadratic form associated with the isospin
symmetry. Numerous measurements have been performed in-

vestigating the validity of IMME. Reviews and compilations
of existing data can be found in Refs. [3, 4].

In the recent years, precision tests of IMME became possi-
ble due to access to accurate mass data coming mainly from
Penning trap facilities. The tests were focused on the light-
mass region [5–15]. As a general trend, quadratic form stems
well with the data [3, 4], except for slight disagreements at
A= 8, 9, 32, and 33 [3–6, 12–16]. Several explanations for the
cubic term in IMME have been suggested such as the isospin
mixing, second-order Coulomb effects, or charge-dependent
nuclear forces [5, 16–18]. To our knowledge, no experimen-
tal tests of IMME have been reported in fp-shell up to now.
The main reason for this is obviously the lack of accurate
mass data on exotic Tz = �3/2,�1/2 nuclei. As noted in
Ref. [17], the correction to the quadratic form of IMME with
coefficient d is proportional to Z� (� being the fine struc-
ture constant). Hence, the effects of isospin mixing and/or the
charge-dependent nuclear forces may be enhanced in heavy
nuclei. We like to stress that an accurate test of IMME in fp-
shell is motivated not only by the fundamental importance of
the isospin symmetry, but also by the requirements of accu-
rate mass predictions for the neutron-deficient nuclei in this
region, which in turn is essential, e.g., for understanding the
astrophysical rp-process of nucleosynthesis [19].

In this Letter, we report on the new mass measurements
conducted at the Institute of Modern Physics in Lanzhou.
Masses of a series of Tz =�3/2 nuclei have been determined
with high accuracy. In particular, the masses of 41Ti, 45Cr,
49Fe and 53Ni nuclides enabled us to perform the first exper-
imental test of IMME in the f p-shell. We observed that for
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Mass Measurements of 58Ni Projectile Fragments 
New masses of 43V, 45Cr, 47Mn, 49Fe, 51Co, 53Ni, and 55Cu 

Sp(45Cr)= 2.69(13) MeV 

Sp(45Cr)= 2.1(5) MeV [AME03] 

Ca-Sc Cycle [L. Van Wormer, ApJ 432 (1994) 326] 
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Radioactive decays of highly-charged ions 

Astrophysical scenarios: 
high temperature = high degree of ionization 

Few-electron ions 
well-defined quantum-mechanical systems 

New decay modes  
(bound-pair-creation, bound-state beta decay, etc.) 

Influence of electrons on radioactive decay 



Nuclear Decays of Stored Single Ions 

Time-resolved SMS is a perfect tool to study decays in the ESR 

EC, β+,β-, bound-state β, and IT decays were observed 



Bound-State β-decay 



s process: slow neutron capture and β- decay near valley of β stability at  
               kT = 30 keV; → high atomic charge state → bound-state β decay  

branchings caused by bound-state β decay  

 M. Jung et al.,  Phys. Rev. Lett. 69 (1992) 2164  

T1/2 = 48 days 

Bound-State β-decay of 163Dy 



Bound-State β-decay of 187Re 

187Re0 

10 keV 

T½ = 42 Gy;  Q = 2.7 keV 

g.s. 
β- 

T½ = 33 y 

10 keV 
g.s. 

187Re75+ 

βb  Q = 62 keV  

 F. Bosch et al.,  Phys. Rev. Lett. 77 (1996) 5190  

E 
The 7 Nuclear Clocks for the Age of 
the Earth, the Solar System, the 
Galaxy, and the Universe 

clock T1/2[109 y] 

40K/40Ar (β) 1.3 

238U…Th…206Pb (α,β) 4.5 

232Th…Ra…208Pb (α,β) 14 

176Lu/176Hf (β) 30 

187Re/187Os (β) 42 

87Rb/87Sr (β) 50 
147Sm/143Nd (α) 100 

Clayton (1964): a mother-daughter couple 
(187Re/187Os) is the “best” radioactive 
clock 



Bound-State Beta Decay of 205Tl Nuclei 

New ESR proposal to study 205Tl81+ 

F. Bosch, Yu.A. Litvinov et al., GSI Proposal E100 (2010) 



In-Ring Reaction Studies 

High revolution frequency compensates the loss in luminosity due to 
thin targets 

Clean, basically background free detection 

Inverse kinematics 

Ultra-thin windowless gas targets à excellent energy, position 
and angular resolution 



15O(a,g)19Ne reaction for the rp-process  

Motivation: 
 
A reaction possibly responsible  
for the break out of the hot CNO cycle 

Population of 4.033 MeV level in  
19Ne via (p,t) reaction on 21Ne 
 
Measure g and a branching ratio 



First transfer reaction measurement at the ESR 

•  data evaluation    
  under way	

P.M. Woods, Yu. Litvinov et al. 

2.795 MeV 1/2- 
state in 19Ne 4.033 MeV 3/2+ 

state in 19Ne 

Experiment: 08-14 October 2012 20Ne(p,d)19Ne 
reaction 

108 20Ne ions 
@ 50 MeV/u 

1013 H2/cm2  
gas target 

Electron  
cooler 

ESR 

Online data 
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9

= 2.4.
The p-process network is dominated by (�,n) reactions. Other reactions are shown, if they are
dominating. See (Arnould and Goriely, 2003) for more details.

Reaction cross sections and l-selectivity can be optimized by choosing a suitable beam energy.

4.2 Reaction measurements for the p-process of nucleosynthesis

T. Davinson, M. Heil, Yu.A. Litvinov, R. Reifarth, K. Sonnabend, P.J. Woods

Most of the elements beyond iron are produced via neutron-induced reactions, mainly neu-
tron captures. But there are about 35 proton rich nuclei between Se and Hg, which can neither
be produced by the astrophysical s-process nor by the r -process. These nuclei are attributed to
the p-process, which requires high temperatures of about 2 � 3 · 109 K. In such an environment
the reaction flow is mainly carried by photo-dissociation processes, i.e., by (�,n), (�,p), and (�,↵)
reactions. Since high temperatures are needed, the presently favored sites for the p-process are
the explosively burning O/Ne layers in Supernovae of type II, where the high temperatures are
maintained for about 1 s at densities of ⇡ 106 g/cm3 (Lambert, 1992). Under these conditions,
the heavy proton-rich nuclei are produced by a sequence of (�,n) and (�,↵) reactions, while
(�,n) and (�,p) reactions in combination with (p,�) reactions are most likely dominating for
lighter nuclei. As the temperature decreases after the explosion, the reaction path moves back
to the region of stable nuclei. An example of the reaction networks describing the abundance
distributions following from these scenarios is given in Figure 4.1.

In view of the huge number of reactions, p-process studies will always have to rely on reaction
rates obtained with a Hauser-Feshbach statistical model. Nevertheless, it is of utmost importance
to base these calculations on a grid of experimental cross sections spread over the entire reaction
network. Such data are crucial since the calculated cross sections exhibit uncertainties of several
hundred percent even for stable isotopes. In case of the (�,n) reactions, su�cient experimental
data are available for constraining the model parameters close to stability so that theoretical
uncertainties for stable nuclei can be reduced to a level of about 30% (Rauscher and Thielemann,
2000). These uncertainties are quickly increasing though, if one moves away from stability.
Compared to this rather favorable situation, rate predictions for the (�,p) and (�,↵) reactions
are completely inadequate since only a handful of experimental data for stable isotopes has been
determined in or close to the astrophysically relevant energy range - the so-called Gamow window
- of the p-process so far. Because of this lack of experimental information the corresponding
reaction rates are typically uncertain by factors of two to three even for the stable isotopes
(Rauscher and Thielemann, 2004).
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ESR: 96Ru(p,γ)97Rh at 10 MeV/u 

Q. Zhong et al., J. Phys. CS 202 (2010) 012011 



ESR: 96Ru(p,γ)97Rh at 10 MeV/u 

-  Measurements directly in the  
    Gamow window of the p-process 
-  Applicable to radioactive beams 
-  Clean experimental conditions 

Q. Zhong et al., J. Phys. Conf. Series 202 (2010) 012011 
R. Reifarth et al., GSI Experimental Proposal 



Future Measurements 
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The case of CRYRING 
Cryring+ESR:	
  beam	
  energies	
  0.1-­‐1.0	
  MeV/u	
  
reacMon	
  rates	
  measurements	
  in	
  the	
  
Gamow	
  window	
  of	
  the	
  rp-­‐process	
  

ESR:	
  beam	
  energies	
  >	
  4.0	
  MeV/u	
  
reacMon	
  rates	
  measurements	
  in	
  the	
  
Gamow	
  window	
  of	
  the	
  p-­‐process	
  

One	
  example:	
  33Cl(p,γ)34Ar	
  by-­‐pass	
  of	
  34mCl	
  γ-­‐ray	
  emiKng	
  isomer	
  
Novae	
  physics	
  
ProducOon	
  of	
  34m,gCl	
  

	
  resonance	
  strengths	
  
	
  
assuming	
  106	
  	
  
stored	
  33Cl	
  
we	
  can	
  expect:	
  
1200	
  count/hr	
  
1	
  count/s	
  
2	
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  counts/day	
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4.3. Direct measurements of Nova (p, �) resonant reaction rates 43
6CHAPTER 2. PHYSICS CASE, SHORT AND LONG TERM PERSPECTIVES INCL. FLAIR

3+

0+

Cl34

0+

2+
2+

= 1.53 st 1/2

t 1/2 = 32 min

26.4

28.5

0

146

53%

47%

S34

100

0

2127

3304

Figure 2.1: �-decay scheme for 34Cl (Firestone, 1996). The 34mCl isomeric state at 146 keV
decays into excited states of 34S producing three �-rays of astronomical interest. Beta-decay
branchings are given as percentages.

detection of any one of these lines in nova ejecta would provide a direct isotopic abundance
determination of the corresponding radioactive parent. This, in turn, would impose demanding
constraints on the predictive abilities of theoretical novae models because the fate of any isotope
in the TNR depends not only on its production and destruction reaction paths, but also on
when the isotope is produced during the TNR; this is the because the TNR generates a highly
dynamical environment, with convective turnover, followed by eventual expansion and reaction
freeze-out, so that the temperature and matter density are time-dependent, and the reaction
rates themselves are coupled to the dynamics through a power-law dependence on temperature
and a quadratic dependence on the matter density (r / ⇢(t)2T (t)n, with n & 15).

A description of this can be made utilizing the diagrams of the neon-sodium and sulfur-
chlorine burning cycles, shown in Fig. 2.2, where proton capture is denoted by vertical red
arrows and �+ decays are denoted by blue arrows. Isotopes shown in yellow boxes are unstable,
while those in white boxes are stable. We focus first on the neon-sodium cycle and production
of �-ray emitter 22Na and will later apply its principles to understanding the importance of the
S-Cl cycle and production of �-ray emitter 34mCl. Proton capture on the seed 20Ne, mixed into
the lower burning zone of the envelope, commences the reaction path, leading to 21Na. From
this point, production of 22Na occurs by two possible reaction paths: proton capture on 21Na
leading to 21Na(p, �)22Mg(�+)22Mg, or 21Na(�+⌫)21Ne(p, �)22Na. Its subsequent destruction is
determined by 22Na(p, �)23Mg. Because (p, �) reaction rates are themselves density dependent
and highly temperature dependent (r(p,�) / ⇢2(t) · Tn(t), with n & 15 at T = 200 MK),
while �+-decay is not, the resulting abundance of 22Na will be sensitive to the coupling of the
(p, �) rates responsible for its production/destruction to the hydro- and thermodynamical time-
evolution of the burning zone. In this respect, convection within the hydrogen envelope also
plays a role: if an isotope, freshly produced by a (p, �) reaction, is convectively transported to
the cooler surface of the hydrogen envelope, on time scales shorter than its subsequent (p, �)
destruction reaction, more of it can be expected to survive the TNR and find its way into
the ejecta. The interplay between the (p, �) reaction time scales, the temperature and density
evolution, and the convective turn-over time scales, thus, all come into play in determining
how much abundance of any given isotope survives into the nebula phase of a nova. Thus, to
model the abundance of 22Na that survives into the ejecta phase, it is essential to determine
the rates of those reactions directly responsible for its production/destruction. Until the last
˜10 years, direct measurement of the (p, �) rates in this cycle involving the radioactive nuclei
21Na and 22Na were not possible, owing to a lack of radioactive beam facilties with su�cient
beam intensities. The first of these to be measured was the 21Na(p, �)22Mg reaction rate, in an
experiment performed by this author (Bishop et al., 2003; D’Auria et al., 2004) and was the first

Figure 4.2. �-decay scheme for 34Cl (Firestone, 1996).
The 34mCl isomeric state at 146 keV decays into excited
states of 34S producing three �-rays of astronomical inter-
est. �-decay branchings are given as percentages.
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Figure 2.5: The Ne-Na burning cycle (lower left) and the S-Cl burning cycle (upper right). Beta
decays are depicted with blue arrows and (p, �) reactions are depicted with vertical red arrows.
The cyclic nature of both is depicted by the thick outer red arrow for the (p, ↵) reaction on 23Na
and 35Cl, respectively. 22Na and 34Cl are the two relevant �-ray emitters.

feeding from the �-ray decay of resonant states in 34Cl that lie in the Gamow Window of the
33Cl(�⌫)33S(p, �)34mClreaction. In contrast, the path 32S(p, �)33Cl(p, �)34Ar(�⌫)34Cl entirely
by-passes the 34mCl isomeric state because the 34Ar �-decay feeds almost entirely into the 34Cl
ground state (94%), with the remaining ⇠ 6% of the decay feeds into excited states which,
themselves, �-decay with branches that by-pass the isomer (??). Thus, the production of the
three astronomical �-ray lines [1.18 MeV (14%), 2.13 MeV (42%) and 3.30 MeV (12%)] arising
from the �-decay of 34mCl comes purely from (p, �) capture on 33S. Within these reaction
paths the �-decay rates of 33Cl and 34Ar are both known (?); however, it must be stressed
that both the 33Cl(p, �)34Ar isomeric-bypass reaction is entirely unknown a the present, as is
the 34g,mCl(p, �) (g = ground state) destruction rate. Both are presently modelled employing
the Hauser-Feschbach statistical model for their reaction cross-sections. The level densities of
both 34Ar and 35Ar, within the ONe-nova Gamow Window, do not justify this treatment, as
can be seen in Fig. 2.6, where the vertical red bars indicate the Gamow Window for the labelled
temperature (in units of GK). Those states lying within the excitation energy range spanned by
the 0.1 and 0.3 GK lines can contribute to resonant (p, �) capture at ONe nova temperatures.
Additionally, the 33S(p, �)34g,mCl reaction rate and the subsequent model yields of 34mCl and
34gCl will require revision owing to work we have done at the Maier Leibnitz Tandem Laboratory;
seven new states within the Gamow Window have been found in 34Cl (?); their (p, �) resonance
strengths have yet to be determined. Presently, their decay branchings into the 34mCl isomeric
state only have estimated upper limits, in terms of partial strengths (resonance strength times
decay branching), of ⇠ 1 meV (?). These estimates are based on the non-observation of decay �-
rays feeding from these states into the isomer under the assumption that these states were in fact
populated in a resonance reaction in which the resonance was not scanned over a thick target.
The authors themselves admit that their setup was not optimal for this type of measurement (?),
and so further work needs to be done to determine the 34mCl versus 34gCl nova yield from these
these newly discovered states.

With its relatively short half-life of 32 mins, 34mCl will undergo �-decay predominantly
during the opaque phase of the expanding ejecta. Furthermore, it has been calculated (?)
that the isomeric level can be destroyed via photo-excitation to higher levels which subsquently
branch, via �-decay, to the 34Cl ground state with larger branchings than that to return back

Figure 4.3. The S-Cl burning cycle. �-decays are depicted
with blue arrows and (p, �) reactions are depicted with ver-
tical red arrows. The cyclic nature is depicted by the thick
outer red arrow for the (p, ↵) reaction on 35Cl. 34Cl is the
relevant �-ray emitters.

burning zone of the ONe-type, the composition mass-flow reaches as high as calcium (José
and Hernanz, 1998). Within this mass range exist three �-ray emitting isotopes which are,
themselves, potential targets of �-ray astronomy. They are: 22Na with t1

/2 = 2.6 yr, 26Al
with t1

/2 = 7.2 ⇥ 105 yr, and 34mCl with t1
/2 = 32 min. The latter case, 34mCl �-decays

into various excited states of 34S (see Figure 4.2), giving rise to the following �-rays (and
population fractions): 1.18 MeV (14%), 2.13 MeV (42%) and 3.30 MeV (12%). Since
the �-rays originate from the decay of radioactive parent nuclei (22Na, 26Al and 34mCl)
produced within the TNR, the detection of any one of these lines in nova ejecta would
provide a direct isotopic abundance determination of the corresponding radioactive parent.
This, in turn, would impose demanding constraints on the predictive abilities of theoretical
novae models.

The S-Cl cycle is schematically illustrated in Figure 4.3. The production of 34mCl proceeds
via only one (p, �) path: 32S(p, �)33Cl(�⌫)33S(p, �)34mCl. The 34mCl isomeric state is pro-
duced via feeding from the �-ray decay of resonant states in 34Cl that lie in the Gamow
Window of the 33Cl(�⌫)33S(p, �)34mCl reaction. The path 32S(p, �)33Cl(p, �)34Ar(�⌫)34Cl
entirely by-passes the 34mCl isomeric state because the 34Ar �-decay feeds almost entirely
into the 34Cl ground state (94%), with the remaining ⇠ 6% of the decay feeds into excited
states which, themselves, �-decay with branches that by-pass the isomer (Endt and Fire-
stone, 1998; Firestone, 1996). Thus, the production of the three astronomical �-ray lines
[1.18 MeV (14%), 2.13 MeV (42%) and 3.30 MeV (12%)] arising from the �-decay of 34mCl
comes purely from (p, �) capture on 33S. Within these reaction paths the �-decay rates of
33Cl and 34Ar are both known (Endt and Firestone, 1998); however, it must be stressed
that both the 33Cl(p, �)34Ar isomeric-bypass reaction is entirely unknown a the present, as
is the 34g,mCl(p, �) (g = ground state) destruction rate. Both are presently modelled em-
ploying the Hauser-Feshbach statistical model for their reaction cross-sections. The level

R. Reifarth et al., Cryring Physics Book 

S. Bishop et al., Cryring Physics Book 

Q. Zhong et al., J. Phys. CS 202 (2010) 012011 
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•  Half-life measurements of 7Be in different atomic 
charge states  

•  Capture reactions for astrophysical p-process  

•  Nuclear structure through transfer reactions  
•  Long-lived isomeric states 

•  Atomic effects on nuclear half-lives 

•  Nuclear effects on atomic decay rates  
•  Di-electronic recombination on exotic nuclei 

•  Neutrino physics; Tests for the neutrino beam 
project 

•  Purification of secondary beams from 
contaminants 

•  ..... 



The fate of 7Be in the Sun 

J.N. Bahcall, Phys. Rev. C 128 (1962) 1297 
I. Iben, K. Kalata, J. Schwartz, ApJ 150 (1967) 1001 
J.N. bahcall, C.P. Moeller, ApJ 155 (1969) 511 
C.W. Johnson, E. Kolbe, S.E. Koonin,  
K. Langanke, ApJ 392 (1992) 320 
A.V. Gruzinov, J.N. Bahcall, ApJ 490 (1997) 437 
A.V. Gruzinov, J.N. Bahcall, ApJ 504 (1998) 996 
            and many others 

About 20% of 7Be EC decay rate in the  
Sun are due to bound electrons 

7Be + e-  à  7Li + νe 
7Be + p à  8B + γ	



T1/2 (7Be0+) ~ 53.22 days 
T1/2 (7Be4+) ~ infinity 
T1/2 (7Be3+) ~ 106 days 
T1/2 (7Be2+) ~ 53 days 
T1/2 (7Be1+) ~ 53 days 

C. Rolfs et al., suggestion for an ESR proposal, ~2003 
C. Rolfs, W. Rodney, Cauldrons in the Cosmos, 1988 

TSR@ISOLDE would be the best place to perform these experiments! 

TSR@ISOLDE will be the best  
place to perform such 

experiments! 



The High Energy Storage Ring HESR 

Stochastic  cooling 



Physics at Storage Rings 
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TSR@ISOLDE 
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1913 - J. Thompson, Discovery of Isotopes  
(Nobel prize 1906) 

-  Special Issue of Int. J. Mass Spectr. “Birth of Mass Spectrometry” 

-  DPG Symposium “100 Years of Mass Spectrometry”, Hanover, 2013 

-  513. WE-Heraeus Seminar: “Astrophysics with Ion-Storage Rings”, January 2013 

-  530. WE-Heraeus Seminar on “Nuclear Masses and Nucleosynthesis”, April 2013 
  
-  New Atomic Mass Evaluation (AME2012) is to appear in 2013 December 2012 
 



ISOLDE Seminar 
April 20 2011, CERN, Geneva 

Many-many thanks to all my colleagues from all over the world !!! 


