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1. INTRODUCTION

Penning ion traps are versatile tools used in many areas in atomic and nuclear physics [Gho95,
MGW04]. One application is high precision mass spectrometry of atomic nuclei which leads to impor-
tant input data for, e.g., nuclear structure studies [Bla06, SB06]. Uncertainties down to a few electron
volts have been obtained for mass measurements on stable nuclides [BPR+99, RTP04, RWMM07].
For short-lived radionuclides the achieved precision is currently in the ppb-range as reported by a num-
ber of facilities around the world (ISOLTRAP [MBB+08b], CPT [CBB+03], JYFLTRAP [JEH+06],
LEBIT [SBL+03], SHIPTRAP [BAB+05], and TITAN [DBB+06]) covering the whole chart of nu-
clides. These precise data allow to test various nuclear models [LPT03], which employ different
approaches, and incorporate different physical data and to improve mass predictions for exotic nu-
clides which have not been addressed experimentally so far. In the present work some of the models
as used in the on-line database nuclearmasses.org [Smi] are compared and discussed.

In nuclear astrophysics mass differences, i.e., Q-values of nuclear decays, and thus nuclear masses
are essential for the modeling of many nucleosynthesis processes, which occur in different astrophys-
ical sites. A current goal is to extend high-precision mass measurements to nuclei very far from
stability, in particular towards the very neutron-deficient nuclei in the rapid proton-capture process (rp
process) and towards the very neutron-rich nuclei, which are important in the the rapid neutron-capture
process (r process). In addition to Penning trap experiments, this goal is also addressed by storage ring
mass spectrometry at the ESR facility at GSI [FGM08]. ISOLTRAP has recently contributed a num-
ber of precision mass measurements to this area such as 22Mg improving the knowledge of the NeNa
cycle in super novae [MKB+04, MBB+08a], 72Kr for the rp-process path [RKA+04, RKA+05],
and 80,81Zn [BAB+08], 95Kr [DAB+06] as well as 132,134Sn [SAB+05, SAB+06, DAB+08] on the
neutron-rich side determining input parameters for the r-process path.

In this work Penning trap mass measurements of neutron-deficient Cd isotopes down to 99Cd
are presented that are important for modeling the isotopic abundances produced by the astrophysical
rp process [WW81, SAG98, FMPL+06, PHW+06]. The rp process is a sequence of rapid proton
captures and β+ decays, often close to the proton drip line. For the A ≈ 99 mass region, the rp
process has been suggested [WW81, SAG98] and discussed [FCS+08] as a candidate to resolve the
long-standing puzzle of the origin of the relatively large amounts of 92,94Mo and 96,98Ru in the solar
system [Lod03]. This is a lower-abundance group of so-called ”p nuclei” that are shielded from the
slow and rapid neutron-capture process, the s and r process, respectively, which synthesize the rest
of the heavy elements. While standard p-process scenarios based on photodisintegration processes
produce most other p-nuclei, they severely underproduce 92,94Mo and 96,98Ru [RGW+06, AG03].

The rp process is the main energy source of type I X-ray bursts on the surface of accreting neutron
stars [Sch06]. In some bursts, characterized by long timescales of the order of 100 s, the rp process can
reach the Cd region [SAB+01]. A reliable estimate of the produced composition is needed to model
neutron star crust processes that are related to a number of observables such as the rare superbursts
or the cooling of transiently accreting neutron stars [GBS+07]. In addition, it has been shown that a
small fraction of the processed matter could be ejected during X-ray bursts, renewing interest in these
scenarios in terms of producing the Mo and Ru p-isotopes [WBS06].
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The rp process is also thought to occur in proton-rich neutrino-driven outflows in core collapse
supernovae [FMPL+06, PHW+06]. Because of the prominent role that neutrinos play in this nucle-
osynthesis it is referred to as ”νp process”. It has been shown that for certain model parameters the
process can synthesize the Mo and Ru p-isotopes and that it passes through the 99Cd region inves-
tigated in this work [PHW+06]. For both scenarios the importance of accurate nuclear masses has
been discussed before [PHW+06, FCS+08, SR06, FHP09, WEF+08, WBS08]. For the present work
network calculations describing the rp process were performed by H. Schatz using the mass values of
the atomic-mass evaluation AME2003 [AWT03] updated with the most recent results in the vicinity
of 99Cd [FCS+08, WEF+08, MAA+07, KEB+08, HEE+07].

Furthermore data from the most recent AME [LA09]. The importance of such an evaluation will
be demonstrated for solving conflicts between data from different experiments, such the influence of
less precise known reference masses can be reduced.

In addition, mass values of exotic nuclide, especially if measured for the first time, allow system-
atic studies of nuclear structure in that mass region. The two neutron separation energy as a mass
difference is a good indicator for major changes and is used to discuss shell and sub-shell closures.
For examples, mass values determined recently at ISOLTRAP provided important information for the
discussion of, e.g., the subshell closure at N = 32 in the Cr, Mn -region [GAB+05] and the reincar-
nation of the neutron shell closure at N = 82 for tin region [DAB+08]. The required accuracy for
these investigations is in the order of 100 keV.

Whereas the study of local phenomena, such as the interaction between the last (two) proton(s)
with the last (two) neutron(s) δVpn [ZWYG88, ZCB89], needs mass values with an accuracy of about
a few 10 keV. Recent surveys using the AME2003 [AWT03] led to fascinating results [CBCM05,
BCC06] as the influences of the orbits of the valence nucleons on the interaction strength in the 208Pb
mass region and characteristic patterns could be observed for approaching and crossing magic neutron
and proton numbers. More detailed investigations by new mass measurements has been suggested
by Brenner et al. [BCC06], and some of those masses could already be determined, like the mass
of 208Hg, measured recently [CLP+09] at the ESR-facility [FGM08]. At ISOLTRAP the proposed
studies of the trends in δVpn in the vicinity of the neutron-rich Rn nuclides have been performed. The
deviation from the expect trends has been interpreted as a hint for octupolar deformation [NAB+09].
Furthermore the masses of 122,124,126,128Cd have been requested, which are presented and discussed
among others in the present work.

The irregularities of trends in the δVpn-values are compared with trends as obtained from the
S2n and the Garvey-Kelson relations [GK66, GGJ+69]. All three quantities indicate an unexpected
behavior and thus suggest remeasurements of the nuclear masses in the vicinity of the investigated
region on the nuclear chart, which could not be addressed during the runs described in the present
work.



2. THEORY

2.1 Nucleosynthesis of the elements

On earth 272 stable and 55 natural radioactive nuclides have been found [BBFH57]. One of the most
important questions to nuclear astrophysics is the explanation of the relative abundance of the different
elements and their isotopes as listed, e.g., in [AG89]. For the creation of elements beyond iron various
scenarios and astrophysical sites are proposed. The paths of some of the most important scenarios,
such as the s, r, p, and rp process are given schematically in Fig. 2.1 [Bla06].

For the investigation of the different scenarios various nuclear physical input parameters are
needed. The most important ones are the β-decay half-lives, branching ratios, the level density, and
the neutron- or proton-separation energies Sn(Z, N) and Sp(Z,N), where the separation energies are

Fig. 2.1: Paths of several nucleosynthesis scenarios in the (N,Z) plane. The s process follows the valley of
β-stability on the neutron-rich side, the r process is passing far out from stability on the neutron-
rich side and the rp process is creating nuclides close to the proton drip line. Color-coded are the
availability of experimental data for half-lives and masses as given in the AME2003 [AWT03].
The plot is taken from [Bla06].
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given by the mass differences

Sn(Z,N) = [−m(Z,N) + m(Z, N − 1) + m(n)] · c2,

Sp(Z,N) =
[−m(Z, N) + m(Z − 1, N) + m(1H)

] · c2, (2.1)

with c as the speed of light in vacuum. Therefore, the masse values m of the mother and the daughter
nuclide have to be determined with a relative uncertainty of less than δm/m = 1 · 10−7. Figure 2.1
displays a status of the available data for the half-lives and masses in the vicinity of the astrophysical
pathes on the nuclide chart as given in the last atomic-mass evaluation [AWT03]. The s-process path
can be considered as completely discovered as nuclear physics is concerned and already lots of masses
and half-lives are available for the rp-process. Nevertheless, close to its predicted end in the SnSbTe
cycle [SAB+01] there are experimental data missing. On the neutron-rich side where the r-process
is passing, hardly anything is known since the r-process is approaching the presently unreachable
neutron drip-line. Only in the cases for which the path is blocked by neutron-shell closures as in the
N = 82 region, where the nucleosynthesis has to pass the neutron shell N = 82, there are some
experimental data available, e.g. for the nuclide 132Sn.

Using the available nuclear data, conclusions can be drawn from model calculations and compared
with astronomical observations such as luminosities of stars, the wavelength spectra of emitted light,
and rotation frequencies. The majority of the nuclides heavier than 56Fe in the universe are created
in the s-process, which is taking place in stars where only a low abundance of neutrons is given.
Those are generated by (α,n) reactions of the relatively rare nuclides 13C and 22Ne. Therefore, the
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capture of neutrons is happening at timescales which are long as compared with the β-decay half-lives.
Figure 2.2 shows the s-process path in the region of Z = 44 − 51. The stable nuclides (grey boxes)
are catching a neutron until the resulting daughter nuclide is unstable against β−-decay (white boxes),
which leads to a movement upwards in the nuclide chart. Note, in the case of 107Pd the half-live of
the ground state is 6.5 · 106 years, which can be considered sufficiently long for the neutron capture
[BBFH57]. The nuclides, which are not touched by the s-process path, need a different scenarios in
order to be created. On the neutron-rich side the r-process is suggested, while on the proton-rich side
the p-process is a possible scenario and those nuclides are referred to as r- and p-nuclides, respectively.

The aim of the first part of the investigation presented in this work is to contribute to the ex-
planation, why the p-process underproduces the abundances of the p-nuclides 92,94Mo and 96,98Ru
compared to the natural abundance as observed in the our solar system [AG03]. As a candidate to
answer this question the rp-process has been suggested. Its predicted path in the vicinity of 99Cd is
shown in Fig. 2.2 as well as the β+ decays towards 98,99Ru. To discuss a possible contribution from
the rp process, it has to be shown that nuclides, which are sufficiently produced by the s and the p
process, are not created in large amounts by the rp process.

In the following an overview of the rp-process site, namely the X-ray binary, and the rp-process
itself is given. The importance of proton-separation energies, and thus nuclear masses, for the rate
calculations as performed by H. Schatz for the present work will be discussed. Furthermore a short
summary of the r-process will be presented and the measurement of very neutron rich silver and
cadmium, such as 129Ag and 130Cd, will be motivated.

2.1.1 rp-process

A scenario for explaining the underproduction of the p-nuclides 92,94Mo and 96,98Ru is the rp-process,
which is taking place during type I X-ray burst of a neutron star of so called X-ray binaries [Psa04].
In Fig. 2.3 such a system consisting of a neutron star and the companion star (typically a red giant) is
given in a schematic way. The marked gravitational equipotential surface is the Roche lobe, where the
material such as the hydrogen/helium atmosphere is still bound by gravitation. Typically the neutron
star has a mass of about 1.4M⊙ (solar masses) and a radius of about 10 km [Wal05], while the mass
of the companion of a Low-Mass X-ray Binary (LMXB) is usually less than the mass of the neutron
star.

rp-process site

In this scenarios material from the Roche lobe of the companion star can pass the inner Lagrange
point due to the gravitational forces from the companion towards the neutron star. Depending on
the accretion rate of material onto the surface of the neutron star several processes can be observed.
For type I X-ray bursts, the rp-process site, typical accretion rates of 10−8 − 10−10M⊙ per year are
necessary [Bil97].

On the surface the accreted hydrogen is burning four protons via p(p, e+νe)d, d(p, γ)3He, and
3He(3He,2p)4He to one 4He. If there is some carbon in the neutron star, hydrogen is also burning
to 4He in the CNO cycle: 12C(p, γ)13N, 13N(e+νe)13C, 13C(p, γ)14N, 14N(p, γ)15O, 15O(e+νe)15N,
15N(p,4He)12C. The released energy of the exothermic reaction is heating the outer layer until the
ignition conditions are fulfilled [Bil97]. If the temperature is high enough 3α →12 C, so-called triple
α reactions, occur and will produce even more seeds for the CNO cycle. The temperature is rising
further and in the following it is high enough for (α, p) and (p, γ) reactions beyond the CNO cycle.
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Fig. 2.3: A schematic plot of an X-ray binary consisting of a neutron (black) and a companion star (dark
gray). The Roche lobe (light gray) is the space, where material is still bound by gravity and at
the Lagrange point the gravitational forces cancel out.

This path is referred to as the αp-process, which starts around 14O and goes until approximately 41Sc,
where the Coulomb barrier will prevent further α-captures.

For the case that enough hydrogen is available the actual rp-process starts, the processing to-
wards heavier nuclei continues via (p, γ) reactions until a low proton-separation energy prevents the
attachment of more protons. The path is hindered at a (p, γ)-(γ, p) equilibrium between mother and
daughter nuclide until β+-decays occur to bring the path closer to stability and it can be further pro-
cessed by (p, γ) reactions. This reaction path is called the rp-process, which continues until it reaches
the SnSbTe cycle as described by Schatz et al. [SAB+01].

The reaction is sensitive to the temperature, which is decreased when the process path is at the
so called waiting-point nuclides due to uncompensated radiative losses. These are nuclides with low
proton-separation energy, so the (p, γ)-(γ, p) will occur, and they have long β-decay half-lives. Thus
the β-decay half-lives and the proton-separation energies are important input parameters for network
calculations.

The reactions for the rp-process are coming to an end, when all hydrogen fuel is consumed. The
temperature decreases dramatically due to the radiation and the current status of the rp-process is
freezing out, namely no further (p, γ) reactions occur and the particles are converted to stable nuclides
by β-decays. For this reason the produced abundances are usually given as a function of mass units,
e.g. mass A = 99 coming from the precursor 99Cd represents the nuclide 99Ru in the case of the
rp-process products.

rp-process calculations

In order to understand the rp-process, a network of reactions is build up. In the following, the rate
calculations are described in the cgs system as the majority of the astrophysical literature is using these
units (e.g. [FCZ75, Bil97, SAG98, SR06]). Note that the calculations were performed by H. Schatz.
For the understanding of the importance of the masses, the principle of reaction network calculation
is given briefly in this section.

Describing the abundance Yi of a nuclide i independent of the volume or the density in the astro-



2.1. Nucleosynthesis of the elements 7

Fig. 2.4: An example of a flux plot of the time integrated net reaction flows over the entire X-ray burst.
The thick lines represent a strong flow (within an order of magnitude of the 3α-reaction) and the
thin and dashed lines weak flows suppressed by factor of 10 and 100, respectively. The boxes
marked in gray represent stable nuclides.

physical environment using Xi as the mass fraction and Ai as the mass number results in

Yi =
Xi

Ai
. (2.2)

Then the number density is given by

ni =
Xiρn

mi
, (2.3)

with ρn as the density of the nuclear matter in g/cm3 and mi being the atomic mass of i, which can
be approximated to mi ≈ Ai · mu. Using the atomic-mass unit mu, which in the cgs-system is the
inverse of the Avogadro number NA, the number density can be rewritten as ni = YiρnNA.

In the example of a single binary reaction i + j → k + l (in the following i(j, k)l) with i, j 6= k, l
the change in abundance Yi of a nucleus i already using the substitution of ni is

dYi

dt
= −YiYjρnNA〈σν〉ij,kl, (2.4)
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where 〈σν〉 is the product of the cross section and the relative velocity, which is averaged over the
Maxwell Boltzmann distribution of the astrophysical plasma. The reaction rate has a negative sign,
since a nucleus i is destroyed during this process. Generalizing this approach results in a differential
equation consisting of four parts:

dYi

dt
=

∑

k,l

Ni
Y Nk

k

Nk!
Y Nl

l

Nl!
(ρNA)Nk+Nl−1〈σν〉kl,ij

−
∑

j

Ni
Y Ni

i

Ni!
Y

Nj

j

Nj !
(ρNA)Ni+Nj−1〈σν〉ij,kl

+
∑

j

Yj
ln 2

t1/2j→i

−
∑

i

Yi
ln 2

t1/2i→j

, (2.5)

where the multiplicity of the nuclides i, j, k and l is described by Ni, Nj , Nk and Nl, respectively.
The first two summands describe a change in abundance by binary reactions as well as a few possible
three-body reactions, like the triple α reaction. The factorials are included to avoid double counting
in the case of a reaction consisting of alike particles. The other two summands are describing the
creation and destruction of a nuclide by decays with t1/2 as the corresponding decay half-lives. The
time evolution of the nuclides is critically depending on the reaction rates. A more detailed description
can be found in [FCZ75].

NA〈σν〉(j,k) is the rate for a nuclear reaction i(j, k)l, which is a function of the particle energy E,
the energy dependent cross section σ(E), and the stellar temperature T

NA〈σν〉(i,j) =
[

8
µπ

]1/2

(kBT )3/2

∫ ∞

0
Eσ(E) exp(−E/kBT )dE, (2.6)

where µ is the reduced mass in the target projectile system. The reaction cross section σ depends
strongly on the nuclear structure of the compound nucleus and for charged particle reactions addition-
ally on the Coulomb barrier between the two interacting particles.

The reaction rates in the case of a low level density system can be described by single resonant
Breit-Wigner terms and by non-resonant contributions, where the resonant terms correspond to un-
bound states and the non-resonant terms to bound states in the compound nucleus.

NA〈σν〉 = NA〈σν〉r + NA〈σν〉nr (2.7)

The case of low level density is mainly given in light mass nuclides and nuclides near close shells.
The network calculations and their results are discussed in Sec. 7, which are based on experimental
data and on calculations of the nuclear structure [Cyb].

For nuclear reactions occurring in the rp-process for nuclides with A ≥ 40 the level density in
the compound system is generally high such that the cross section is dominated by a multitude of
overlapping resonances and appears non-resonant [Sar82]. The reaction cross section σ can then be
approximated by the use of the Hauser-Feschbach approach, which is widely used for the determina-
tion of thermonuclear reaction rates [HWFZ76, WFHZ78]. For a reaction iδ(j, k)lν the reaction cross
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section σ can be expressed as the function of the transmission coefficients T :

σδν
jk (Eij) =

π~2

2µijEij

1
(2Jδ

i + 1)(2Jj + 1)

×
∑

J,Π

(2J + 1)
T δ

j (E, J,Π, Eδ
j , J

δ
j , Πδ

j)T
ν
k (E, J,Π, Eν

k , Jν
k , Πν

k)
Tm(E, J,Π)

, (2.8)

where Eij is the energy in the center of mass system and µij the reduced mass in the target pro-
jectile system. Note the nucleus is here described by the total angular momentum J , by the cor-
responding excitation energy E, and the parity of the excited state Π. The transmission coefficient
T ν

k (E, J,Π, Eν
k , Jν

k ,Πν
k) describes the transition from a state (E, J,Π) in the compound nucleus into

a state ν of the final nucleus under emission of a particle k. And T δ
j (E, J,Π, Eδ

j , J
δ
j ,Πδ

j) is the trans-
mission coefficient of the entrance channel accordingly. The coefficient Tm(E, J,Π) represents the
total transmission summed over all channels, which can be expressed by a sum over all known experi-
mental states in the final nucleus (labeled with the emitted particle m) and a part, which represents the
integration over the level density ρ(Em, Jm,Πm) in the final nucleus above the highest experimentally
known level Eω

m up to the maximum energy E − Sm:

Tm(E, J,Π) =
ω∑

λ=0

T λ
m(E, J,Π, Eλ

m, Jλ
m, Πλ

m)

+
∫ E−Sm

Eω
m

∑

Jm,Πm

Tm(E, J,Π, Em, Jm, Πm)ρ(Em, Jm, Πm)dE. (2.9)

Sm represents the respective channel separation energy, such as the proton separation energy. In
general, along the rp-process path there is no information available on excited states in the nuclei, so
the transmission coefficient is determined by transmissions to the ground state ω0 and the integration
part of Eq. 2.9.

For the calculation of the total cross section into all final states ν

σδ
jk =

∑
ν

σδν
jk (2.10)

the transmission coefficient for the exit channel T ν
k in Eq. 2.8 has to be replaced by the definition of

the total transmission coefficient Tk (Eq. 2.9). To determine the cross sections σjk in an astrophysical
plasma, the thermally populated states δ have to be considered:

σjk =

∑
δ

(2Jδ
i + 1) exp(−Eδ

i /kBT )σδ
j,k

∑
δ

(2Jδ
i + 1) exp(−Eδ

i /kBT )
, (2.11)

where T is the temperature of the plasma.
For the determination of the cross sections for proton capture processes using the Hauser-Feshbach

formalism some of the most crucial input parameters are the nuclear masses, which determine the
proton separation energies, the transmission coefficients and the γ reaction channels. The cross sec-
tions were determined using the SMOKER-code [RTK97]. The detailed mechanisms included in the
program are explained by Rauscher et al. [RTK97] and also an estimate of the reliability for the cross-
section predictions using the statistical model approach for n-, p- and α-target reactions is given.
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Furthermore, the inverse reactions play an important role in the network calculation. For the case
of the inverse reaction to the proton capture (p, γ), the photodesintegration process (γ, p), the reaction
rate λi(γ,p)j is given by

λi(γ,p)j =
(2Jp + 1)Gj

Gi

(
µkBT

2π~2

)3/2

exp
(
−Qj(p,γ)i

kBT

)
· 〈σν〉j(p,γ)i, (2.12)

where the Gi and Gj are normalized partition functions, which describe the thermal population of the
excited states of the initial i and the final nucleus j

Gi =
ω∑

δ

gδ
i exp

(
− Eδ

x

kBT

)
+

∫

Eω

∫

Ji,Πi

exp
(
− E

kBT

)
ρi(E, J,Π)dEdJdΠ (2.13)

gδ = 2Jδ + 1 is the statistical weight of the state δ with the spin Jδ. Qj(p,γ)i is the proton separation
energy, a function of the masses of the mother and the daughter nuclide of the reaction. As in Eq. 2.9
the separation energy is entering exponentially in the equation and thus a strong dependence of all
reaction-calculation results on the masses of the involved nuclides is given.

Calculating a burst and integrating the resulting flux as given in Eq. 2.5 between two nuclides over
the entire burst

Fi,j =
∫ [

dYi

dt (i→j)
− dYj

dt (j→i)

]
dt (2.14)

A diagram for all involved nuclides is plotted in Fig. 2.4. The thick lines represents a reaction flow
comparable to the flow through the triple α reaction.

Nevertheless, with all understanding of the rp-process, the contribution to the nuclear abundances
in the solar system is still not answered as long as no reliable scenario for the ejection of the burst
ashes is existing [AG03]. In Weinberg et al. [WBS06] a super-Eddington luminosity driven wind is
suggested as a solution. The luminosity by accretion is increased by the radiation coming from the
nuclear reactions in the X-ray bursts. Network calculations have been performed to give an estimate
of the released energy and thus the strength of the wind. Furthermore the composition of such ejecta
is discussed, thus an ejection of material up to the mass number of A = 60 was predicted, which
would not lead to contributions of the rp process to the production of the Mo and Ru p-nuclides.
Nevertheless, an estimate for the conditions in a super-burst was given with an indication for ejection
of heavier masses than A = 60. Thus the composition of the burst ash as discussed in Sec. 7 could
contribute to solve the quest of the underproduction of 96,98Ru.

2.1.2 r-process

On the neutron-rich side of the valley of stability the r-process was suggested to explain the abun-
dances of neutron-rich nuclei, which cannot be produced by the s-process [BBFH57, CTT91]. In
general, r-processes of different kinds are possible depending on the temperature and the neutron den-
sity, as explained in a recent review by Arnould et al. [AGT07]. As demonstrated in the previous
section for the rp process and the proton-separation energy, the neutron separation-energy Sn is one
of the most important input parameters for reaction-network calculations of the r-process, which de-
termines the reaction path on the nuclide chart. Other import parameters are the β−-decay half-lives,
the branching ratios, and the level densities of the nuclides involved.

A detailed understanding of the r-process, which is possible due to well determined input data, will
provide a more profound knowledge about our solar system. In this context meteorites are important
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Fig. 2.5: The tellurium isotopic chain and the production mechanisms of its isotopes. Stable isotopes are
indicated with gray boxes and the arrows represent nuclear reactions of the r- and the s-process,
as well as β± decays.

probes of nuclear abundances at different times in our solar system. Depending on the time of their
creation during the evolution of the solar system they carry different nuclear abundance distributions.
An interesting example is the isotopic chain of tellurium, which has three s-only isotopes 122−124Te,
a p-nuclide 120Te, and two r-only isotopes 128Te and 130Te. The other two stable tellurium nuclides
125Te and 126Te can be produced by both, the s-process and the r-process [SRL78, FRH+05]. The
relative abundances of the heavy tellurium isotopes on pre-solar meteorites are indicators for a rapid
separation of supernova ejecta [ROB98]. Thus of special interest for the cadmium isotopic chain is the
neutron binding energy of the N = 83 nuclide 131Cd, which determines the waiting-point behavior of
130Cd, the precursor of 130Te in the r-process, which is still calculated by using masses given by mass
models.

A similar quest is given for the abundance distribution in meteorites of the Xe isotopes [GT07].
The stable 129Xe has its precursor along the r-process path in 129Ag, one of the expected waiting
points of the scenario. Thus a measurement of the masses of 129,130Ag would lead to the neutron
separation energy of 130Ag, which determines the waiting-point behavior of 129Ag.

2.2 Nuclear structure and Mass models

Since the last published AME [AWT03] lots of progress has been made as summarized by Weber
et al. [WBS08] for the most recent mass measurements with astrophysical application. Moreover,
as it will be discussed below in Sec. 5.2 and concerning our results of 100Cd and 100In in Sec. 6, a
recompilation of the atomic mass evaluation was necessary to obtain better quality input data for the
best possible calculation. This goal has been achieved in the present work.

Nevertheless, not in all regions of the nuclide chart experimental data, such as masses, half-lives,
and level densities are yet available. Thus nuclear models are very important for providing input
data, especially for the nucleosynthesis scenarios, which are passing far off stability. The theoretical



12 2. Theory

description experienced a strong development in the last few decades driven by the increase of com-
putational power and, of course, by the increasing amount and the precision of available experimental
data. For example in 1995 there were about 1800 masses known experimentally, while in the year
2003 this number increased to more than 2200 [AWT03].

A first very simple macroscopic approach of the nuclear binding energy of a nuclide (Z, N)

B =
[
Z ·m(1H) + N ·m(n)−m(Z,N)

] · c2 (2.15)

has been suggested already in the 1930’s by von Weizsäcker and Bethe [vW35, BB36], also known
as the liquid drop model, which incorporates a volume term ∝ A, a surface term ∝ −A2/3 and a
Coulomb term ∝ −Z(Z − 1)A−1/3. Additionally there are contributions from a symmetry term
∝ −asymA/I and a surface symmetry term ∝ A2/3I2. This leads to an improved Weizsäcker-Bethe
mass formula [MS66]:

B = avolA + asfA2/3 +
3e2

5r0
Z2A−1/3 +

(
asymA + assA

2/3
)

I2, (2.16)

where I = (N − Z)/A is the charge-asymmetry parameter. Typical values for the parameters are
avol = −15.73 MeV, asf = 26.46 MeV, r0 = 1.2185 fm, asym = 17.77 MeV, and ass = 17.70 MeV
[LPT03]. With these values the Weizsäcker-Bethe mass formula has a root mean square (rms) error

σrms =


1

i

i∑

j=1

(
mexp

j −mtheo
j

)2




1
2

(2.17)

of about 2.94 MeV to the i = 2034 existing mass values for N,Z ≥ 8 as published in the AME2003
[AWT03]. This is a remarkable result of a fit to more than 2000 data using only five parameters.
Nevertheless a plot of the differences between the experimental and the theoretical predicted binding
energies Bexp − Btheo as a function of the neutron (proton) number N (Z) reveals a striking pattern
as given in Fig. 2.6: Some nuclides are particularly stable for certain neutron (proton) numbers and
thus there is a big deviation between the experimental and theoretical values. These so-called magic
numbers (2, 8, 20, 28, 50, 82, 126 ...) inspired the nuclear shell model, which is adopted from the
atomic shell model. Nuclides with a magic number in either, protons or neutrons are referred to as
magic, and nuclides being magic for protons and neutrons are called doubly-magic.

Using the single-particle approach the energies of the nucleons can be described individually. First
an average nucleus is assumed, in whose potential the nucleons are propagating individually. For the
determination of the energy levels the Schrödinger equation has to be solved.

The shell model describes the nucleons (fermions) filling orbits with nucleons in the potential
under the application of the Pauli principle, which prohibits alike particles in the same orbit. Analo-
gous to the atomic shell model the orbits can be described by quantum numbers, such as n, the radial
quantum number, l, the orbital angular momentum, and j as the total angular momentum. The later
describes the sum of intrinsic spin s = ±1/2 of a nucleus and the orbital angular momentum l and
thus j = l ± 1/2, except for the l = 0 orbits, which only exist with j = 1/2. Furthermore each
particle with the total angular momentum j has 2J + 1 magnetic substates and the parity of the state
Π is defined by (−1)l. Figure 2.7 gives an example of single particle energies for neutrons in a 208Pb
nuclide calculated by [Bro05] using different potentials. The harmonic oscillator potential results in
equidistant levels with a degeneracy in l and J (Fig. 2.7 left). Choosing an anharmonic potential, such
as the one proposed by Woods and Saxon [WS54]

V (r) = − V0

1 + exp( r−R
a )

, (2.18)
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Fig. 2.6: Difference between the experimental binding energies and those predicted by the liquid droplet
mass formulas as a function of neutron number N (left) and proton number Z (right). The
differences were calculated using [Smi]

results in a level structure, where the l degeneracy is split (Fig. 2.7 middle). The potential is described
by r as the distance from the center of the nucleus, by a as a length representing the thickness of the
surface and R = r0A

1/3 the nuclear radius with r0 ≈1.2 fm. The deepness of the potential is given by
the parameter V0, which is normally given in the range of 50 MeV and the surface thickness is about
a=0.6 fm. Introducing in addition a spin-orbit coupling also the degeneracy in j is broken (Fig. 2.7
right). For a calculation for the proton single particle energies the repulsive Coulomb force has to



14 2. Theory

1h 11/2
3s 1/2
2d 3/2
2d 5/2
1g 7/2

1g 9/2

2p 1/2

1f 5/2
2p 3/2

1h 9/2
2f 7/2

2f 5/2
3p 3/2

3p 1/2

1i 13/2

[4]

20

8

2

28

50

82

126

1f 7/2

2s 1/2
1d 3/2

1d 5/2

1p 1/2
1p 3/2

1s 1/2

2g 9/2

1i 11/2
3d 5/2
4s 1/2
2g 7/2
1j 15/2
3d 3/2

[16]
[8]
[2]
[6]

[12]

[10]

[2]
[6]
[4]

[14]
[10]
[8]

[12]
[2]
[4]
[6]
[8]

[10]

[2]
[4]
[6]

[8]

[2]
[4]

[6]

[4]
[2]

[2]
[2] 1s

[6] 1p

1d[10]

[2] 3s

1f[14]

[6] 2p

[18] 1g

2d[10]

[2] 2s

[22] 1h

2f[14]

[6] 3p

[26] 1i

[18] 2g
3d[10]

[2] 4s

[2] N=0

[6] N=1

[12] N=2

[20] N=3

[30] N=4

[42] N=5

[56] N=6

2

8

20

40

70

112

Harmonic
Oscillator
Potential

Woods-Saxon
Potential

Woods-Saxon
Plus Spin-Orbit
Potential

Fig. 2.7: Neutron single-particle states in 208Pb with three potential models, harmonic oscillator (left),
Woods-Saxon without spin-orbit (middle) and Woods-Saxon with spin orbit (right). The num-
bers in square brackets are the maximum number of neutrons in that each level can contain. In
addition, the harmonic oscillator shell is N = 2(n− 1) + l) , the Woods Saxon is labeled by n, l
and the Woods-Saxon with spin-orbit is labeled by n, l, j. The plot is taken from [Bro05] and
slightly modified.

taken into account additionally.
At this point the convention for the notation of states is introduced: First, comparable to atomic

physics, the different values of orbital angular momentum l = 0, 1, 2, 3, 4, 5, 6, . . . are described by
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letters of the Latin alphabet s, p, d, f, g, h, i, . . . . An orbit is then described with the nlj . The example
of the 2d5/2 shell is characterized by n = 2, l = 2, s = +1/2, and thus j = 5/2. Note, for more than
one particle, the total angular momenta ji of the i nucleons couple to the total angular momentum J .
The state of multi particle configurations are then described by the total angular momentum and the
parity JΠ.

In the single particle approach the pairing can be describe by introducing a force Vpair as defined
by the matrix elements

〈j1j2J |Vpair|j3j4J ′〉 = −G

(
j1 +

1
2

)1/2 (
j2 +

1
2

)1/2

δj1j2δj3j4δJ0δJ ′0 (2.19)

where the

Gp =
17
A

MeV (2.20)

and

Gn =
23
A

MeV (2.21)

denote the overall interaction strength for protons and neutrons, respectively. This attractive interac-
tion is only effective for 0+ states of identical nucleons in the same orbit. Without the presence of the
pairing force the nucleons would fill all levels up to the Fermi energy, and the level above would stay
empty. However, with pairing the occupancy of the levels changes as shown in Fig. 2.8, as described
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Fig. 2.9: Left: Compression of levels near the ground state for odd nuclides due to pairing. Right: Increase
of level energies and the pairing gap in even-even nuclides. The plot is taken from [Cas00].

by the fullness factor Vi and the emptiness factor Ui

Vi =
1√
2

[
1− εi − λ√

(εi − λ)2 + ∆2

]1/2

Ui =
1√
2

[
1 +

εi − λ√
(εi − λ)2 + ∆2

]1/2

. (2.22)

Here, the pairing gap
∆ = G

∑

i,j

UiVj (2.23)

is described as the as sum over the filling of the orbits. The ∆ can be estimated by either the pairing
gap in even-even nuclides or from odd-even mass differences. The pairing gap and the increased level
density, which are shown in Fig. 2.9 at the right and marked with 2∆, is characteristic for almost
any even-even nuclide. In the vicinity of the Cd nuclides it is about 2∆ = 2 MeV. In odd nuclei the
pairing has the effect of level compression near the ground state and a decrease of level energy by ∆
for higher lying states (Fig. 2.9 left).

The states including the pairing are so-called quasi particle states with an energy of

Ei =
√

(εi − λ)2 + ∆2. (2.24)

This allows one to determine the minimum energy for an excited state to:

Eo
xi

= Ei −E0 =
√

(εi − λ)2 + ∆2 −
√

(ε0 − λ)2 + ∆2, (2.25)
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with E0 as the quasi particle energy of the orbit with closest energy to the Fermi level λ and εo

the single particle energy of the same orbit. More information about the pairing force can be found
in textbooks as [Cas00]. Note, that for nuclides with strong collective behavior the level schemes as
given in Fig. 2.9 are not applicable. A good measure for the grade of collectivity in even-even nuclides
is the R4/2, the ratio of the energy of the first 4+ state to the energy of the first 2+ state. For R4/2

below 2 the single particle approach is valid.

A microscopic approach to describe the complete nucleus is the Hartree-Fock-Bogolyubov method
(HFB), which unifies the self-consistent description of nuclear orbits as given in the Hartree-Fock
method using an effective interaction, a phenomenological Wigner term describing the stronger bind-
ing for N = Z [MS66], and the adjusted Bardeen-Cooper-Schrieffer (BCS) pairing theory into a sin-
gle variational theory. Here the Wigner term describes a strong interaction in nuclides with N = Z,
whereas the pairing force is needed to account for the odd-even staggering of the binding energy as
a function of neutrons and protons. The trial variational wave function is a linear combination of
independent particle states representing various possibilities of occupying nucleons of single-particle
states [DFT84]. A goal is to find a description of nuclides for all different areas of the nuclide chart,
e.g. the vicinity of the magic nuclides, where the nuclides are spherical, and for the regions of defor-
mation, which are usually mid-shell.

As an example, the HFB series by a group from Brussels uses a few nuclides to fit the param-
eters of the Skyrme force, the Wigner term and the pairing term. Afterwards the results are tested
with respect to masses and other nuclear properties, such as e.g. charge radii, for the remaining nu-
clides. Different nuclides were chosen for the models HFB2 [GSH+02], HFB8 [SGP03, SGBP04],
and HFB14 [GSP07]. The latest member of this series, HFB17 [GCP09b], was determined by fitting
the 18 parameters (10 for the Skyrme force, 4 for the Wigner term, and 4 for the pairing) to all nuclear
masses of the AME2003 and thus of course the agreement to those masses improved. Furthermore,
this model agrees within its uncertainties to more than 400 masses recently determined by the ESR
facility [LGR+05].

The following approaches to predict masses are a link between the microscopic models as those
based on the Hartree-Fock method and the phenomenological Weizsäcker-Bethe mass formula, which
is also referred to as a macroscopic model. These formulas are designed to save computational power
and thus are limited in the included physics. For this reason their prediction power is limited to
masses. A few of the most advanced of these so-called microscopic-macroscopic approaches are
presented here. For a more detailed discussion see [LPT03].

Dulfo-Zuker (DZ)
One of the most successful mass models in the past years is the Duflo-Zuker model concerning the rms
uncertertainty as compared to experimental data. It has a Hamiltonian separated into a monopole and
a multipole part, where the monopole term describes the single particle energies, while the multipole
term accounts for the residual interactions, allowing configuration mixing, which includes pairing and
the Wigner correlation. These monopole and multipole parts are parameterized by the application of
symmetry and scaling arguments [DZ95]. Thus saturation and configuration mixing is achieved such
that the magic numbers and also the regions of strong deformation are described.

Finite Range Droplet Model (FRDM)
The liquid drop model of Weizsäcker and Bethe [vW35, BB36] was extended by Myers and Swiatecki
[MS69] to the droplet model, which includes the distinction of the neutron and proton densities and
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Tab. 2.1: Comparison of the mass models to the AME2003 using the rms Eq. 2.17.

Mass Model Global Ag Cd

Number of Isotopes Used 2034 25 31

σrms / MeV

DZ 0.35 0.25 0.28
WB 2.94 2.96 4.24
HFB2 0.64 0.56 0.67
HFB8 0.61 0.73 0.94
HFB14 0.69 0.44 0.72
HFB17 0.55 0.30 0.53
FRDM 0.60 0.35 0.52
ETFSI 0.74 0.72 0.41
KTUY 0.65 0.26 0.54

an introduction of the diffuseness of the surface. Furthermore the diffuse property of the surface is
described by a finite range term and an exponential compressibility term was included to improve the
macroscopic part of the description, from which the name is derived. In addition, the microscopic
treatment of the pairing in a BCS fashion, the Strutinski shell corrections, and a Wigner term are
included [MNMS95]. The 31 mass dependent parameters of this model are partly predetermined by
other nuclear properties, thus only 19 parameters were included in the mass fit.

Extended Thomas-Fermi plus Strutinski Integral (ETFSI)
The Extended Thomas-Fermi plus Strutinski Integral (ETFSI) [APDT95] is a model with only nine
parameters. It is based on a Hartree-Fock type Skyrme force and a pairing force. The approximation
used in the ETFSI method separates the Skyrme force in two parts, a semiclassical treatment of the
Hartree-Fock method by the application of the full fourth-order extended Thomas-Fermi method and
the attempt to improve this by small perturbations for the shell corrections. The latter part is based
on the Strutinski-integral form [BQ81] based on the Strutinski theorem [Str67, Str68]. This is an
important step towards the HFB models.

Koura Tachibana Uno Yamada (KTUY05)
Koura, Tachibana, Uno and Yamada presented a method to calculate shell energies from spherical
objects [KUTY00] using a term describing general trends and fluctuation term, which accounts for
fluctuation as given by shell structure. This formula did not account for the odd-even staggering and
thus a more thorough treatment by adding a BCS-pairing term as in HFB formalism was performed
[KTUY05]. Beside the masses, also the first derivative (proton and neutron separation energies) can
be reproduced nicely, which is important with respect to astrophysical applications.

In the following the results of the above mentioned approaches that predict binding energies are
compared with the data as tabled in the atomic-mass evaluation 2003. The differences were calculated
using tools available at the web interface nuclearmasses.org [Smi] using the provided models and
including manually the values of HFB17 as provided online by Goriely et al. [GCP09a]. A measure
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Fig. 2.10: Comparing different massmodels and experimental results for the Ag (top) and Cd nuclides
(bottom). Note, the model by Duflo and Zuker (DZ) [DZ95] was chosen as a reference to allow
a comparison for nuclides with no experimental data available. The models are discussed in the
text.

for the quality of these mass predictions is given in the form of the rms deviation (Eq.2.17) to the
AME2003 [AWT03] in Tab. 2.1, which are compared for the isotopic chains of silver and cadmium as
well as for entire nuclide chart.

In addition, the agreement of the models with the available data for Ag and Cd is plotted in
Fig. 2.10. For reasons of comparison for very exotic nuclides, where no experimental data are avail-
able, the plotted values are differences between the Duflo-Zucker model and the other models dis-
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cussed below for the Ag and Cd nuclides. Also included are the available experimental masses as
compared to the Duflo-Zuker model. The mass differences are plotted just for the expected proton
drip line to the expected neutron drip line, where the proton and neutron separation energies, Sp and
Sn are becoming zero. Already in this criteria the models differ by a few nuclides. In addition, to-
wards the the drip lines the binding energies differ by up to 15 MeV. Nevertheless, close to the drip
lines the slopes of the binding energy differences are comparable and thus it is expected to obtain less
deviating separation energies.

2.3 Garvey-Kelson Relations

Using a local relation between masses provides a test of the smoothness of the mass surface. Amongst
the most successful local algebraic mass formulas are the Garvey-Kelson relations [GK66, GGJ+69].
The mass differences are combined, such that all interactions are canceled out for Garvey-Kelson 1:

0 = ME(Z − 1, N + 1)−ME(Z + 1, N − 1)
+ ME(Z, N − 1)−ME(Z, N + 1)
+ ME(Z + 1, N)−ME(Z − 1, N) (2.26)

and Garvey-Kelson 2

0 = ME(Z + 1, N + 1)−ME(Z − 1, N − 1)
+ ME(Z, N − 1)−ME(Z, N + 1)
+ ME(Z − 1, N)−ME(Z + 1, N), (2.27)

which are schematically shown in Fig. 2.11 left and center, respectively. Thus a nuclide is involved in
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Fig. 2.11: Garvey-Kelson relation. Squares represents nuclides as ordered in the nuclide chart.

twelve Garvey-Kelson relations (Fig. 2.11 right). Writing the Eq. (2.26) and (2.27) as function of the
mass number A = Z + N and the isospin Tz = 0.5(N − Z) results in:

0 = ME(A, Tz + 1)−ME(A, Tz − 1)

+ ME(A− 1, Tz − 1
2
)−ME(A− 1, Tz +

1
2
)

+ ME(A + 1, Tz − 1
2
)−ME(A + 1, Tz +

1
2
) (2.28)
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Fig. 2.12: Scheme of the Garvey-Kelson relations as discussed in [JM88].

and

0 = ME(A + 2, Tz)−ME(A− 2, Tz)

+ ME(A− 1, Tz − 1
2
)−ME(A + 1, Tz − 1

2
)

+ ME(A− 1, Tz +
1
2
)−ME(A + 1, Tz +

1
2
), (2.29)

which are reordered. Thus, the first relation with Eq. 2.26 and 2.28 relates differences between three
pair of masses, where the members of each pair have the same A but different Tz . In Fig. 2.12(a) a
scheme is given, of how the interactions between proton-proton, neutron-neutron, and proton-neutron,
as well as the single-particle energies cancel out in an independent-particle picture. The other relation
as given in Eqs. 2.27 and 2.29 represents three pairs of differences with the same isospin as drawn in
Fig. 2.12(b).

Thus, with the knowledge of five of the masses a prediction of the sixth is possible. In total there
are twelve different possibilities to obtain the mass value of a certain nuclide from the Garvey-Kelson
mass relation, which is only possible if all mass data are available and hence, they are only applicable
in the vicinity of the valley of stability. In Fig. 2.11 (right) the combined relation is given for the
central nuclide. Recently, a survey over the entire chart of nuclide using these mass relations was
performed with the experimental data tabled in the AME2003 [AWT03] and a root mean square error
as given in Eq. 2.17 of σrms ≈ 76 keV has been obtained for the mass region A ≥ 60, if all twelve
relations can be applied [BFH+08].

Nevertheless, there are some simple physical arguments, that these relations should not hold ex-
actly [GGJ+69]. First: the single particle energies change for different nuclei, due to different sizes
of the nuclei and different strength of the Coulomb potential, and due to the onset of deformation.
Second, the ground state is not exactly described by an independent particle configuration. And fi-
nally, the assumption that a nucleus is in a parentage relationship with its neighbors is not holding in
every case. In [GGJ+69] some examples are given like the cases of 11B and 47Ti. For this reason the
reliability of the Garvey-Kelson relation is not expected to be better then the currently achieved limits.

2.4 Indicator for nuclear structure: δVpn

While it is useful for mass predictions, or tests of the mass surfaces to use differences between the
masses of several nuclides, another application of mass differences is the application as a filter for
interactions. To this end the concept of the Tz = 0 interaction of even-even nuclides δVpn [ZWYG88,
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N

Z

Fig. 2.13: Schematic illustration of δVpn for the case of even-even nuclide.

ZCB89] was introduced:

δV ee
pn (Z, N) = −1

4
({MEee(Z, N)−MEee(Z, N − 2)} (2.30)

− {MEee(Z − 2, N)−MEee(Z − 2, N − 2)}),

The intuitive understanding of this double difference is illustrated schematically in Fig. 2.14.
Each component of Eq. 2.31 includes contributions from proton-proton, neutron-neutron, and proton-
neutron interaction, as well as a contribution from the spherical field. The last term describes the part
of the interaction, which is not driving the deformation otherwise the obtained result is adulterated
with those terms as discussed by Neidherr et al. [NAB+09]. With the first difference (as described in
Eq. 2.31) the interaction of the last two neutrons with the Z protons is isolated, whereas the second
difference describes the interaction of the last two neutrons with the Z − 2 protons. Subtracting these
differences results in the pure interaction between the last two protons with last two neutrons. The
value is normalized to the involved nucleons n = ∆Z ·∆N .

p

- -

-

( ( ( (( ( ( (
pn n

(Z) [(N) (Z-2)(N-2)]- [(N) (N-2)]-

-

Fig. 2.14: Schematic expanation of δVpn for the case of even-even nuclide. The scheme is given as plotted
in [ZCB89].
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Fig. 2.15: The δVpn with a contribution from the mass of 124Cd. The corresponding nuclide is marked
with a circle, whereas the other involved nuclides are connected with lines.

Extending this concept for even-odd, odd-even, and odd-odd nuclides leads to:

δV eo
pn (Z, N) = −1

2
({MEeo(Z, N)−MEee(Z, N − 1)} (2.31)

− {MEeo(Z − 2, N)−MEee(Z − 2, N − 1)}),
δV oe

pn (Z, N) = −1
2
({MEoe(Z, N)−MEoe(Z,N − 2)} (2.32)

− {MEee(Z − 1, N)−MEee(Z − 1, N − 2)}),
δV oo

pn (Z, N) = −1
1
({MEoo(Z, N)−MEoe(Z, N − 1)} (2.33)

− {MEeo(Z − 1, N)−MEee(Z − 1, N − 1)}).

These values are normalized to the number n of involved nucleons. The uncertainties of the δVpn-
values are given by the square root of the sum of the squared uncertainties of the contributing mass-
excess values

σ(δVpn) =
1
n

√√√√
4∑

i=1

σ2(MEi). (2.34)

Thus, the mass of an even-even nuclide contributes to nine δVpn values, as shown in Fig. 2.15 for
the example of 124Cd, its mass is involved in the calculation of δVpn values for 124−126Cd, 125−127In,
and 126−128Sn.

Previous investigations led to the observation, that the interaction of the protons and neutrons is
the strongest, when both fill similar orbits[CBCM05, BCC06]. The interaction represented by the
δVpn values is strongest for the N = Z nuclei and local maxima are given when the last protons
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/

Fig. 2.16: The δVpn values are shown color-coded for nuclides in the vicinity of 208Pb. The plot is taken
from [CLP+09].

and the last neutrons in states just before or just after a shell closure. This can be seen in Fig. 2.16,
where the δVpn values are plotted for nuclides in the vicinity of 208Pb as published in [CLP+09].
Furthermore, those nuclides, for ehich one kind of the nucleons just passed the shell closure, while
the other kind still stays below it, show a very low interaction strength.



3. PENNING TRAPS

The importance of nuclear masses for astrophysics and nuclear structure as discussed above stresses
the requirement for data of short-lived nuclei with half-lives down to a few milliseconds. The deter-
mination of the cyclotron frequency of an ion in a magnetic field ωc = qB/m measured with Penning
traps has been established as a powerful method to reach relative mass uncertainties down to 10−9.
The application of this method needs a thorough understanding of the principle of Penning traps. In
the following (Sec: 3.1) the eigenmotions in a Penning trap are characterized by simple equations
of motions. These are still solvable for controlled perturbations, which cause a manipulation of the
eigenmotions and their radii. Three different techniques are commonly used to change the radii of
the radial eigenmotions: (Sec: 3.1) an azimuthal dipolar radio-frequency (rf) excitation at the eigen-
frequencies ν+ or ν− for increasing the radii of the radial eigenmotions, (Sec: 3.1) a quadrupolar rf
excitation at νc = ν+ + ν− for a conversion of the magnetron motion into the cyclotron motion and
vice versa, and (Sec: 3.1) a quadrupolar excitation in a buffer-gas environment for a mass-selective
centering of the ions.

3.1 Ideal Penning trap and the characteristic eigenmotions

In an ideal Penning trap a charged particle is confined in radial and axial direction by a homogeneous
magnetic field ~B = B~ez and a quadrupolar electrostatic field ~E = −~∇Φ, respectively. The surfaces
of the electrodes can be described by 2z2−x2−y2 = −ρ2

0 for the ring electrode and by 2z2−x2−y2 =
2z2

0 for the two-piece endcap electrode. The potential Φ is then given in cylindrical coordinates to

Φ =
U0

2d2

(
z2 − ρ2

2

)
, (3.1)

by applying a voltage U0 between the ring electrodes and the endcaps, where

d2 =
1
2

√
ρ2
0

2
+ z2

0 (3.2)

is the trap parameter with ρ0 as the ring-electrode radius and z0 as half the distance between the
endcaps. A particle of the charge q and the mass m in such a trap experiences the Lorentz force

~FLorentz = q (ẏB~ex − ẋB~ey) (3.3)

and the electrostatic force

~FCoulomb =
qU0

d2

(x

2
~ex +

y

2
~ey − z~ez

)
. (3.4)

Solving the equations of motion [BG86] results in the eigenmotions of a charged particle in Penning
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Fig. 3.1: Left:Scheme of a Penning trap with hyperbolical electrodes. Right: Ion trajectory in a Penning
trap.

trap:

x(t) = ρ−,0 cos(ω−t− ϕ−) + ρ+,0 cos(ω+t− ϕ+),
y(t) = ρ−,0 sin(ω−t− ϕ−)− ρ+,0 sin(ω+t− ϕ+),
z(t) = Az sin(ωzt− ϕz). (3.5)

with an axial oscillation of the eigenfrequency

ωz =

√
qU0

md2
(3.6)

and two radial motions, the magnetron motion and the cyclotron motion, with the magnetron ω− and
the reduced cyclotron frequency ω+, respectively,

ω± =
ωc

2
±

√(ωc

2

)2
− ω2

z

2
(3.7)

where
ωc =

q

m
B (3.8)

is the cyclotron frequency of a charged particle in a homogeneous magnetic field. Typical frequency
values at ISOLTRAP for example of 85Rb, 99Cd, and 133Cs, are given in Tab. 3.1.

From these formulas one can derive three important relations between the eigenfrequencies and
ωc:

ωc = ω+ + ω−, (3.9)

2ω+ω− = ω2
z , (3.10)

ω2
c = ω2

+ + ω2
− + ω2

z . (3.11)
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Tab. 3.1: Eigenfrequencies and ωc for 85Rb, 99Cd, and 133Cs in the ISOLTRAP Penning traps.

Nuclide ω−/(2π) ωz/(2π) ω+/(2π) ωc/(2π)
/kHz /kHz /kHz /kHz

Preparation Penning trap
85Rb 0.3 22.7 857.1 857.4
99Cd 0.3 21.0 735.6 735.9
133Cs 0.3 18.1 547.5 547.8

Precision Penning trap
85Rb 1.1 48.5 1068.7 1069.8
99Cd 1.1 44.9 917.1 918.2
133Cs 1.1 38.7 682.4 683.5

3.2 Dipolar Excitation

First of all, the amplitude of the rf excitation in the vicinity of the trap center as compared to the
applied voltages is discussed. This discussion is similar for the dipolar and quadrupolar excitation as
compared to the field geometries of ideal azimuthal multipoles and will be performed for the dipolar
case only:

For an azimuthal dipolar excitation a rf voltage with the amplitude Vd and the frequency ωd =
2πνd is applied on a two-fold split ring electrode (Fig. 3.2). The excitation signal of the rf voltage is
applied with a phase difference of π between the ring segments. The electrical field in the direction of
~ed can approximated by the field created by a voltage between two infinitely large plates of a capacitor
with a separation of 2ρ0:

~Eideal =
Vd

2ρ0
· sin(ωdt + ϕd)~ed. (3.12)

For the determination of the dipolar field components the circular symmetry of a Penning trap can be
considered by the approach of an infinitely long hollow cylinder slitted axially in two parts. Perform-
ing a Fourier analysis of the radial potential leads to a correction factor of c1 = 4/π. The electric field
close to the trap center is then:

~Ecyl = c1
~Eideal =

4
π

Vd

2ρ0
· sin(ωdt + ϕd)~ed. (3.13)

For a trap with hyperbolical shaped electrodes the dipolar component of the electrical field is reduced
by the influence of the endcaps. The reduction factor can be determined by numerical simulations:

~Ehyp = a1,0 · ~Ecyl = a1,0 · 4
π

Vd

2ρ0
· sin(ωdt + ϕd)~ed. (3.14)

Ions will be accelerated or decelerated depending on the orientation of the field vector ~ed to the
velocity vectors of the radial eigenmotions ~e±. With the vectors in phase the radius of the eigenmotion
is increasing, with vectors counter phase it is decreasing.

In the following, the coefficients a1,0 and c1 are set to 1. The experimental most important cases
are the resonance cases, where the radius of the eigenmotion of the ion increases linearly with the
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Fig. 3.2: Left: A two-fold split ring electrode with rf-signal. Right: The radial eigenmotion under a reso-
nant dipolar excitation. Initially the ion is centered and it is moving towards the ring electrode.

excitation time. In general the energy of a particle with the mass m as a function of the excitation
frequency and time is given by [LL79]:

E =
1

2m

∣∣∣∣∣∣

+∞∫

−∞
F (t)e−iωRtdt

∣∣∣∣∣∣

2

,

=
1

2m

∣∣∣∣∣∣

Td∫

0

qEhypd
cos(ωdt)e−iωRtdt

∣∣∣∣∣∣

2

, (3.15)

where Td is the excitation duration, ωd is the excitation frequency and ωR = ω± is the resonance
frequency, the magnetron or reduced cyclotron frequency, respectively. The initial energy is assumed
to be E0. For excitation times larger than the excitation period (Td À 1

νR
) the energy is:

E =
q3

2m

V 2
d

4ρ2
0

·
sin2

(
(ωd − ωR)Td

2

)

(ωd − ωR)2
. (3.16)

This leads to a cyclotron radius of [Sch89].

ρ+ωd =
VdTd

4Bρ0

∣∣∣∣∣∣
sin

(
(ωd − ω+)Td

2

)

(ωd − ω+)Td
2

∣∣∣∣∣∣
(3.17)

The result can be compared to a ”sinc”-function A = A0

∣∣∣ sin(x−x0)
x−x0

∣∣∣ with the properties:

• The primary maximum is at x0 with a height of A0.

• Further maxima are at x− x0 ' n · π with n = ±3
2 ,±5

2 ,±7
2 . . .

• The minima are at x− x0 = n · π with n = ±1,±2,±3 . . .
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In the following the energy absorption in the resonance case is described. As initial conditions it
is assumed that the ions are in the center of the trap (ρ+ = ρ− = 0). With

dE

dt
= ~F · ~v (3.18)

and an excitation of
~F = qEd cos(ωdt)~ex (3.19)

it leads to

dE

dt
= ~F · ~v
= qEd cos(ωdt) [ρ+(t)ω+ cos(ω+t + ϕ+) + ρ−(t)ω− cos(ω−t + ϕ−)] . (3.20)

The kinetic energy in the eigenmotions of a charged particle of the mass m at time t is given by

E±(t) =
m

2
(ω2
± − ω+ω−)ρ2

±(t), (3.21)

the derivative with respect to time is

dE±
dt

=
m

2
(ω2
± − ω+ω−)

d(ρ2±(t))
dt

= m(ω2
± − ω+ω−)ρ±(t)

dρ±(t)
dt

(3.22)

and inserting Eq. 3.20 for the resonance conditions (ωd = ω± and ϕ± = 0) of a pure eigenmotion
(ρ∓ = 0) yields

m(ω2
± − ω+ω−)ρ±(t)

dρ±(t)
dt

= qEd cos(ω±t)ρ±(t)ω± cos(ω±t). (3.23)

Thus,

ρ±,max∫

0

dρ± =
qEd

m(ω± − ω∓)

Td∫

0

cos2(ω±t)dt (3.24)

and

ρ±(Td) ' qEd

m(ω± − ω∓)
· Td

2
, (3.25)

because for Td À ν±:
Td∫

0

cos2(ω±t)dt =
Td

2
. (3.26)

3.3 Quadrupolar Excitation

Applying an azimuthal quadrupolar rf potential of the form

Φq = −Vq
1
ρ2
0

cos(ωqt + ϕq)
(
x2 − y2

)
(3.27)
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results in a coupling of the radial eigenmotions and an interconversion of those. Using the ~E-field
derived from the potential Φq

~Eq =
Vq

ρ2
0

cos(ωqt + ϕq)(2x~ex − 2y~ey), (3.28)

leads to the equations of motion in the radial plane

ẍ− ωcẋ−
(

ω2
z

2
+ 2

qVq

mρ2
cos(ωqt + ϕq)

)
x = 0,

ÿ − ωcẏ −
(

ω2
z

2
− 2

qVq

mρ2
cos(ωqt + ϕq)

)
y = 0. (3.29)

Their analytical solution as described in König et al. [KBK+95] leads to the time depend evolution
of the radii ρ+ and ρ−:

ρ+(t) =
[
ρ+(0) cos(ωBt)− 1

2
ρ+(0)[(iωq − ωc)] + ρ−(0)k0eı∆ϕ

ωB
sin(ωBt)

]
ei 1

2
(ωq−ωc)t,

ρ−(t) =
[
ρ−(0) cos(ωBt) +

1
2

ρ+(0)[(iωq − ωc)] + ρ+(0)k0eı∆ϕ

ωB
sin(ωBt)

]
ei 1

2
(ωq−ωc)t. (3.30)

with

ωB =
1
2

√
(ωq − ωc)2 + k0, (3.31)

k0 = 2
qVq

mρ2
0

1
ω+ − ω−

, (3.32)

and
∆ϕ = ϕq − (ϕ+ + ϕ−). (3.33)

+

-

rf

Generator

+

+

-

-

r
0

Fig. 3.3: Left: A four-fold split ring electrode connected to an rf generator for quadrupolar excitation.
Right: The radial eigenmotions under a resonant quadrupolar excitation. The initially pure mag-
netron motion as indicated with a dashed circle is converted into cyclotron motion.
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The Eq. 3.30 shows a coupling between the radial eigenmotions. For the resonance case with ωq = ωc

the radii evolve in the following way:

ρ+(t) = ρ+(0) cos
(

k0

2
t

)
− ρ−(0)eı∆ϕ sin

(
k0

2
t

)
,

ρ−(t) = ρ−(0) cos
(

k0

2
t

)
+ ρ+(0)eı∆ϕ sin

(
k0

2
t

)
(3.34)

In a scenario with an initial magnetron radius ρ−(0) = ρ and an initial cyclotron radius ρ+(0) = 0.
According to Eq. 3.32 and 3.34 a full conversion from magnetron to cyclotron motion is occurring at
excitation times of:

Tq =
(2n + 1)π

Vq
(ω+ − ω−)

mρ2
0

2q
, (n = 0, 1, . . . ). (3.35)

If ωq 6= ωc the eigenmotions are not completely converted.
Similarly as in the case of the dipolar excitation the influence of the trap geometry to the amplitude

of quadrupolar excitation can be derived starting from an ideal azimuthal quadrupolar potential and
introducing the correction coefficients for the cylindrical symmetry c2 = 4/π and the influence of the
endcaps a2,0 = 0.78 [BBB+08]:

~Eq(x, y, t) = −2 · 4 · 0.78
π

Vq

ρ0
cos(ωqt + ϕq) · (x~ex − y~ey) . (3.36)

3.4 Time-of-Flight Ion Cyclotron Resonance method

In the following a method for the detection of the radial energy, and thus the cyclotron radius, will
be described. This together with a quadrupolar excitation leads to the determination of the cyclotron
frequency ωc. A circulating particle has the radial energy Er:

Er =
1
2
mω2ρ2 ≈ 1

2
mω2

+r2
+, (3.37)

which can be reduced to the component from the cyclotron motion in a Penning trap since the com-
ponent of the magnetron motion is negligible ω+ À ω− in the ISOLTRAP experiment (compare
Tab. 3.1).

It is also possible to describe the energy as a function of the orbital magnetic moment ~µ. A
circulating particle with a frequency ω creates a current of

I =
qv

2πρc
πr2, (3.38)

where r is the radius of the circular area F = πr2 with the normal vector ~f . The magnetic moment µ
is then defined as

|~µ| = I · F |~f | = q
ω

2π
· πr2. (3.39)

Then a charged particle in the magnetic field has the radial energy

Er =|µ|B
=I · πρ2

+B

=
qω+

2π
πρ2

+B

=
1
2
qω+ρ2

+B. (3.40)
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Also here only the cyclotron component is significant, and thus the radial energy is mainly carried in
the cyclotron mode. Under the assumption ω+ ≈ ωc the Eq. 3.37 and 3.40 are identical.

A particle with a magnetic moment, which is ejected into a magnetic field gradient in axial direc-
tion, experiences an accelerating force in the same direction [Jac83]

~F = −~∇(~µ · ~B) = −Er

B

∂B

∂z
~ez. (3.41)

Thus the time of flight ToF(z) between the trap center at a location z0 to a detector positioned at z1

(compare Fig. 3.5) is a function of the initial axial energy E0, the electrostatic potential Φ(z) along

r

Fig. 3.4: Magnetic moment of a moving charged particle in magnetic field.

0

1

Fig. 3.5: Principle of the ToF Ion Cyclotron method, a particle with a magnetic moment is ejected from
a trap at the position z0 into a magnetic field towards a detector at z1. Particles with a higher
magnetic moment will be faster at the detector than those with a lower one [GKT80].
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the way, and the changing magnetic field B(z):

ToF(z) =
∫ z1

z0

√
m

2 (E0 − qΦ(z)− µB(z))
dz. (3.42)

The ToF(z) is a measure for the orbital magnetic moments, and thus for the cyclotron radius. The exci-
tation/detection combination is called Time-of-Flight Ion-Cyclotron-Resonance Method: The charged
particles are brought on a magnetron radius ρ−(0) by use of a dipolar excitation on the magnetron fre-
quency. Afterwards a quadrupolar excitation is applied such that in resonance a full conversion is
performed according to Eq. 3.35 and the ToF is recorded as a function of the excitation frequency
[GKT80].

3.5 Mass selective buffer gas cooling

In principle, a decrease of the ion-motion amplitudes could be achieved by exposing the ions to a
buffer gas. In a Penning trap the interaction of the ions with buffer-gas atoms causes a centering of
the axial and the cyclotron motion, while the radius of the magnetron motion is increased [SBB+91,
KBK+95] as given on the left hand side of Fig. 3.6. Assuming that the kinetic energy of the ion is
larger than the thermal energy of the gas Ekin ≥ kBTgas and the mass of the ions is larger than
the mass of the buffer gas atoms mion À mgas the phases ϕ+, ϕ− are not important. The charged
particles collide with neutrals, where the interaction can be described as a viscous-drag force

~Fdamp = −δm~v, (3.43)

with m the mass and ~v the velocity of the ion. The δ is described as

δ =
e

mK
, (3.44)

where K is the ion mobility

Fig. 3.6: Left: Ion trajectory in a Penning trap with a buffergas environment, the cyclotron radius is cooled,
while the magnetron radius increases. Right: The same as left, but with an additional quadrupolar
excitation with νq = νc of the ion.
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K = K0
T/T0

p/p0
(3.45)

as a function of the temperature T and the pressure p normalized to T0 = 273 K and p0 = 105 Pa.
The mobility under normal conditions K0 can be found for several kind of ions in several gases in
[EMA+78].

A loss of the ions by the increase of the magnetron radius and thus by collision with the ring
electrode is prevented by coupling the magnetron and the cyclotron mode, which is displayed on
the right hand side of Fig. 3.6. The velocity dependent interaction is stronger in the cyclotron mode
than in the magnetron mode, and thus in the case of the coupling. This is realized by applying an
azimuthal quadrupole excitation with a frequency of ωc = (q/m)B. Thus the cooling technique is
mass selective, since the non-resonantly excited ions will be lost.

3.6 The real Penning trap

Everything described before is given for an ideal Penning trap where the ring and endcap electrodes
are of infinite dimension. Due to finite electrode sizes and bores in the endcaps for the ion injection
and ejection is the electrical field inside a Penning trap not ideally quadrupolar. Corrections of the
potential are performed by implementing correction electrodes. Also the magnetic field as e.g. for
ISOLTRAP is only homogeneous to ∆B/B < 10−7 in the vicinity of the trap center. The remaining
imperfections result in a shift of the eigenfrequencies [BG86]. Thus the electrical potential in the
vicinity of the trap center (r/d ¿ 1) is given in cylindrical coordinates at the position [BG86] by

Φ(ρ, z) =
1
2
Φ0

[
C2

d2

(
z2 +

ρ2

2

)
+

C4

d4

(
z4 − 3z2ρ2 +

3
8
ρ4

)

+
C6

d6

(
z6 − 15

2
z4ρ2 +

45
8

z2ρ4 − 5
16

ρ6

)
+ . . .

]
. (3.46)

whereas the C2 represents the term. For an ideal trap C2 = 1 and Cn = 0 for all n > 2. The terms
describing the octupol (C4) and the dodecapol contributions (C6) are highly undesired and result in
a shift of the eigenfrequencies, and thus also on the sum of ω+ + ω−, where a resonant quadrupolar
excitation results in a conversion between the two radial modes

∆(ω+ + ω−)elec =
V0

2d2B

[
3
2

C4

d2
(ρ2
− − ρ2

+)
]

+
[
15
4

C6

d4
(A2

z(ρ
2
− − ρ2

+)− (ρ4
− − ρ4

+))
]

, (3.47)

and thus their influence has to be minimized. Higher order terms are neglected for to vicinity of trap
center.

Similarly the ideally homogeneous magnetic field has superimposed small components of higher
order contributions, which can be described by

Bz = B0

[
1 + β2

(
z2 − ρ2

2

)]
, (3.48)

where β2 denotes the relative strength of the lowest order perturbation of the magnetic field [BMSS90].
The frequency shift of the conversion frequency is given by

∆(ω+ + ω−)mag = β2ωc

(
A2

z −
ρ2−
2

)
. (3.49)
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By a systematic investigation of ω+ and ωc in the trap as described by Beck et al. [BBB+09] the
residual uncertainties can be minimized. Nevertheless a cross check of the setup performance is
obligatory using well known references.

The described frequency shifts are induced by radial symmetric fields, an other shift of the eigen-
frequencies arises for a misalignment of the symmetry axis of the trap electrodes to the axis of the
magnetic field described by a finite tilting angle θ

Bx =B sin θ cosϕ, (3.50)

By =B sin θ sinϕ, (3.51)

Bz =B cos θ, (3.52)

whereas ϕ denotes the angle between the abscissa and the plane containing the symmetry axis and
the magnetic field axis. Furthermore a misplacement of ring segments of the split ring electrode may
cause an additional component to the electrostatic potential. The lowest order of this pertubation can
be described by an azimuthal elliptical term, and thus the electrical potential can be written cartesian
coordinates as

Φ =
U0

2d2

(
z2 − x2 + y2

2
− ε

x2 − y2

2

)
. (3.53)

The strength of the distortion (ellipticity) is given by ε. The frequency shift for the sum of the two
radial eigenfrequencies as a function of the of the ellipticity ε and the tilting angle θ is given to

∆(ω+ + ω−) ≈ ω−

(
9
4
θ2 − 1

2

)
, (3.54)

which is to first order mass independent [Boe09].
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4. EXPERIMENTAL SETUP

4.1 ISOLDE

Experiments with radioactive ions are a resource of information e.g. for nuclear physics, solid state
physics and biophysics. For pushing frontiers of the current knowledge in these sciences technical
development for high-efficiency and low-noise detectors is necessary. Furthermore a high intensity,
highly pure, and very exotic Radioactive Ion Beam (RIB) is required.

ISOLDE is such a RIB facility [Kug00] at the European Particle Physics Laboratory CERN in
Geneva, Switzerland. It is designed to produce exotic nuclei by nuclear reactions like fragmentation,
spallation, and fission, triggered by a pulse of high-energy protons (1-1.4 GeV) with intensities of up
to 3 ·1013 particles impinging on a thick heated target. The resulting RIB intensity depends on several
parameters as

IRIB = (σprod ·Ntar · Ipb) · εrelεionεp−acc, (4.1)

where σprod is the isotopic production cross section of the interaction of the primary proton beam of
the intensity Ipb on a target of the thickness Ntar. Furthermore, the efficiencies for the release from
the target and the ion source εrel, for the ionization εion, and for the separator downstream εp−acc have
to be considered for a realistic yield estimate [BCE+08]. Note that, with this method not all elements
can be delivered [LCD+97], e.g., the refractory elements are not released from the target εrel ¿ 1
due to long time scales for the diffusion through a thick target, while in general the alkali elements
have a high release and a very high ionization efficiency. In Fig. 4.1 the ionization methods that are
available at ISOLDE for different elements are shown (left) as well as the Cd yields for two different
target materials, plotted as a function of mass number (right).
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Fig. 4.1: Left: Elements produced at ISOLDE. The color code denotes the ionization schemes as presently
available. Right: Yield for Cd isotopes for two different target materials as a function of mass
number as given on the ISOLDE web page [ISO09].
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Tab. 4.1: List of beamtimes that are discussed in this work showing the measured nuclides and the used
targets and ion sources. The ”n-conv” denotes the presence of a neutron converter.

Beamtime Nuclides Target Ion source

05/2005 112,114,116,118,120,121Ag UCx & n-conv. [CLGK03] RILIS [JCF+97]
10/2005 114,120,122,123Cd UCx & n-conv. [CLGK03] RILIS [KFA+03]
07/2006 124,126Cd UCx & n-conv. [CLGK03] RILIS [JCF+97]
05/2007 115,117,119−121,123Cd UCx & n-conv. [CLGK03] RILIS [KFA+03]
06/2007 99−109Cd Sn liquid metall FEBIAD hot plasma

[SR92]
05/2008 126,128Cd UCx & n-conv. [CLGK03] RILIS [KFA+03]

The later discussed nuclides have been measured during six different beam times as presented in
Tab. 4.1, which were dedicated to the mass measurement of neutron-deficient Cd, neutron-rich Cd, or
neutron-rich Ag, and thus different target-ion source combinations were chosen. The neutron-deficient
Cd is not expected to be contaminated by long-lived alkalis, and thus a Forced Electron Beam Ion Arc
Discharge (FEBIAD) plasma source [SR92] was selected for a high ionization efficiency, while for the
neutron-rich nuclides a neutron converter [CLGK03] and the Resonance Ionization Laser Ion Source
(RILIS) had to be used for the suppression of neutron deficient Cs contaminations. In addition, for
the run in May 2008 a temperature regulated quartz transfer line was used to reduces the amount of

ISOLTRAP

EXPERIMENTAL HALL

CONTROL

ROOM

1 GeV PROTONS

RADIOACTIVE

LABORATORY

HRS

GPS

NEW HALL

EXTENSION

Fig. 4.2: Detailed Scheme of the ISOLDE facility at CERN in Geneva, Switzerland.
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released Cs [BCE+08]. Thus, it was even possible to approach the nuclide 128Cd.
After the ion source, which is on a potential of 30 or 60 keV, the RIB is accelerated towards ground

potential and transferred via the ISOLDE beam distribution system to either the magnet of the General
Purpose Separator (GPS) or the two magnets of the High Resolution Separator (HRS) with a resolving
power of m/∆m = 1000 and 5000, respectively. In the case of the HRS a movable pair of electrodes
is available to select a more narrow part of the beam. Figure 4.2 gives an overview of the ISOLDE hall
with beam lines from the target stations, via the magnets towards the experiments. The central beam
line is divided into four sections, each equipped with wire-grid scanners and Faraday-cup detectors for
determination of the beam position and intensity, respectively. At its end the ISOLTRAP experiment
is placed.

4.2 ISOLTRAP

The ISOLTRAP setup consists of three main functional parts: a linear radio frequency (rf) Paul trap
and two Penning traps. In the following, the experimental setup as shown in Fig. 4.3 is briefly de-
scribed. More detailed information can be found in [MBB+08b]. In the upper left part of Fig. 4.3
a typical sequence of an experiment is indicated in form of trigger pulses. Longer pulses represent
longer times e.g. gates for rf excitation applied to the ring electrodes of the Penning traps.

The radio frequency quadrupole ion buncher and cooler (RFQ buncher) is a linear Paul trap con-
sisting of four rods, each 26-fold axially segmented for superposing an axial DC potential to the radial
AC potential of Urf =80 Vpp, νrf =1 MHz. [HDK+01, Her03]. The shape of the axial DC potential and
a simplified scheme of the trap is shown in Fig. 4.4. The whole RFQ buncher including its electronics
is placed in a high voltage cage, which provides the possibility of floating this part of the setup to up
to 60 kV. This offset potential is adjusted to the ISOLDE target potential for decelerating the ions at
the first three electrodes, guiding them to the potential minimum of about -17 V as compared to the
cage potential at segments 24 and 25, and blocking them at the last segment. The ions are cooled in
a buffer-gas environment with helium at a pressure of about 10−1 Pa to accumulate and cool the ion
beam. The potential of the last segments can be switched between two sets of voltages, one set for
trapping and one for ejecting the ions as a bunch.

In the following, the experimental steps as mentioned in Fig. 4.3 are denoted with boldface num-
bers in brackets. After the accumulation (1) and an additional cooling time the ions are ejected (2)
pass a drift section including a deflector pair and an einzellens on the way to the first pulsed drift tube.
When the ions are passing this drift tube, its potential is switched from about -2.5 keV compared to
the buncher-cage potential to ground (3) [Her03]. Afterwards the ions are transferred by the help of
electrostatic steerers and lenses from the horizontal to the vertical beam line. The ion transfer is mon-
itored and optimized by measuring the number of ions with multichannel plate detectors at several
positions in the ISOLTRAP beam line as marked with blue in Fig. 4.3.

In front of the preparation Penning trap the energy of the ions is reduced furthermore using a
second pulsed drift tube (4) to allow trapping of the ions at about ground potential. These ions
can be caught by switching the first of the 13 electrodes of the cylindrical preparation Penning trap
[RHBB+97] from 100 V to ground (5). This trap is filled with helium buffer gas of a pressure of
10−2 − 10−1 Pa. In the next 100 ms the ions are cooled especially in their axial and their cyclotron
motion, while the blow up of the magnetron radius due to the interaction with the buffer gas is neg-
ligible for an injection close to the geometric axis. The following mass-selective buffer gas cooling
[SBB+91] is realized by a short resonant dipolar rf excitation of the magnetron motion (6), which
leads to a magnetron radius larger than the radius rD = 1.5 mm of the bore in the last trap elec-



40 4. Experimental Setup

3
0
k
V

c
a
g
e
 f
o
r 

th
e
 R

F
Q

 b
u
n
c
h
e
r

p
re

p
a
ra

ti
o
n

P
e
n
n
in

g
 t
ra

p

p
re

c
is

io
n

P
e
n
n
in

g
 t
ra

p

a
c
c
u
m

u
la

ti
o
n
 b

u
n
c
h
e
r

e
je

c
ti
o
n
 R

F
Q

 b
u
n
c
h
e
r

s
w

it
c
h
 1

s
t 
p
u
ls

e
d
 d

ri
ft
 t
u
b
e

s
w

it
c
h
 2

n
d
 p

u
ls

e
d
 d

ri
ft
 t
u
b
e

c
a
p
tu

re
 p

re
p
a
ra

ti
o
n
 t
ra

p

m
a
g
n
e
tr

o
n
 e

x
c
it
a
ti
o
n
 p

re
p
a
ra

ti
o
n
 t
ra

p

c
o
n
v
e
rs

io
n
 e

x
c
it
a
ti
o
n
 p

re
p
a
ra

ti
o
n
 t
ra

p

e
je

c
ti
o
n
 p

re
p
a
ra

ti
o
n
 t
ra

p

c
a
p
tu

re
 p

re
c
is

io
n
 t
ra

p

m
a
g
n
e
tr

o
n
 e

x
c
it
a
ti
o
n
 p

re
c
is

io
n
 t
ra

p

c
le

a
n
in

g
 p

re
c
is

io
n
 t
ra

p

c
y
c
lo

tr
o
n
 e

x
c
it
a
ti
o
n
 p

re
c
is

io
n
 t
ra

p

e
je

c
ti
o
n
 p

re
c
is

io
n
 t
ra

p

1 2 3 4 5 6 7 8 9 1
0 1
1

1
2

1
3

1
2

3

4

568 791
01
1

1
2

1
3

Fig. 4.3: Detailed Scheme of the ISOLTRAP setup. The three main functional parts (RFQ buncher, prepa-
ration and precision Penning trap), the vacuum vessel and the magnets (black), the detectors
(blue), the pulsed drift tubes (green) and the other electrodes (red) are shown. In the upper left
part a scheme of the experimental sequence is given. The numbers relate the experimental step
to the part, where it is performed.

trode. Then an azimuthal rf excitation in quadrupolar geometry is applied (7). For the resonant case
(νrf = νc, see Sec. 3) the magnetron motion is converted into cyclotron motion, which is cooled by
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HV cage
30-60kV

ISOLDE
ion beam
30-60keV

RFQ buncher

Buffer gas
inlet

(Longitudinal cut)

DC potential

Fig. 4.4: Scheme of the ISOLTRAP RFQ buncher consisting four 26-fold segmented rods with a buffergas
inlet. The whole buncher setup is placed in a cage allowing to float the complete part to up to
60 kV. The DC potential applied to the segments is given for the accumulation (solid line) and
the ejection (dashed line).

collisions with the buffer gas. The resonance frequencies νc are in the range of a 0.5 − 1 MHz for
the magnetic field of 4.7 T, thus the method can achieve a resolution R = m/(∆m) of about 40 000,
which is in general sufficient for a removal of isobaric contamination. The time between the excita-
tion and the ejection is dedicated to the further cooling of the cyclotron motion, which is needed for
centering the ions at the given buffer gas pressure. For the ejection (8) the electrodes of the trap are
switched to form a potential ramp.

In Fig. 4.6 (left) a cooling resonance for the case of 99Cd+ is given, which shows the number of
ions as a function of excitation amplitude for the quadrupolar excitation. For the resonance case 99Cd+

could be centered and transferred to the detector, whereas the few counts at the high-frequency side of
the main peak are most-probably the isobaric contaminations 99Ag+ or 99Zr+. In this case a resolving
power of m/∆m ≈ 20 000 is sufficient to separate the ion of interests from the contaminations.

The ejected ion cloud has a very low spatial and time distribution. Together with a well timed
and well defined capture pulse at the entrance of the precision Penning trap this results in a low
axial amplitude as compared to the trap dimensions (9). Low amplitudes are required to prevent
the accumulation of effects on the ion trajectory due to field imperfections and inhomogeneities and
thus the uncertainties stay low. Further reduction of these uncertainties is achieved by performing an
electric and magnetic field optimization as described in [BBB+09] and a stabilization of the magnetic
field by decreasing temperature fluctuations in the warm bore of the super conducting magnet and the
pressure fluctuations in the dewar of the magnet [MJAB+08].

The preceding experiments are performed in a trap consisting of a magnetic field B = 5.9 T and
an electrostatic field created by applying a difference potential of 8.4 V between the ring electrode
with r0 = 13 mm and the endcaps with z0 = 11.18 mm. The next step is the phase-locked magnetron
excitation (10), which is a dipolar rf excitation νrf ≈ 1.1 kHz synchronized to the ejection of the ions
from the preparation Penning trap. By use of this method the magnetron phase of the ions after non-
central injection is not contributing to the uncertainty in magnetron radius. In the following a dipolar
excitation of the cyclotron motion at ν+ of a possible contamination (11) can be applied (marked with
a dashed line in Fig. 4.3 (top)). A Gaussian envelope of this excitation is applied in order to keep the
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Fig. 4.5: Schematic view of the preparation (left) and the precision Penning trap (right). The electrodes
are filled with gray of different scales. On the very left the axial potential as created in the
preparation trap is given.

perturbation of the ion of interest as low as possible [VRGA+04].
Time steps (1) to (11) are performed to prepare a clean and cooled ion ensemble ideally consisting

only of a few ions with a defined magnetron radius. The parameters of the following quadrupolar
excitation (12) are chosen such, that in resonance a full conversion from magnetron to cyclotron
motion is performed. By ejecting the ions afterwards from the trap and measuring their ToF (13) to
the channeltron detector [YBF+06] the cyclotron radius is determined and thus the the conversion is
quantified.

The whole experimental cycle is controlled by CS (for ”control system”), a LabVIEW based
software package developed at GSI [BBB+04, YBB+05]. Its main part is a so called sequencer,
which is sending the experimental values such as voltages, excitation frequencies, and length of time
pulses to the devices at the initialization. At the beginning of a cycle the time pattern is generated
by a 7811R, an FPGA card by National Instruments, as given schematically in Fig. 4.3 for triggering
switches, excitations, and (together with the ejection of the precision Penning trap) the ToF-recording.
After the cycle finishes, the recorded data are written to a file and the sequencer receives a ”cycle-
end”. Afterwards the new value of the scan variable is sent to the corresponding device and a new
cycle is started. This is repeated until a scan range is completed and a ToF-spectrum containing
typically about 3000 ions is obtained as given in Fig. 4.6 (bottom). Measuring the ToF as a function of
the quadrupolar excitation frequency the cyclotron frequency νc = q/mB can be determined up to a
precision of 8 · 10−9 by fitting the theoretical line shape to the data [KBK+95, KBB+03] as described
in more detail in the next chapter.

Using this method to determine the mass of an ion with the same precision requires the calibration
of the magnetic field a very well known mass. For this purpose a reference ion source is mounted
perpendicular at the beginning to the ISOLTRAP beam for switching quickly between the radioactive
ions and the reference ions. For the creation of the ions a commercial pellet [Hea09] containing a
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Fig. 4.6: Cooling resonance (top) for 99Cd+ with the expected resonance frequency νc as well as a ToF
resonance for the same nuclide (bottom).

substrate of alkali elements is heated to surface ionize and evaporate the particles. The energy of the
ions is adjusted for an optimal transition towards the and capture in the RFQ buncher.
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5. ANALYSIS AND EVALUATION

From a ToF-resonance as shown in Fig. 4.6 to a mass value, as listed in the Atomic-Mass Evalua-
tion (AME) (e.g. [AW95, AWT03]) many analysis and evaluation steps have to be performed. The
resonance has to be analyzed and checked for potentially present contaminations. Furthermore, the
magnetic field has to be calibrated i.e., the reference measurements have to be analyzed to extract a
value for the cyclotron frequency of the reference ion at the time of measurement of the short-lived
nuclide. In principle, the experimental results at ISOLTRAP are ratios

r =
νc,ref

νc,int
(5.1)

between the cyclotron frequency of the reference ion and that of the ion of interest. Thus the result
remains independent of the uncertainty and value of the reference mass mref . The atomic mass of the
investigated radio nuclide mint is determined to

mint =
νc,ref

νc,int
(mref −me) + me, (5.2)

where the mass of the ion is the atomic mass reduced by the mass of an electron me. The binding
energy of the electron is typically in the range of a few eV and therefore it can be neglected in the
discussion as the uncertainty of the final results are about two orders of magnitude larger. A more
specific way to describe the mass is by use of the mass excess value ME

ME = m−Au, (5.3)

with m the mass of the nuclide, u the atomic mass unit and A being the ”mass number” of a nuclide.
In general the ME is given in keV by application of the conversion 1u= 931494.009(71) keV/c2

[WAT03]. Note, typically c2, the speed of light in vacuum, is not written (c = 1).

5.1 Analysis

For the final experimental values given at ISOLTRAP, the following uncertainties have to be consid-
ered:

• the uncertainty for the determination of the ToF,

• the uncertainty due to the magnetic field drift,

• the relative mass dependent uncertainty, and

• the residual systematic uncertainty of ISOLTRAP.
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The analysis starts with the examination of the ToF-ICR curves. A typical measurement consists
of 41 frequency points and about 20 repetitions. For each frequency step the single events are recorded
and the mean ToF is calculated. Figure 5.1 shows on the top an example ToF spectra after different
excitations for 133Cs+ and on the bottom the corresponding ToF-ICR curve. To underline the shift
of the Mean ToF about 1000 ions per frequency step are recorded. For the case of an off-resonant
excitation (1) a longer and more spread ToF distribution than for a resonant excitation (2) is obtained.
For the fit of the expected line shape, as given in [KBK+95], the uncertainty of the ToF distribution is
adjusted for all frequency points such that a reduced χ2 ≈ 1 is achieved, to which the uncertainty of
the extracted center frequency is correlated to. In general, the statistical uncertainty of the ToF-ICR
method is given with [Bol01, KBB+03]

(
δm

m

)

stat

∝ m

TrfqB
√

Ntot
, (5.4)

where 1/Trf describes the Fourier limit of the excitation as the inverse of the excitation time, B is the
magnetic field strength, q the charge and m the mass of the ion in the trap. Furthermore the statistical
uncertainty decreases with an increasing number of ions.
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Fig. 5.1: Top: ToF spectra for (1) off-resonantly and (2) resonantly excited ions for 133Cs+. Bottom: The
corresponding ToF-ICR curve.
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On the other hand a present contamination is increasing the uncertainty of the measurement. A
test tool for this is the so called count-rate class analysis. The centroid of the fit is investigated as a
function of detected ions per measurement cycle. If another species in addition to the ion of interest
is present in the trap, the centroid may shift as a function of ion number [BKK+92]. Thus all detected
ions are divided into at least three count-rate classes with preferably the same statistics. For each
class, the cyclotron frequency is determined separately. For a contamination present in the trap there
is a systematic trend of the centroid towards lower frequencies for increasing ion number in the trap
[KBB+03]. As a correction the cyclotron frequency as a function of count rate is extrapolated towards
one ion only. In general, the use of this method results in a more conservative value for the uncertainty,
which is preferred even if no contaminant is expected.

Another contribution to the uncertainty is the magnetic field drift, which is the only time depen-
dent uncertainty. The magnetic field is calibrated before and after the actual cyclotron frequency
measurement of the exotic ion. The magnetic field is ”decaying” due to the flux-creep effect [AK64].
In addition, this trend is modulated with fluctuations of the magnetic field in the trap region caused
by temperature variations and (at ISOLTRAP rather negligible) unstable pressure in the helium back
line of the dewar for the cryogenic helium. On the timescales of the experiment the relative decay of
the magnetic field can be approximated by a linear reduction with time:

δB

δt

1
B

= −2.30(3) · 10−9/h, (5.5)

which has been extracted from a measurement for several days on the stable 85Rb [KBB+03].
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Fig. 5.2: Top: The temperature in the warm bore of the super conducting magnet as a function of time. The
interval represents about two days. Bottom: measured cyclotron frequency νc of 85Rb plotted
for the same time interval, which gives a measure of the magnetic field B. The plots are taken
from Marie-Jeanne et al. [MJAB+08]

Together with the temperature modulation the order of magnitude of these effects is given in
Fig. 5.2. The plot on the top displays the measured temperature close to the vacuum vessel in the
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warm bore of the super conducting magnet. The temperature dependent magnetic susceptibility of
apparatus parts changes slightly the magnetic field and the cyclotron frequency νc is following the
behavior as indicated in the lower plot of Fig. 5.2 by open circles. The line represents the scaled
temperature evolution superposed by a linear decay (For more info see [MJAB+08]). For this reason,
the interpolation of the magnetic field has an uncertainty of [KBB+03]

σB(νref )
νref

= 6.35(45) · 10−11min−1 ·∆t, (5.6)

where ∆t is the time interval between two reference measurements. To the uncertainty of the fre-
quency ratio this quantity is added quadratically.

Another uncertainty arrives from imperfection of the quadrupolar electrostatic field and the mis-
alignment of the magnetic field axis to the geometric axis of the trap electrodes [BBK+96, BG86].
This results in a mass independent shift of ν+ + ν− as given in Eq. (3.54). Thus a correction account-
ing for the mass difference between the ion of interest and the reference ion has to be performed for
the frequency ratio r by systematic investigations using carbon clusters [KBB+03]:

r − rth

r
= −1.6(4) · 10−10u−1 · (m−mref ), (5.7)

where r − rth is the difference between the measured frequency ratio and the frequency ratio for
an ideal Penning trap, i.e. the inverse of the mass ratio. After the correction the uncertainty of the
measured frequency ratio has to be increased by the same quantity

σm(νref )
νref

= 1.6 · 10−10u−1 · (m−mref ) (5.8)

quadratically.
Accounting for the ToF distribution, the magnetic field uncertainty, and the mass dependent shift

of the frequency ratio a residual uncertainty was determined to
(

δm

m

)

res

≤ 8 · 10−9, (5.9)

which is considered to be the present systematic limit of the ISOLTRAP apparatus [KBB+03].

5.2 Evaluation

In case the investigated nuclide has a long-lived exited isomeric state, it has to be decided whether the
frequency ratio can be assigned to one of the states, or a correction for a mixture of both states has
to be performed. An identification of the state is possible via the different half-lives as compared to
the release time and in case of high excitation energies for the isomeric state via a comparison with
the previous results. In addition, the state can be derived by looking at the total angular momentum
J , if the production mechanism favors either high-J or low-J states. If no assignment is possible, the
measured result has to be adjusted by half of the excitation energy and thus the uncertainty has to be
increased by 0.29 times the excitation energy of the excited isomeric state [WAT03]. For this reason
the experimental results can have different values and smaller uncertainties than the final mass value.

The mass doublets as obtained by e.g. Penning trap mass spectrometry are included in the atomic-
mass evaluation (AME) [AWT03], which combines all different kinds of experimental nuclear physics
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results connecting two or more masses, e.g. α and β± decays, neutron and proton transfer reactions,
and exchange reactions.

The data obtained at ISOLTRAP are frequency ratios r (Eq. 5.1) and thus to be used as input data
for the matrix calculation they have to be linearized as described in [BAA+00]. The Eq. 5.2 can be
rewritten using the mass excess values for the nuclide of interest and the reference nuclide, MEint

and MEref , respectively.

MEint − r ·MEref = me(1− r) + Aref

(
r − Aint

Aref

)
· u. (5.10)

Applying a three-digit truncated approximation

C =
(

Aint

Aref

)

trunc

(5.11)

as used in the AME for convenient plotting format, results in a relation of the form of a linear equation

MEint − C ·MEref = ∆ (5.12)

with

∆ = MEref (r − C) + me(1− r) + Aref

(
r − Aint

Aref

)
· u. (5.13)

The technical realization of the evaluation is described in [WAT03]. Here, a brief scheme of the
calculation is given: A matrix of the over-determined system of Q data and M masses, with (Q > M),
is represented by the links between two to four masses mµ have the value qi ± dqi where dqi is the
accuracy (1σ)

M∑

µ=1

kµ
i mµ = qi ± dqi. (5.14)

Using the example of the linearized frequency ratio the matrix elements correspond to ma = MEa +
A · u, mb = C ·MEb + A · u, ka

i = +1, kb
i = −1 and dqi = ∆.

Writing (M,Q) in matrix notation gives K as the matrix of coefficients with K|m〉 = |q〉. Note,
that almost all coefficients K are zero. For a linearized frequency ratio, as in case of Penning trap
mass spectrometry, results in a line of K with only two non-zero elements. Furthermore, the diagonal
weight matrix W is defined by the elements wi

i = 1/(dqidqi). The solution using the least-square
method leads to the construction

tKWK|m〉 = tKW|q〉, (5.15)

where A=tKWK is the normal matrix, a square matrix of the order M , positive-definite, symmetric,
and regular and hence invertible [ADLW86]. Thus the vector of adjusted masses |m〉 is determined
by

|m〉 = A−1 tKW|q〉 (5.16)

where the diagonal elements of A−1 are the squared uncertainties on the adjusted masses and the
non-diagonal ones (a−1)ν

µ are the coefficients for the correlation between the masses mν and mµ.
Furthermore, two important terms have to be introduced for the discussion of data, namely the

”influence” (how much a datum affects a particular mass) and the ”significance” (how much a datum
affects the rest of the table) of a datum. The influence of a datum qi on a mass mµ is a measure to which
part this experiment is determining that mass via the given link. The sum of all influences on each mass
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is exactly 1 and the significance of a datum qi is the sum of the influences to all connected masses,
which cannot be bigger than 1. It is the policy of the AME that only data having a ”significance” of
more than one ninth are used in the matrix calculations [WAT03]. This minimizes the propagation of
inaccurate data with no sacrifice in overall precision.



6. RESULTS OF MASS MEASUREMENTS AND ATOMIC MASS EVALUATION

The frequency ratios between reference ions and the ions of interest, as obtained from the experi-
ments, are given in Tab. 6.1. For the neutron deficient Cd isotopes the reference was 85Rb+, while
the neutron-rich Ag and Cd isotopes were measured with 133Cs+ as a reference in order to have a
minimal mass-difference dependent uncertainty.

6.1 Results on Neutron-Deficient Cd Nuclides

In the following the data on neutron-deficient Cd isotopes are discussed first, as their discussion is
slightly different than the one for the neutron-rich nuclides. For the neutron-deficient nuclides a com-
parison with recent results from two other Penning trap experiments is possible. Campaigns dedicated
to neutron deficient nuclides around 100Sn where performed by SHIPTRAP at GSI [BAB+05] and by
JYFLTRAP at IGISOL [JEH+06]. Both measurements deviate slightly from each other, and thus a
third measurement at a different place could bring clarification.
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Fig. 6.1: Left: Differences between the new mass-excess values measured at ISOLTRAP (full circles) and
those from AME2003 [AWT03] and from SHIPTRAP [MAA+07] (open cicles) and JYFLTRAP
[EEH+] (open squares). The new ISOLTRAP masses were chosen as a reference. The shaded
area represents the AME2003 values. Right: Vertical zoom of left figure including recalculated
values from JYFLTRAP by use of the mass of 96Mo from the most recent AME (stars).

As shown in Fig. 6.1, the measurements performed on the neutron-deficient Cd at ISOLTRAP (full
symbols) agree with the literature values of the latest Atomic-Mass Evaluation (AME2003) [AWT03]
within the uncertainties. Note that the mass of 99Cd was determined experimentally for the first time.
This plot also contains the recent mass excess values obtained by SHIPTRAP (101−104Cd [MAA+07])
and by JYFLTRAP (101−105Cd [EEH+]), as published and as adjusted (Table 6.2). In the case of the
SHIPTRAP measurements a tendency to higher mass excess values is observed.
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Tab. 6.1: The half-lives [AWT03] and ratios r = νc({Rb,Cs}+)/νc(A{Ag,Cd}+) between the cyclotron
frequencies of the reference nuclides 85Rb and 133Cs and the silver and cadmium nuclides.

Nuclide Half life r = νc(85Rb+)/νc(A{Cd}+)
99Cd 16(3) s 1.165 032 756 0(202)
100Cd 49.1(0.5) s 1.176 755 855 2(208)
101Cd 1.36(5) min 1.188 512 101 2(189)
102Cd 5.5(0.5) min 1.200 240 767 7(218)
103Cd 7.3(0.1) min 1.212 005 235 3(250)
104Cd 57.7(1.0) min 1.223 740 297 6(228)
105Cd 55.5(0.4) min 1.235 512 679 7(182)
106Cd stable 1.247 254 328 2(215)
107Cd 6.50(2) h 1.259 033 102 3(225)
108Cd stable 1.270 781 503 2(270)
109Cd 461.4(1.2) d 1.282 567 977 2(219)

Nuclide Half life r = νc(133Cs+)/νc(A{Ag,Cd}+)
114Cd stable 0.857 024 906 4(316)
120Cd 50.80(21) s 0.902 218 928 1(304)
122Cd 5.24(3) s 0.917 294 267 6(351)
123Cd 2.10(2) s 0.924 845 957 9(1984)
124Cd 1.25(2) s 0.932 374 283 5(766)
126Cd 517(17) ms 0.947 458 503 6(340)
126Cd 517(17) ms 0.947 458 423 6(1162)
128Cd 280(40) ms 0.962 547 294 8(818)
112Ag 3.130(9) h 0.842 004 298 4(193)
114Ag 4.6(1) s 0.857 066 003 9(369)
115Ag 53.46(10) h 0.864 590 002 2(692)
116Ag 2.68(19) min 0.872 133 648 1(261)
117Ag 73.6(1.4) s 0.879 660 816 4(298)
118Ag 3.76(15) s 0.887 207 174 8(200)
119Ag 6.0(5) s 0.894 737 713 2(430)
120Ag 1.23(4) s 0.902 286 018 9(363)
120Ag 1.23(4) s 0.902 286 164 4(922)
121Ag 790(20) ms 0.909 820 365 4(378)
121Ag 790(20) ms 0.909 820 403 5(896)
123Ag 296(6) ms 0.924 907 151 8(8668)
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Tab. 6.2: The mass excess (ME) of the neutron deficient Cd isotopes with A = 99−109 for the measure-
ments performed at ISOLTRAP (this work), SHIPTRAP [MAA+07], and JYFLTRAP [EEH+].
The adjusted JYFLTRAP ME values calculated from the frequency ratios published in [EEH+]
using a reference from the current AME are given in the last column.

Nuclide ME(ISOLTRAP) ME(SHIPTRAP) ME(JYFLTRAP) ME(JYFLTRAP)
/ keV /keV / keV / keV

published [EEH+] adjusted
99Cd -69931.1(1.6)
100Cd -74194.6(1.6)
101Cd -75836.4(1.5) -75849(10) -75827.8(5.6) -75831.2(5.1)
102Cd -79659.6(1.7) -79672(7) -79655.6(5.3) -79659.1(4.8)
103Cd -80651.2(2.0) -80651(10) -80648.5(5.3) -80652.0(4.8)
104Cd -83968.5(1.8) -83979(5) -83962.9(5.6) -83966.4(5.0)
105Cd -84334.0(1.4) -84330.1(5.5) -84333.8(4.8)
106Cd -87130.4(1.7)
107Cd -86990.4(1.8)
108Cd -89252.7(2.1)
109Cd -88503.7(1.7)

To discuss the influences and the consistency of all data available, two calculations of the AME
were performed. A first evaluation included the values of SHIPTRAP and JYFLTRAP and a second
one also values from ISOLTRAP. New averaged values are obtained, which are given in the last two
columns of Table 6.3 and demonstrate the influence of the ISOLTRAP data.

In the following the results obtained in this work are compared to data which were available for
the Atomic-Mass Evaluation in 2003 [AWT03]. In Fig. 6.2 differences between mass-excess values
obtained from ISOLTRAP and from the other two Penning trap experiments and the AME2003 for
the neuron-deficient Cd are plotted as well as from mass-excess values calculated from the input data
of the AME2003.

The SHIPTRAP data by Martı́n et al. [MAA+07] were already included in the mass evaluation.
The JYFLTRAP frequency ratios from [EEH+] were included in the present evaluations. Using the
ISOLTRAP mass-excess values a new atomic-mass evaluation was performed to check the influence
of the new data on the AME network. The individual cases are discussed in the following sections.
Note, that there is an important general observation: Since the last published evaluation (in 2003
[AWT03]), the masses of many nuclides have changed. This includes 96Mo, the reference mass used
by JYFLTRAP to derive the masses in [EEH+], which moved by 3.2 keV. Elomaa et al. [EEH+]
reported deviations of 1.8σ - 2.1σ from the SHIPTRAP mass values (101,102,104Cd). When these
masses are recalculated using the new 96Mo mass value, the adjusted JYFLTRAP values are in perfect
agreement with those of ISOLTRAP and the deviation from the SHIPTRAP values is reduced to
slightly over 1σ (see Fig. 6.1(b) and Tab. 6.2).

The reasons for the 96Mo mass change are multiple, mostly related to the removal or replacement
of conflicting data that were linked to 96Mo (causing a -3.3-keV shift). The question of links is a key
point here. It is important to remember that it is not a mass that is measured in a trap, but a cyclotron
frequency ratio i.e., a link between two nuclides. As the reference a nuclide is chosen that already
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Fig. 6.2: Comparison of the mass-excess values of ISOLTRAP with the data of the Penning trap se-
tups (SHIPTRAP [MAA+07], JYFLTRAP [EEH+]), the data which have been included in the
AME2003 [AWT03], and with the resulting AME2003 values for the nuclides 99−109Cd. The
braces connect similar reactions/experiments. The Penning trap values are marked with open
circles, the older experimental data and the AME2003 values are indicated with full circles.

has a small uncertainty in its mass. In the case of 96Mo, the uncertainty was 1.9 keV. As JYFLTRAP
reported several frequency ratios involving this nuclide, the ensemble of these links also contributed
to a reduction in the 96Mo uncertainty (to 1.5 keV) as well as the remaining 0.1 keV shift. Hence
this is a case which illustrates the importance of the mass evaluation. For this reason the following
discussion refers to JYFLTRAP data recalculated with the new 96Mo mass instead of the published
values [EEH+]. This avoids conflicts, which are already solved in the present adjustment.

Like JYFLTRAP, the SHIPTRAP measurements contribute only slightly to the final mass results
as compared to ISOLTRAP. In the AME, there is a distinction between ”influence” (how much a
datum affects a particular mass) and ”significance” (how much a datum affects the rest of the table).
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Tab. 6.3: The mass excess (ME) of the neutron deficient Cd isotopes with A = 99 − 109 for the mea-
surements performed at ISOLTRAP (this work), those listed in the AME2003 [AWT03], those
obtained in an atomic-mass evaluation before the ISOLTRAP data entered (including SHIP-
TRAP [MAA+07] and JYFLTRAP data [EEH+]) and the newly adjusted values (last column).
The symbol # marks the AME value of 99Cd as extrapolated from systematics.

Nuclide ME(ISOLTRAP) ME(AME2003) ME(AME before) ME(AME after)
/ keV /keV /keV / keV

99Cd -69931.1(1.6) -69850(210)# -69850(210)# -69931.1(1.6)
100Cd -74194.6(1.6) -74250(100) -74252(65) -74194.6(1.7)
101Cd -75836.4(1.5) -75750(150) -75835.8(4.8) -75836.0(1.4)
102Cd -79659.6(1.7) -79678(29) -79664.4(4.1) -79659.5(1.7)
103Cd -80651.2(2.0) -80649(15) -80656.3(4.2) -80652.0(1.8)
104Cd -83968.5(1.8) -83975(9) -83968.7(4.7) -83968.3(1.6)
105Cd -84334.0(1.4) -84330(12) -84334.4(4.9) -84333.8(1.3)
106Cd -87130.4(1.7) -87132(6) -87128.2(5.0) -87130.4(1.7)
107Cd -86990.4(1.8) -86985(6) -86986.3(5.7) -86990.1(1.7)
108Cd -89252.7(2.1) -89252(6) -89251.9(5.5) -89252.6(2.1)
109Cd -88503.7(1.7) -88508(4) -88508.2(3.4) -88504.7(1.6)

It is the policy of the AME that only data having a ”significance” of more than one ninth are used in
the flow-of-information matrix [WAT03]. This minimizes the propagation of inaccurate data with no
sacrifice in overall precision.

The SHIPTRAP data [MAA+07], obtained by measuring the link 85Rb - ACd, contribute less than
the cut-off criterion for the case of the cadmium mass values as given in Tab. 6.4. Moreover, they have
no influence on the value of 85Rb as it was measured by [BPR+99] to an accuracy of about 11 eV.
Thus, the ”significance” of the SHIPTRAP data is concentrated on the mass being investigated. As a
consequence, the SHIPTRAP data shown in Tab. 6.2 are excluded from the evaluation.

This is different for the data from JYFLTRAP. As can be seen from Tab. 6.4, the JYFLTRAP
data have low influence on the cadmium mass values. However, JYFLTRAP has investigated the link
96Mo - ACd. As the mass value of 96Mo was previously only known to 1.9 keV, there is also a flow of
information from the JYFLTRAP data towards 96Mo. The ”influence” of the JYFLTRAP data reduces
the uncertainty of the 96Mo mass value to 1.5 keV as shown in Fig. 6.3 and therefore the ”significance”
of the JYFLTRAP data is increased. Therefore these data are included in the evaluation.

Another example for insignificant data in the new AME is the 101Cd(β+)101Ag-decay Q-value,
which was determining the mass of 101Cd entirely in the AME2003. At present both masses are
determined by Penning trap mass spectrometry results (101Ag is determined by ISOLTRAP [Her09]),
which are at least 20-times more precise. Via the link of the β-decay is almost no flow of information
and thus, it is taken out of the evaluation.

The comparison for the neutron-deficient cadmium nuclides of the input data to the new AME
value is shown in Fig. 6.4. Note, that due to feedback from the new data the plotted mass-excess
values can shift as compared to Fig. 6.2.
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Fig. 6.3: Network of experimental results and mass values on the nuclides 101Cd and 96Mo as given in
the AME2003 [AWT03] and the current evaluation [LA09]. The boxes represent nuclides with
their uncertainties. The italic numbers indicated the shift of the mass excess value as compared
to the AME2003. The connections between the boxes with the arrow-heads show the influences
of the data on each mass. The values close to the links represent the uncertainties of the data.
In the case of frequency ratios the experimental results are linearized, for the matrix calculations
[AWT03]. The data with low influence on 96Mo connecting 99,101Pd, 102In, and 95Tc are mainly
determining the other end of the link and are thus above the limit for insignificance.
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Tab. 6.4: Influences of the experimental data from ISOLTRAP (this work) and from JYFLTRAP [EEH+]
on the current AME on the mass excess values of ACd and 96Mo. The given influences of the
SHIPTRAP data [MAA+07] are hypothetical, these data have not been included due to their low
significance.

Nuclide Influences of experimental data
on the Cd nuclides on 96Mo

ISOLTRAP SHIPTRAPa JYFLTRAP JYFLTRAP
101Cd 92.9% 2% 7.1% 9.0%
102Cd 89.4% 6% 10.6% 9.9%
103Cd 84.7% 3% 12.3% 9.9%
104Cd 90.3% 10% 9.7% 9.3%
105Cd 92.9% 6.4% 10.2%

a hypothetically

99Cd
The mass of 99Cd was determined for the first time by ISOLTRAP. Before, only an AME2003 extrapo-
lation of the mass excess was available which agrees with the new value determined with ISOLTRAP.

100Cd
So far, the mass excess of 100Cd was determined using the SPEG mass spectrometer value of
-74180(200) keV [CAM+96] and via the Q-value of the β+-decay of 100Cd to 100Ag of 3890 keV
[RPG+89]. The experimental result obtained at ISOLTRAP agrees very nicely with the earlier ex-
periments, but the uncertainty is by more than a factor of 50 smaller. The new compilation of the
AME uses the ISOLTRAP data with 100% of influence for the determination of the ME of 100Cd,
and the connection by 100Cd(β+)100In changes the mass excess of 100In from a mass-excess value of
-64170 keV to -64330(180) keV.

101Cd
The mass excess of 101Cd has been determined at SHIPTRAP and JYFLTRAP. Both values have a
discrepancy of 1.5σ relative to each other. The mass excess determined at ISOLTRAP is between the
two earlier results, and deviates by 14 keV (1.3σ) from the SHIPTRAP results and agrees within the
uncertainty with the result from JYFLTRAP. All three values agree with the AME2003 mass-excess
determined by [Bec70, WZN72]. The new AME value is influenced by 92.9% by the ISOLTRAP
result and by 7.1% by the JYFLTRAP result.

102Cd
For this nuclide the mass excess has been also determined at SHIPTRAP and at JYFLTRAP. The
two values have a discrepancy of 12 keV corresponding to 1.4σ. The ISOLTRAP value agrees well
with the measurements at JYFLTRAP but deviates by 1.3σ from the values determined with SHIP-
TRAP. Also in this case all three Penning trap measurements agree with the mass excess listed in
the AME2003 which includes experimental data by [KBK+91]. In the new compilation of the mass
values for the AME, the ISOLTRAP result contributes with 89.2% and the JYFLTRAP value with
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Fig. 6.4: The difference of the contributing experimental data to the newly evaluated atomic mass-excess
is plotted. Note, that the input values might have changed slightly due to feedback from the data
of this work. The braces connect the same reaction/experiment.

103Cd
In this case all three Penning trap measurements agree nicely with each other. Furthermore the three
measurements are within the uncertainty of the AME2003 value, which includes experimental data by
[BHC+88, PKBR78]. The newly determined AME value is influenced by 84.7% and 12.3% by the
ISOLTRAP and the JYFLTRAP value, respectively. There are small contributions coming from the
β-decays 103Cd(β)103Ag (2.4%) and 103In(β)103Cd (0.6%).

104Cd
For A = 104 the results of ISOLTRAP and JYFLTRAP agree within the experimental uncertainties,
while the SHIPTRAP result deviates from the ISOLTRAP and the JYFL-TRAP value by about 11 keV
(2σ) and 12 keV (1.7σ), respectively. All values agree perfectly with the AME2003, which includes
experimental data by [CBB+82, DKN83, RVV+84, BHC+88, KBC+98], mass excess while reducing
the uncertainty. The newly-obtained AME value is to 90.3% determined by the ISOLTRAP value and
by 9.7% by the JYFLTRAP result.

105Cd
The two direct mass measurements with the mass excess values of JYFLTRAP and ISOLTRAP agree
perfectly within their uncertainties. The previous mass excess value tabled in AME2003 (including
experimental data by [BCH+86, CD75, Joh53]) is also in agreement within the uncertainties. The
new AME value is determined to 92.9% by ISOLTRAP and to 6.4% by JYFLTRAP. The β+-decay of
105Cd [BCH+86, Joh53] contributes with 0.7% the mass excess of 105Cd. In addition, the seven-fold
reduction of the uncertainty of 105Cd mass results also in an improvement of the ME of 105Ag by a
factor of more than two to -87070.8(4.5) keV.
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106Cd
The mass of 106Cd was determined by the difference of C8H10-106Cd and has been measured to
171789.3(2.7) keV [DRJ63] contributing to the average value in the AME2003 with 89.0%. Also
the single-neutron pick-up reaction 106Cd(3He,α)105Cd (Q0 = 9728(25) keV) [CD75] enters with
4.4% and the β+-decay of 106In with Q = 6516(30) keV [CR66] and Q = 6507(29) keV [BCH+86]
(3.5%) to the mass excess of the AME2003. The measurement at ISOLTRAP agrees with these
previous results, but has a four times smaller uncertainty. The new AME result has a 99.7% influence
from the ISOLTRAP data. The β+-decay of 106In [BCH+86, CR66] contributes with only 0.3%.
Those have been included due to their significance as links in the mass network.

107Cd
The mass excess of 107Cd was determined by the Q-value measurements of two β+-decays:
Q(107Cd(β+)107Ag)=1417(4) keV [LGJW62] and Q(107In(β+)107Cd)=3426(11) keV [BCH+86],
which entered with 96.3% and 3.7%, respectively, to calculate the AME2003 mass excess. This
value agrees with the one from the present work. After reevaluating all data the new AME value is
determined to 91.5% by the ISOLTRAP data. The rest is coming from the β+-decay Q-values of
107Cd(β+)107Ag [LGJW62] and 107In(β+)107Cd [BCH+86] with 8.2% and 0.3%, respectively.

108Cd
The mass-excess value of 108Cd in the AME2003 is calculated including an experimental value from
the Minnesota, 16-inch, double-focussing mass spectrometer, namely the difference of
m(C8H12−108Cd) = 189715.6(2.9) keV [DRJ63] with 67.9% influence and the Q-value of the dif-
ferential reaction of 108Cd(3He,d)109In-110Cd()111In, Q0 = −806.5(2.6) [TD80] (27.1%). A small
contribution comes from the average of a β+-decay Q-value of 108In [BCH+86] Q=5125(14) keV
and the 108Cd(p,t)108In reaction [FDPA84] with a weight of 5.0%. The ISOLTRAP value compares
to the AME2003 within the uncertainties. The result of a new calculation of the AME is determined
to 94.0% by the ISOLTRAP value with a three times smaller uncertainty. The value of the differential
reaction [TD80] contributes with 5.7% and the average of the β-decay and the (p,n) reaction with
0.3%.

109Cd
The main contribution for the mass-excess value of the AME2003 came from an electron-capture
measurement of 109Cd to 109Ag with a Q-value of 214(3) keV as an average of two experiments
[LSW65, GGG+70] (84.7%). The other 15.3% were given by two β+-decay Q-value measure-
ments Q=2015(8) keV and 2030(15) keV [Noz62, BLBR71]. The ISOLTRAP measurement agrees
with the earlier values and decreases the experimental uncertainty. After a new evaluation the AME
value is now influenced with 82.9% by the ISOLTRAP data, with 13.7% by the electron capture
109Cd(e−)109Ag [LSW65, GGG+70] and with 3.5% by β+-decay of the 109In [Noz62, BLBR71].

6.2 Results on Neutron-Rich Ag and Cd Nuclides

On the neutron-rich side the problem of isomerism is present. In Fig. 6.5(a) the results of the ISOL-
TRAP campaigns for Ag nuclides are compared to the mass-excess values, as given in [AWT03] for
the ground state and the excited isomeric state. The results for 114,116Ag are assigned to the ground
states, due to the longer half-lives as compared with the excited state. The value measured for 118Ag
is assigned to the exited isomeric state, due to the agreement with the mass excess value as given in
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[AWT03]. In addition the value of the excitation energy of ≈128 keV is about an order higher than
the measured uncertainty. Furthermore with the count rate analysis procedure [KBB+03] no hint for
a close by contamination was found. In the cases of 115,117,119Ag the results needed to be adjusted,
because it could not been distinguished between the isomeric and the ground state, nor could it be
excluded that only one of the states is present.
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Fig. 6.5: Difference between the mass-excess values as determined at ISOLTRAP and those given in the
AME2003 for the ground state (gray envelope) and the excited state (columns) for the investi-
gated silver and cadmium nuclides, shown on the top and bottom, respectively.

In next paragraphs the influence of the ISOLTRAP frequency ratios as measured for the neutron-
rich cadmium and silver nuclides on the mass network is discussed. In Fig. 6.6 and Tab. 6.5 the
corresponding mass-excess values are compared with the values entering into the evaluation and the
values of the AME2003 [AWT03].
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114Cd
The measurement performed at ISOLTRAP agrees perfectly with the value given in the AME2003.
The ME(114Cd) was determined to 70.6% by the Q-values of two measurements of the n,γ re-
action 113Cd(n,γ)114Cd (1414(30) keV [BSVE79] and 1452(25) keV [FLM+06]). A contribution
of 10.6% comes from the reaction Q-value of 114Cd(d,p)115Cd Q=3916.30(0.59) keV [PS90] and
8.2% by the mass difference between 12C8

1H18 and 114Cd given with 237487.6(2.9) µu [DRJ63].
The mass duplet of 116Cd35Cl-114Cd37Cl=4348.7(1.2) µu [MSB+73] 114Cd and the (p,t) reaction of
116Cd (Q=-6363(5) keV [OH73]) influenced the mass excess with 8.1% and 2.5%, respectively. The
ME(114Cd) of the new evaluation is determined to 57.9% by the (n,γ) reaction, to 28.5% by the
ISOLTRAP result, to 6.9% by the (d,p) reaction, to 5.1% by the CdCl mass duplet, and to 1.6% by
the (p,t) reaction.

120Cd
The ME given in the AME2003 and the result from ISOLTRAP agree within the uncertainties. Pre-
viously the AME ME-value was determined by the 124Sn(3He,7Be)120Cd reaction with a Q-value of
-5098(30) keV [SSFC76]. In the new evaluation the mass is entirely determined by the present work.

122Cd
The ISOLTRAP result conflicts by 2.8σ with the value given in the AME2003, which was determined
by two-proton exchange reaction 124Sn(18O,20Ne)122Cd with a Q-value of -1246(43) keV [GZL+97].
The new AME value is completely determined by the result of the present work due to its low uncer-
tainty.

123Cd
This nuclide has a long-lived (1.82(3)s) excited state (316.52(0.23) keV). The ISOLTRAP result could
not be assigned to either the ground state or the isomere, so the value was corrected to -77367(93) keV.
Due to the high uncertainty this value only contributes 16.2%, while the main influence to the ME
comes from the β−-decay of 123Cd (Q-value 6115(33) keV [SAEF87]). This decay was determining
the mass of 123Cd to 100% in the AME2003.

124Cd
The ME of 124Cd of the AME2003 was determined by its β−-decay Q-value of 4166(39) keV
[SAEF87]. This value and the result obtained at ISOLTRAP agree perfectly with each other. In the
new evaluation the ME value is determined to 97.8% by ISOLTRAP and to 2.2% by the β−-decay
Q-value.

126Cd
The mass-excess value in the AME2003 came from a β−-decay of 126Cd with Q=5486(36) keV
[SAEF87]. This result and the weighted average of the two ISOLTRAP values deviate by about
1.5σ. In the present version of the AME the ME(126Cd) is determined entirely by the ISOLTRAP
results.

128Cd
The measurement at ISOLTRAP agrees perfectly with ME-value of the AME2003 originating from
the reaction 128Cd(β−)128In (Q=7070(290) keV) [SAEF87]. The new value is entirely determined by
the result of the present work.
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112Ag
The AME2003 value and the ISOLTRAP value deviate by about 40 keV (2.3σ). In the AME2003
the mass excess value was determined to 69.7% by the Q-value of 299(20) keV of the β-decay
112Ag(β−)112Cd [IRYY62] and to 30.3% by the Q-value of 3967(20) keV of the decay
112Pd(β−)112Ag [NWSK54]. In the new evaluation the mass is completely determined by the ISOL-
TRAP value.

114Ag
The isomeric state with an excitation energy of 199(5) keV has a half-life of 1.5 ms, which is too short
to be considered in the experiment. The value from ISOLTRAP and that from the AME2003 agree
within their uncertainties. The mass in the AME 2003 was determined to 50.3% by the β−-decay
of 114Pd [FZE+90, FLM+06] with Q-values of 1414(30) keV and 1451(25) keV, respectively, and to
49.7% by the β−-decay of 114Ag [FZE+90] with a Q-value of 5018(35) keV. After the new evaluation
the 114Ag mass is almost entirely determined by the ISOLTRAP value (98.3%). A feedback of 1.7%
from 114Pd(β−)114Ag remains. This connection contributes significantly to the mass value of 114Pd,
which is -83483(16) keV as compared to the AME2003 value of -83497(24) keV.

115Ag
The ISOLTRAP value was adjusted to -84974(22) keV to account for a possible mixing with the long-
lived isomeric state (18.0(0.7)s) with an excitation energy of 41.16(0.10) keV. The adjusted value
agrees with the value from the AME2003, which was completely determined by three measurements
of the reaction 115Ag(β−)115Cd [BPFC64, MT78, FZE+90] with the Q-values of 3180(100) keV,
3105(100) keV and 3091(40) keV, respectively. The adjusted ISOLTRAP value contributes with 76.3%
to the new evaluation and the rest of 23.8% comes from the β-decay Q-values.

116Ag
Due to the comparable short half-life (8.6(0.3)s) and the absence of a decay peak in the ToF spectrum,
the ISOLTRAP result was assigned to the ground state. The new value agrees with the value of the
AME2003, which was entirely determined by two Q-values of the β−-decay of 116Ag [AHLR82,
FZE+90] (6028(130) keV and 6170(50) keV). In the new AME, the mass-excess of 116Ag is deter-
mined to 100% by ISOLTRAP.

117Ag
Due to the presence of a long-lived isomeric state (5.34(5)s) of the 117Agm with an excitation en-
ergy of 28.6(0.2) keV the ISOLTRAP value had to be adjusted to ME=-82187(15) keV, which agrees
within the uncertainties with the value of the AME2003. This has been determined completely by
117Ag(β−)117Cd [AHLR82] with a Q-value of 4160(50) keV. The new AME value is entirely deter-
mined by the adjusted ISOLTRAP value.

118Ag
The mass-excess value determined at ISOLTRAP was assigned to the isomeric state with an exci-
tation energy of 127.49(0.05) keV. The resulting -79553.8(2.5) agrees nicely with the value of the
AME2003, which has been determined by the link to the 118Cd using the β−-decay results (Q-value
of 7122(100) keV [AHLR82] and 7155(76) keV [ABG+95]). After the reevaluation the mass of 118Ag
is entirely determined by ISOLTRAP.
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119Ag
The isomeric state 119Agm with a half-life of 2.1(0.1)s is predicted to be at an excitation energy of
20(20) keV. For this reason the ME(119Ag) was adjusted to -78648(14) keV. This value agrees with
the AME2003 value from the β−-decay of 119Ag [AHLR82] with a Q-value of 5350(40) keV. In the
new evaluation the ME determined at ISOLTRAP is contributing with 97.3% and the other 2.7%
come from 119Ag(β−)119Cd.

120Ag
Due to the short half-life of the isomeric state (371(24)ms) and the good agreement with the pre-
vious ground state mass the ISOLTRAP value was assigned to the latter. The two ME-values de-
termined at ISOLTRAP agree within their uncertainties with the AME2003-value, which originates
from two measurements of the 120Ag(β−)120Cd decay with results Q=8200(100) keV [AHLR82] and
Q=8450(100) keV [ABG+95]. In the new evaluation the AME value is determined to 100% by the
average of the 2 ISOLTRAP measurements.

121Ag
The ISOLTRAP value and that from AME2003 deviate by about 1.8σ. The previous AME value was
determined by the β−-decay of 121Ag with a Q-value of 6400(120) keV[AHLR82]. In the new eval-
uation the ME(121Ag) is determined by the weighted average between the two ISOLTRAP results.

123Ag
The mass of 123Ag has been measured for the first time. The result and the extrapolated value differ
by about 1.4σ, which is consistent with the deviation of the 121Ag. The new value in the AME is
entirely determined by the ISOLTRAP result.
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7. DISCUSSION

After the description of the results in the previous chapter, the impact of the new mass values on two
different fields will be discussed. On the one hand it is the rp-process path in the vicinity of neutron-
deficient nuclide 99Cd and the consequence for the burst ashes resulting from reduced uncertainties
for proton-separation energies Sp. On the other hand, results of the local probe for structural changes
as described by the evolution of the δVpn-values are discussed. Furthermore, the smoothing of trends
in the S2n, δVpn and for the Garvey-Kelson relations are compared.

7.1 Impact of the neutron-deficient data on the knowledge of the rp-process path

99Cd has been suggested as a possible branching point in the path of the astrophysical rp process
in some X-ray bursts. Figure 7.1 shows the reaction flows during a type I X-ray burst calculated in
a model based on a single-zone approximation and for parameters (accretion rate and initial com-
position) that are favorable for an extended rp process into the Sn region [SAB+01, MGL+07].
Here the reaction network [Cyb] was updated with results from recent Penning trap mass measure-
ments (by e.g. LEBIT [SBB+07], CPT [FCS+08], JYFLTRAP [WEF+08, KEB+08] and SHIPTRAP
[WEF+08, MAA+07]) and the new masses from this work.

Figure 7.1 shows a zoom in the vicinity of 99Cd of the reaction paths as given in Fig. 2.4 for the
entire burst. During the very end of the burst, as hydrogen abundance and temperature are dropping,
the reaction path shifts towards 99Cd (see Fig. 7.2). The amount of 99Cd that can be built up by
feeding from 98Cd(β+)98Ag(p,γ)99Cd depends critically on the remaining decrease of 99Cd by proton
captures before hydrogen is completely exhausted and the final abundances freeze out. This depends
strongly on the proton separation energy of 100In, Sp(100In). If this quantity is low, proton captures are
inhibited by photo-disintegration of 100In, and 99Cd remains abundant as the reaction flow proceeds
via its slow β+ decay. If Sp(100In) is large, 99Cd can be converted very effectively by a dominating
reaction flow via 99Cd(p,γ)100In.

The AME2003 value for Sp(100In) is 1.61(33) MeV as obtained adding mass errors quadrati-
cally. The large error originated from the extrapolated masses of 99Cd (± 0.21 MeV) and 100In (±
0.25 MeV). After our accurate measurement of the 99Cd mass the uncertainty is almost exclusively
due to the 100In data. Including the newly evaluated value for the mass of 100In we obtain now
Sp(100In) of 1.69(18) MeV. Figure 7.3 shows final abundances and overproduction factors relative to
solar abundances for model calculations for various values of Sp(100In). Clearly, Sp(100In) is a crit-
ical quantity for determining the A = 99 abundance in the final reaction products (burst ashes). The
2σ range of the AME2003 mass uncertainties introduces more than an order of magnitude uncertainty
in the A = 99 abundance. At the lower 2σ limit of Sp(100In) A = 99 becomes one of the most
abundant mass chains, even exceeding the A = 98 production by 50%, while at the upper limit it
is one of the least abundant ones. The new measurements dramatically reduce the possible range of
A = 99, excluding now an enhanced A = 99 production at the 2σ level. The largest reduction in
the uncertainty comes from our precise measurement of the 99Cd mass. However, the improvement in



68 7. Discussion

aaaa
aaaa
aaaa
aaaa

aaaa
aaaa
aaaa
aaaa

aaaa
aaaa
aaaa
aaaa

aaaa
aaaa
aaaa
aaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa
aaaa
aaaa
aaaa
aaaa

aaaa
aaaa
aaaa
aaaa

aaaa
aaaa
aaaa
aaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa
aaaa
aaaa
aaaa
aaaa

aaaa
aaaa
aaaa
aaaa

aaaa
aaaa
aaaa
aaaa

aaaa
aaaa
aaaa
aaaa

aaaa
aaaa
aaaa
aaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa
aaaa
aaaa
aaaa
aaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaa
aaaa
aaaa
aaaa

aaaa
aaaa
aaaa
aaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa
aaaa
aaaa
aaaa
aaaa

aaaa
aaaa
aaaa
aaaa

aaaa
aaaa
aaaa
aaaa

aaaa
aaaa
aaaa
aaaa

aaaa
aaaa
aaaa
aaaa

aaaa
aaaa
aaaa
aaaa
aaaa
aaaa
aaaa
aaaa

aaaa
aaaa
aaaa
aaaa

aaaa
aaaa
aaaa
aaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa
aaaa
aaaa
aaaa
aaaa

aaaa
aaaa
aaaa
aaaa

aaaa
aaaa
aaaa
aaaa

aaaa
aaaa
aaaa
aaaa

aaaa
aaaa
aaaa
aaaa

aaaa
aaaa
aaaa
aaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa
aaaa
aaaa
aaaa
aaaa

aaaa
aaaa
aaaa
aaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaa
aaaa
aaaa
aaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaa
aaaa
aaaa
aaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa
aaaa
aaaa
aaaa
aaaa

aaaa
aaaa
aaaa
aaaa

aaaa
aaaa
aaaa
aaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa
aaaa
aaaa
aaaa
aaaa

aaaa
aaaa
aaaa
aaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa
aaaa
aaaa
aaaa
aaaa

aaaa
aaaa
aaaa
aaaa

aaaa
aaaa
aaaa
aaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

aaaa
aaaa
aaaa
aaaa

aaaaaaaa

aaaaaaaa

aaaaaaaa

Fig. 7.1: A plot of the time integrated net reaction flows over the entire X-ray burst in the region of
the chart of nuclides around 99Cd. The thick lines represent a strong flow (within an order of
magnitude of the 3α-reaction) and the thin and dashed lines weak flows suppressed by factors of
10 and 100, respectively. Note that strong proton capture flows either indicate strong net flows,
or, due to numerical artefacts, (p,γ)-(γ,p) equilibrium. The gray shaded nuclides were measured
in this work, perpendicularly meshed nuclides represent extrapolated values [AWT03] and the
diagonally meshed boxes indicate nuclides recently measured at other experiments [FCS+08,
WEF+08, MAA+07, KEB+08]. The white boxes describe nuclides, where mass values from the
AME2003 [AWT03] were used.
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Fig. 7.2: Abundances of hydrogen and the neutron deficient Cd isotopes as functions of time during an
X-ray burst. Zero on the time axis has been chosen to coincide with the burst maximum. The
build up of Cd isotopes occurs during the tail of the burst.

precision of the mass of 100In due to the β+-decay of 100In linked to 100Cd (measured in this work)
contributes significantly, leading to an additional reduction of the uncertainty by about a factor of 2.5.
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Fig. 7.3: (a) Final composition of the burst ashes for different values of Sp(100In): with our new value
for 99Cd (circles connected by solid line), the lower 2σ limit allowed in AME2003 (crosses con-
nected by dashed line) and the upper 2σ limit allowed in AME2003 (dotted line which basically
coincides with solid line). The data point with our new 99Cd mass and our new 2σ uncertainty
is indicated as a filled circle with error bars. (b) Overproduction factors relative to the solar
abundance, determined by assuming the entire mass chain has decayed into the first stable iso-
tope. This is a p-nucleus for A =92, 94, 96, 98, 102, and 106, while the other mass chains feed
isotopes predominantly made by the s process.

The composition of the burst ashes is important for crust heating models and for judging whether
the rp process is a possible production scenario for light p-nuclei. In terms of crustal heating, Gupta et
al. [GBS+07] have shown that there are significant differences in total heat generation and distribution
of heat sources as a function of depth for A =98, 99, or 100 ashes. While a change in a single mass
chain probably has only a small effect on the thermal structure of the neutron star, our work shows
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that there are very large uncertainties in the prediction of the final composition of the burst ashes that
need to be addressed. The present measurement is a first step in that direction. Uncertainties in other
mass chains such as Ag, In, and Sn also need to be addressed.

In order to judge the suitability of a proposed nucleosynthesis scenario to explain the origin of
the elements in the solar system, one key aspect is the pattern of overproduction factors, i.e. the ratio
of the produced abundances to the solar abundances (see Fig. 7.3). The ratio of the overproduction
factor of a given isotope to the highest overproduction factor of the pattern (or to an average of the
highest overproduction factors when taking into account variations due to uncertainties) indicates
the fraction of solar system material that could originate at most from this nucleosynthesis site. For
a p-process scenario one would require large, comparable overproduction factors for p-nuclei, and
significantly reduced overproduction factors for non-p nuclei. As Fig. 7.3 shows, the rp process in
this particular X-ray burst would be a promising scenario to produce the p-nuclei 98Ru, 102Pd and
106Cd. However, co-production of non-p nuclei such as isotopes fed by the A = 99, 104, and 105
mass chains potentially limits this scenario. The question is whether a possible co-production can
be attributed to uncertainties in the nuclear physics input data such as β-decay half-lives and level
densities, or whether the co-production is a fundamental issue with the proposed scenario. For the
A = 99 case, this question has now been addressed with the present measurement. As Fig. 7.3 shows,
at the 2σ level the AME2003 mass uncertainties allowed for co-production of as much as 20% of
99Ru (a s-process nucleus) relative to the p-nucleus 98Ru. With our new mass measurements, A = 99
co-production is now limited to a rather insignificant few %.
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7.2 Mass Surface and Nuclear structure

The additional information needed for nucleosynthesis studies is provided by the nuclear models.
With new masses included in the atomic-mass evaluation and some shifted mass-excess values it is
possible to test the available models according to their prediction power for not yet measured masses.
In Fig. 7.4 the difference of predictions by the models, which were described before, to the values
taken from the new AME are plotted as a function of mass number for cadmium and silver nuclides.
Here the values from the Weizsäcker-Bethe mass formula are only shown for completeness. The
σrms deviation of the predicted values from the experimental data is given in Tab. 7.1 with the change
as compared to the values of Tab. 2.1. The σrms for both elements give a measure of the quality
independent of the pairing.

In general, all mass models have a problem towards neutron-rich nuclei, whereas the neutron-
deficient side is reproduced quite well. Also most models reproduce the masses of either the silver
or the cadmium nuclides better, which suggests an improvement of the pairing term. Moreover, with
HFB17 the microscopic models reach the quality of the prediction of the microscopic-macroscopic
mass formulas in the region of interest.

7.2.1 Two-Neutron Separation Energy

Furthermore the obtained data give useful information on nuclear structure in the mass region. The
two neutron separation energy

S2n(N,Z) = ME(N − 2, Z)−ME(N,Z) + 2 ·ME(n) (7.1)

is a major indicator for structural changes, where ME(n) is the mass excess value of a neutron.
In Fig. 7.5 the S2n-values for the Z = 47 − 50 are compared for odd (top) and even (bottom) N
separately. The new mass values for Cd isotopes straighten the trend of the S2n for even N . Thus the
shift of 122Cd by about 110 keV to a less bound value results in a slight reduction of S2n for N = 74

Tab. 7.1: Comparison of the mass models to the available mass data of Ag and Cd nuclides using the σrms

deviation as given in Eq. 2.17. The change as compared to the Tab. 2.1 is given in brackets.

Mass Model Ag Cd Ag & Cd

Number of Isotopes Used 26 32 58

σrms / MeV

DZ 0.27(+0.02) 0.28(±0.00) 0.28
WB 2.97(-0.01) 4.39(+0.15) 3.82
HFB2 0.64(+0.08) 0.70(+0.03) 0.67
HFB8 0.77(+0.04) 0.97(+0.03) 0.88
HFB14 0.52(+0.06) 0.77(+0.05) 0.67
HFB17 0.54(+0.01) 0.33(+0.03) 0.46
FRDM 0.32(-0.03) 0.52(±0.00) 0.44
ETFSI 0.71(+0.01) 0.43(+0.02) 0.57
KTUY 0.35(+0.09) 0.54(±0.00) 0.46
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Fig. 7.4: Difference between the mass-excess values as determined in the atomic-mass evaluation in-
cluding the ISOLTRAP values and those predicted some chosen mass models (for full names,
references and details see Sec. 2.2) for silver (top) and cadmium nuclides (bottom) are marked
with colored lines. The open diamonds indicate, where experimental data are available.

and in a slight shift towards a higher value of S2n for N = 76. Furthermore, the new mass value of
126Cd reduces its S2n by about 60 keV.

The corrections in the the silver chain are even more pronounced. The new mass values for
119,121Ag straighten the kink at N = 74 and the new mass value of 123Ag results in a smooth contin-
uation. In all cases the reduced uncertainties of the mass-excess values improve the knowledge of the
S2n values.

In the case of the odd-N S2n(Ag)-values the staggering is damped by the new measurements to-
wards a straight line, which is hardly visible in the top of Fig. 7.5 due to the smallness of the effect,
while for the odd-N S2n(Cd)-values the shift is already visible around the only measured mass, al-
though the experimental value of ISOLTRAP was adjusted for a potentially present excited isomeric
state.
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Fig. 7.5: The two neutron separation energy S2n for the as a function of neutron number N for odd
(top) and even (bottom) N separately to emphasize the different behaviors. The zooms show the
regions of the strongest correction.

7.2.2 δVpn-values

The more sensitive probe of structural changes is the δVpn-value, the double difference of binding en-
ergies giving the average interaction of the last proton(s) with the last neutron(s) [ZWYG88, ZCB89]
as described in Sec. 2.4. The new 112,114−121,123Ag and 114,120,122−124,128Cd mass measurements
provide improved information on the average interaction between the last (two) proton(s) and the last
(two) neutron(s) δVpn [ZWYG88, ZCB89] below the neutron and proton shell closures N = 82 and
Z = 50. Values of δVpn for Sn, Cd, In and Ag were extracted from the new mass data. These new
δVpn results are illustrated in Fig. 7.6 with the solid lines using the new Cd and Ag mass measure-
ments in this study together with mass values from the AME2003, where no new data are available.
The dashed lines correspond to the pure AME2003 [AWT03] results.

The results for the even-even nuclei are shown in top-left of Fig. 7.6. The δVpn(Sn) values as
calculated from mass data given in the AME2003 reveal a zig-zag behavior as the number of the
valance neutrons decreases towards the closed shell at N=82. The new δVpn(Sn)-values (solid circles)
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Fig. 7.6: δVpn values as a function of the neutron number N for the even-Z nuclides Pd, Cd, and Sn
(top) and odd-Z nuclides Rh, Ag, and In. The plots are separated for even-N (left) and odd-N
nuclides (right). The full symbols connected with a full line represent δVpn values calculated
from the present work including values from the AME2003 [AWT03], where no new data are
available, while the dashed lines represent values calculated only from mass values tabled in the
AME2003.

result clearly in a damping of the zig-zag and thus show a much smoother increasing trend, which is
expected for the proton-neutron interaction. Indeed, see Fig. 7.7, the results obtained for N=82 nuclei
in the 132

50 Sn region are comparable to the values for N=126 nuclei in the 208
82 Pb region. Moreover,

just as in the Pb region where δVpn(Hg) values are higher than those Pb isotones, here the δVpn(Cd)
results are higher than those of Sn. Finally, Fig. 7.7 shows a crossing pattern in the Pb region as one
crosses the magic number N = 126 [CLP+09], which is also expected for the Sn region. For a final
conclusion the mass of 130Cd is needed.

Protons in Sn occupy orbits just below the Z = 50 closed shell whereas neutrons occupy orbits
just below the N = 82 closed shell. The normal parity orbits in a major shell begin with high j
angular momenta and low n principal quantum numbers whereas, near the end of the shell one finds
orbits with low j and high n. As a result of this, if both protons and neutrons fill just below or just
above a shell at the same time, the overlap between the proton and neutron wave functions may be
expected to be large. The large δVpn(Sn) result for the even-even nuclei, especially at N = 82, can be
explained with this approach. Similarly, the zig-zag behavior in δVpn(In) is mostly removed with the
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Fig. 7.7: δVpn values as a function of the neutron number N for the even-Z nuclides in the vicinity of the
proton shell closures Z = 50 (Pd, Cd, Sn, Te, and Xe: top) and Z = 82 (Pt, Hg, Pb, Po, and Rn :
bottom). The mass excess values for the heavy nuclides are taken from the AME2003[AWT03]
including the most recent measurement of 208Hg [CLP+09]. The plots are separated for even-N
(left) and odd-N nuclides.
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new Cd masses in Fig. 7.6.
A very large change in δVpn is seen in 121Ag74 (Fig. 7.6), roughly about 200 keV. This δVpn(121Ag)

value requires the masses of 121Ag, 119Ag, 120Pd, and 118Pd. The 121,119Ag masses were measured
in this work and the largest mass change happened for 121Ag, which differs by about 270 keV from
AME2003. Therefore, there is a drop in δVpn(121Ag) from 710(100) keV to 525(50) keV. In addition,
including some recent mass measurements for Pd nuclei [HEE+07] gives δVpn(121Ag)= 415(10) keV
which is even somewhat lower. (However, in order to compare AME2003 with the new measurements
here δVpn is kept as 500 keV in the plot).

On the other hand for the odd neutron numbers (right top and bottom) in Fig. 7.6, it is hard to see
the same smooth trend for δVpn(Sn) as for even N . There remains a zig-zag trend for δVpn(Sn) (right-
top) and δVpn(In) (right-bottom) for odd neutrons. In the present work, Cd masses were measured
only for even neutron numbers except for 123Cd71. The largest change between AME2003 and our
results among odd Z nuclei appears in δVpn(124In75) which requires masses of 124In, 123In, 123Cd
and 122Cd. Since only one odd neutron Cd mass (123Cd) was measured in this study, δVpn(124In)
is the only one nucleus which uses newly measured Cd masses including one with an odd neutron
number. The new mass of 123Cd differs about 110 keV from AME2003 and the δVpn(124In) value
(right-bottom) decreases by about 140 keV from 875(80) keV to 735(50).

The remaining (smaller) zig-zag trend of δVpn for odd-N Cd nuclei may be an artifact of the fact
that most of the odd-N Cd masses have not been re-measured. Therefore, it will be interesting to
see wether the oscillations for the other δVpn values will be further damped by new mass values of
additional odd-A Cd isotopes.
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7.2.3 Garvey-Kelson relations

Also by using the Garvey-Kelson mass relations [GK66, GGJ+69] (introduced in Sec. 2.3) as valid for
the investigated mass region more irregularities for the odd-N nuclides can be observed than for even-
N nuclides. The values presented in Fig. 7.8 are calculated by the difference between the mass values
of Cd isotopes as given in the AME and the mean of all possible Garvey-Kelson relations using the
existing masses in the vicinity. The values obtained using the AME2003 (open circles) are compared
with the values from a current evaluation (full circles), which includes also the Pd values from Hager
et al [HEE+07]. In general the new values are shifting towards the zero line, which corresponds to a
better agreement between the values obtained from the Garvey-Kelson relations with the experimental
data. Nevertheless for the neutron-rich odd-N cadmium isotopes 119,127Cd are slightly outside of the
one-σrms as given by the dotted line [BFH+08], which is an agreement to the observation in the two-
proton separation energy S2n and the δVpn. Beside the analogy, the uncertainties of the Garvey-Kelson
relations are not clearly defined: On the one hand it is stated, that the prediction of masses for even-odd
nuclides is more uncertain then for even-even ones, on the other hand it is stated that the agreement
of the Garvey-Kelson relations is better towards closed shells then on the average [BFH+08].

7.2.4 Correlation between δVpn and orbital overlap of valence nucleons

Going back to the discussion of the δVpn and extract those values as a function of neutron number
from the recent AME [LA09] reveals a characteristic behavior. This AME includes in addition to the
present results also the recent results of other groups on the neutron-deficient [WEF+08, KEB+08,
MAA+07, FCS+08] and on the neutron-rich side of the valley of stability [HEE+07]. Figure 7.9

50 55 60 65 70 75 80

-300

-200

-100

0

100

200

 AME2009
 AME2003

 

 

M
E

A
M

E
-M

E
G

K
 / 

ke
V

Neutron Number N

Cadmium

Fig. 7.8: The differences of mass excesses from the AME2003 (open circles) respective the current AME
(closed circles) and calculated with the Garvey-Kelson mass relations. The dotted lines represent
the root mean square error σrms of the Garvey Kelson relations for this mass region as determined
in [BFH+08], which differs slightly depending on the available relations.
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shows the δVpn values for even-even Pd, Cd, and Sn nuclides between the neutron shell-closures
N=50 and 82. As can be observed there is a smooth trend in the δVpn values over the entire shell.
They increase from N=50 towards a local maximum, decrease a bit at about midshell and afterwards
increase again towards N = 82. Furthermore, the inflexion point is shifting from Pd to Sn to more
neutron-rich nuclei. To explain this behavior of the δVpn-values of the even-even nuclei, the orbits
of the last protons and the last neutrons are derived from the ground state total angular momentum J
and parity Π of the odd-even (Z − 1, N) and the even-odd (Z, N − 1) nuclei, respectively. The orbits
in a nucleus are filled with pairs of nucleons, where each pair couples to a favorable total angular
momentum of zero. Thus, near closed shells the total angular momentum J and the parity Π of the
ground state of an odd-even and an even-odd nucleus describe the orbit of the investigated valence
nucleons. For the example of 128Cd the neutron orbit is derived from the ground state of 127Cd, as
JΠ = 3/2+ [END09]. The total angular momentum of 3/2 can only be created by the orbital angular
momentum l = 1 coupling to the spin s = +1/2 or by l = 2 coupling to s = −1/2. The parity
Π = +1 determines l to be even and thus the orbit has to be a d3/2 state. The principle quantum
number n = 2 can be derived from Fig. 2.7. In analogy for the valance-proton orbit of 128Cd the
ground state of the nuclide 127Ag is investigated.

The strength of the δVpn can be calculated by the overlap of the orbits of the last protons and
last neutrons in the ground states. In the following, the overlap is estimated by the wave functions’
principal (ng) and orbital angular momentum quantum numbers (lg):

Ogg =
V 2

gpV
2
gn

1 + |ngp − ngn|+ |lgp − lgn| . (7.2)

V is the filling factor of the orbits described by the pairing model (Sec. 2.2), which is for the ground
state V 2

g = 0.5. The index g denotes, that this are the quantum numbers of the discussed ground states
orbits of the (Z − 1, N) (indexed with p) and (Z, N − 1) nuclides (indexed with n).
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Fig. 7.9: δVpn values extracted from the new AME [LA09] including the data from [FCS+08, WEF+08,
MAA+07, KEB+08, HEE+07].
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In addition, the overlaps of the first excited states of the odd-even and even-odd nuclides with the
ground state of the other nucleons orbits Oeg and Oge, respectively, and the overlap of the excited
states with each other have to be taken into account, specially for midshell nuclides. The weighted
contributions of the next higher proton and neutron orbit are determined to

Oeg =
∑

e

V 2
epV

2
gn

1 + |nep − ngn|+ |lep − lgn| ,

Oge =
∑

e

V 2
gpV

2
en

1 + |ngp − nen|+ |lgp − len| ,

Oee =
∑
ep

∑
en

V 2
epV

2
en

1 + |nep − nen|+ |lep − len| , (7.3)

where the ”e” denotes the excited state. The filling factors V for the excited states are given as

V 2
e =

1
2

[
1−

√
(Ee + ∆)2 −∆2

Ee + ∆

]
. (7.4)

using the Eqs. (2.22) and (2.25) under the assumption that the Fermi level (λ) and the energy level
closest to the Fermi level (ε0) are zero. Here, Ee describes the energy of the excited state and ∆ is the
strength of the pairing interaction, fixed at ∆ = 1 MeV. The total overlap is then determined to

O = Ogg + Oeg + Oge + Oee, (7.5)

where the Oeg, Oge, and Oee are determined by up to three states of each nucleon with excitation
energies below 300 keV.

In Fig. 7.10 the overlap of the last neutrons with the last protons is determined for the even-even
Pd, Cd, Sn, Te, and Xe nuclides (solid black line) and has been adjusted to be comparable with the
experimental δVpn (red circles) δV over

pn = ao ·O+bo, where ao is a scaling factor of 200 keV and bo is
an offset of 320 keV. Note that only single values of the three parameters ∆, ao, and bo are used for all
nuclides in Fig. 7.10. The resulting trends are comparable with those obtained from the δVpn. In the
cases of the isotopic chains of Pd, Cd and Sn the presence of the inflexion points can be reproduced
and also their positions. Beyond the shell closure for Z = 50 an agreement in the trends can be
observed, although the values determined for the Xe isotopes is slightly too high.

The single particle approach used in this model is only valid for nuclides where collective effects
are not important. An indication for collectivity is given by R4/2, the energy ratio between the first
4+ and the first 2+ state. If this ratio is below 2, the nucleus can be described by the single particle
approach, as in the case of the Sn nuclides. For higher R4/2 the states are collective and can be
described by mixing of shell model configurations [Cas00] as in the cases of Pd and Xe shown in
Fig. 7.10 with a black dashed line. For very exotic nuclides the available experimental data concerning
level energies and total angular momenta are not always available. In these cases they are estimated
from systematic trends as published in [END09].

In Fig. 7.10 δVpn values calculated by Stoitsov et al. using the nuclear density functional theory
(DFT) [KS65, BHR03, SDNB06] are given with green dashed lines. These DFT values for the δVpn

are comparable to the experimental values. However, in contrast to the overlap values, the DFT values
do not reproduce the basic trends especially for the Sn, Cd and Te. Thus, for a simple estimation of
the interaction by connecting principal and agular quantum numbers weighted with a filling factor



80 7. Discussion

1,5

2,0

2,5

3,0

1,5

2,0

2,5

3,0

1,5

2,0

2,5

55 60 65 70 75 80

200

250

300

350

400

450

500

550

600

650

 

 

 

55 60 65 70 75 80

200

250

300

350

400

450

500

550

600

650

V
pn

 / 
ke

V

 

 

55 60 65 70 75 80

 

 

Pd

CdSn

TeXe

55 60 65 70 75 80

200

250

300

350

400

450

500

550

600

650

  

Neutron Number N

55 60 65 70 75 80

 V
pn

 Exp       
 V

pn
 DFT

 

 

 

 

 V
pn

 Overlap
 R

4/2

 

 

 R
4/

2

 

Fig. 7.10: Experimental δVpn values (red circles, left ordinate) and those determined from nuclear density
functional theory calculations [SCC+07] (green dashed line, left ordinate) for Pd, Cd, Sn, Te,
and Xe even-even nuclides as compared to the overlap of the last neutron and last proton orbits
(black solid line, right ordinate). The black dashed line (left ordinate) indicates the R4/2 of the
even-even nuclides.

from the pairing model, the agreement of the overlap model with the experimental δVpn values is
remarkable.

It shall be added, that the overlap model is not expected to work so well further away from the
close shells, because of the onset of collectivity. For a test of its validity it would be interesting to
study in the vicinity of 208Pb and beyond 132Sn on the neutron-rich side.
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In the present work, mass determinations of the eleven neutron-deficient nuclides 99−109Cd, of ten
neutron-rich silver nuclides 112,114−121,123Ag, and seven neutron-rich cadmium nuclides
114,120,122−124,126,128Cd are reported. Due to the clean production of the neutron-deficient nuclides
it was possible to reduce the experimental uncertainties down to 2 keV, whereas the measurements of
neutron-rich nuclides were hampered by the presence of contaminations from more stable In and Cs
nuclides. In the case of 99Cd and 123Ag the masses were determined for the first time and for the other
nuclides the mass uncertainties could be reduced by up to a factor of 50 as in the case of 100Cd.

In the case of a potential isomeric mixture as for 115,117,119Ag and 123Cd, where no assignment
to either the ground state or the excited state was possible, the experimental results were adjusted
accordingly. Afterwards all results were included in the framework of the atomic-mass evaluation
and thus linked and compared with other experimental data. In the case of the neutron-deficient Cd
nuclides a conflict between the mass values obtained in the present work and those published by the
JYFLTRAP group [EEH+] could be solved by performing an atomic-mass evaluation. Thus, it was
revealed that reason for the conflict was a different value of the JYFLTRAP reference mass 96Mo.
Furthermore, a reduction of the mass uncertainty and a slight increase of the mass of 100In were
obtained.

These mass measurements are an important step towards an understanding of the physics of the
rp process that will enable a more reliable determination of the composition of the produced material
at A = 99. It has been shown that the mass of 99Cd strongly affects the A = 99 production in an
X-ray burst model, and that uncertainties have been significantly reduced from more than an order of
magnitude to about a factor of 3. The dominant source of uncertainty is now the mass of 100In.

In principle, other uncertainties will also contribute. These include those of masses of lighter
Cd isotopes, where similar rp-process branchpoints occur and which might affect feeding into the
99Cd branchpoint. In addition, nuclear reaction rate uncertainties will also play a role. However, as
reaction rates affect branchings in a linear fashion, while mass differences enter exponentially, mass
uncertainties will tend to dominate [Sch06]. Also, which reaction rates are important depends largely
on nuclear masses. For example, for low Sp(100In) a (p,γ)-(γ,p) equilibrium will be established
between 99Cd and 100In and the 100In(p,γ) reaction rate would affect the A = 99 production, while for
larger Sp(100In) the 99Cd(p,γ) reaction rate might be more relevant. Therefore, the mass uncertainties
should be addressed first. Once they are under control, further improvements might be possible by
constraining proton capture rates.

The presented results are relevant for any rp-process scenario with a reaction flow through the
99Cd region. Here, an X-ray burst model has been used to investigate in detail the impact of the
present measurements on such an rp process. The νp process in core collapse supernovae might be
another possible scenario for an rp process in the 99Cd region. It it is planed to also explore whether
in that case mass uncertainties have a similar impact on the final composition.

On the neutron-rich side of the valley of stability for the Cd and Ag chains of nuclides, the r
process has not yet been reached. Further technical development on suppression of contaminants are
required. This includes improvements on the ISOLDE side, e.g., by improving the selectivity of the
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transfer line or on the ISOLTRAP setup by implementing an electrostatic ion beam trap for a fast and
efficient isobaric selection.

Nevertheless the obtained results contribute to the knowledge of nuclear structure. The trends in
the two-neutron separation-energy S2n and the interaction between the last neutrons and last protons
δVpn were corrected to more smooth evolutions, as already seen in other regions of the nuclear chart.
The strongest corrections have been observed for even-N nuclides, were more new experimental data
are available. Thus, new measurements on odd-N nuclides are suggested. This also is underlined by
the trends observed in the Garvey-Kelson relations for the neutron-rich Cd nuclides.

Furthermore, it has been shown, that the prominent structure of the δVpn for an entire chain of
nuclides including inflexion points can be reproduced by using simple relations between quantum
numbers of the occupied orbits. This approach connects ten values for each nuclide with only one
adjusted parameter. This has been investigated for 63 δVpn values of even-even nuclides in the vicinity
of Z = 50 and 50 ≤ N ≤ 82. The simple model works remarkably well for the elements Cd, Sn, and
Te. Small deviation have been observed for the Xe and Pd nuclides which were explained with the
limitations of the model to the vicinity of the close shells, where the nuclides have only few valence
protons and neutrons. Thus, it would be interesting to study the overlap model in the vicinity of the
doubly magic nuclide 208Pb and also for more neutron-rich nuclides in the region of 132Sn.
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[vW35] C. F. v. Weizsäcker, Zur Theorie der Kernmassen, Z. Phys. A, 96:431–458, 1935

[Wal05] M. S. Wallace, Experimental and theoretical challenges in understanding the rp-process
on accreting neutron stars, phd thesis, 2005

[WAT03] A. H. Wapstra, G. Audi, C. Thibault, The AME2003 atomic mass evaluation (I). Evalu-
ation of input data, adjustment procedures, Nucl. Phys. A, 729(1):129–336, 2003

[WBS06] N. N. Weinberg, L. Bildsten, H. Schatz, Exposing the nuclear burning ashes of radius
expansion type I X-ray bursts, Astrophys J., 639(2):1018–1032, 2006

[WBS08] C. Weber, K. Blaum, H. Schatz, Nuclear masses in astrophysics, PoS(NIC X)028, 2008

[WEF+08] C. Weber, V.-V. Elomaa, R. Ferrer, C. Fröhlich, D. Ackermann, J. Äystö, G. Audi,
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endlosen Runden, die die Veröffentlichungen nehmen mussten, bis man sie als solche bezeichnen
konnte.

Alexander Herlert danke als meinem lokalen Mentor, der immer ein offenes Ohr für mich hatte. In
unseren Diskussionen hab ich viel lernen können. Vielen Dank auch für die Geduld bei der Korrektur
von Artikeln.

Der ISOLTRAP-Crew, die mich am Experiment eingearbeitet hat, Chabouh Yazidjan, Romain
Savreux, Ulrike Hager und Alexander Herlert, gilt mein Dank für das geteilte Wissen über die Ap-
paratur. Gedankt sei auch dem neuen Team, Dennis Neidherr, Sarah Naimi, Magdalena Kowalska,
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Muito obrigado pelo apoio, pelo tudo.
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