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Abstract. Two experimental methods of measuring masses of exotic nuclei in the storage ring ESR
are presented. Bismuth and nickel fragments were produced via projectile fragmentation, separated
and investigated with the combination of the fragment separator FRS and the ESR: (i) Direct mass
measurements of relativistic projectile fragments were performed using Schottky mass spectrometry
(SMS), i.e., exotic nuclei were stored and cooled in the ESR. Applying electron cooling, the relative
velocity spread of circulating low intensity beams can be reduced below10�6. Under this condition
a mass resolving power of up tom=�m = 6:5�105 (FWHM) was achieved in a recent measurement.
Previously unknown masses of more than 100 neutron-deficient isotopes have been measured in the
range of60 � Z � 84. Using knownQ� values the area of known masses could be extended to
more exotic nuclei and to higher proton numbers. The results are compared with mass models and
extrapolations of experimental values. In a second experiment with209Bi projectiles the area of the
measured masses was extended to lower proton numbers. Due to various improvements at the ESR
the precision of the measurements could be raised. (ii) Exotic nuclei with half-lives shorter than the
time needed for SMS (present limit:T1=2 � 5 sec) can be investigated by time-of-flight measure-
ments whereby the ESR is operated in the isochronous mode. This novel experimental technique
has been successfully applied in first measurements with nickel and neon fragments where a mass
resolving power ofm=�m = 1:5 � 105 (FWHM) was achieved.
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1. Introduction

The mass of a nucleus is its most fundamental property as it reflects all forces between the
nucleons. By now only 1600 atomic masses are known whereas the existence of more than
2500 nuclei is established. Nuclei with known masses can be found in or near the valley of
�-stability (see figure 1).

However, the study of masses far off stability, where nuclear models have large uncer-
tainties, will contribute more to an improved knowledge of nuclear binding and structure.
Here the masses of nuclei are most important for the understanding of astrophysical pro-
cesses (r-, s-, rp-path). Recent review articles [1–3] present the progress of atomic mass
measurements.

The unique combination of the fragment separator FRS [4] and the experimental storage
ring ESR [5] gives excellent conditions to perform mass measurements of relativistic exotic
nuclei. We performed measurements on the neutron deficient part of the lead region [6,7].
This area was mainly chosen due to the possiblity to connect members of�-chains linked
by preciseQ� values to the backbone of known masses [6] in order to cover nuclei at the
proton dripline. Another motivation was to measure masses of refractory elements (72 �
Z � 78) which cannot be produced by ISOL-techniques. Including�-chains we were
able to cover a large number of elements reaching from proton numbers of about 60 up to
uranium. An overview of the mass surface covered by our mass measurements with209Bi
projectiles is shown in figure 2. The isotopes with known masses before our experiments
as well as those which were measured in 1995 and 1997 for the first time are indicated in
the chart of nuclides 6. In the experiment performed in 1997 we extended the measured

Figure 1. Chart of nuclei showing known and unknown masses up toZ = 94.
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Figure 2. Range of FRS-ESR mass measurements covered in experiments with209Bi
projectile fragments in 1995 and 1997. In the latter experiment we extended the mea-
sured mass surface down to cesium and also to neutron-rich fragments near the shell
closures atZ = 82 andN = 126. The marked areas of our studies represent the
previously unknown masses only [7].

mass surface to smallerZ values down to tin and also to neutron-rich fragments near the
shell closures atZ = 82 andN = 126.

2. Two ways of mass measurements at the SIS-FRS-ESR facility

Stable beams of relativistic heavy ions provided by the synchrotron SIS [8] are converted
into exotic nuclei by nuclear collisions in the production target at the entrance of the spec-
trometer FRS. The FRS [9] separates the fragments in flight and injects them into the ESR
for precise mass determination, performed by measuring the revolution frequency of the
stored ions. The ESR is equipped with an electron cooler [10] and can store ions in the
range of (0:5 � B� � 10) Tm . The storage time of the circulating nuclei (� st) is limited
by atomic collisions with atoms of the residual gas (pressure� 10�10 mbar) and with the
electrons of the cooler.� st can range from hours up to days depending on the velocity
and the charge state of the stored ions. The phase-space density of the stored ions can be
drastically reduced by electron cooling, e.g., the relative velocity spread of a low-intensity
cooled beam can be less than 10�6.

Two methods are employed to perform precise mass measurements of stored ions circu-
lating in the ESR: (i) Mass spectrometry using cooled ion beams [6,11]. (ii) Mass spec-
trometry of hot fragments operating the ESR in the isochronous mode. Both principles
can be easily understood by the first-order relation between the massm, the revolution
frequencyf , and the velocityv (see figure 3).
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Figure 3. The mass resolution in a storage ring is given by the precision achieved
for the frequency and velocity determination.
 is the relativistic Lorentz-factor and
t
represents the reduced transition energy which characterizes the ion-optical mode of the
ring. From this formula it is obvious that either cooling�v=v ! 0 or the isochronous
condition,
 ! 
t, are the basis of precise mass measurements.

3. Schottky mass measurements with cooled fragments

A production target of 8 g/cm2 beryllium was placed at the entrance of the FRS. The target
was especially chosen to inject a large number of elements and isotopes at the same time
in the ESR. The incident energy was 930 MeV/u in the case of209Bi and 750 MeV/u in
the case of58Ni-projectiles. These energies were selected to operate the electron cooler in
the range of 200 kV for the terminal voltage. The fragments were separated with the FRS
by pure magnetic rigidity (B�) analysis during the major part of the mass measurements.
In this case up to 60 different fragments were injected into the ESR by a single bunch of
projectiles from SIS. In the ESR the ions were stored and cooled and detected via Schottky
spectrometry.

Schottky spectroscopy is a widely used tool for beam diagnosis in circular accelerators
and storage rings. The induced signals of the stored circulating ions in non-destructive
Schottky noise-pickups (see left part of figure 3) are recorded and analysed.

Already in our pilot experiments with cooled projectile fragments [4,12] we have ap-
plied Schottky diagnostics and since then we have gradually developed this technique for
the requirements of precision mass spectrometry [6,13,11]. The stored and cooled ions
circulate in the ESR with revolution frequencies of about 1.9 MHz. In the experiments
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we used the Schottky-noise signal of the 16th and the 32nd harmonic of the revolution
frequencies. This high-frequency band has to be reduced by an admixture of an external
oscillator frequency to match the working range of 100 kHz of the Fourier-analyser system.
A data-acquisition system digitizes the Schottky signals with a sampling rate of 256 kHz.
The frequency bandwidth of 100 kHz covers most of theB� acceptance of the stored beam
in the ESR. The energy of our secondary beams (E sec � 350 MeV) allowed an optimum
performance of the electron cooler and, in addition, presented the opportunity to measure
the masses of bismuth fragments in bare, H-like, and He-like charge states. The mass
measurement in different charge states yields not only redundant data for the same isotope,
but is also an excellent feature for the calibration: Exotic neutron deficient nuclei having
small magnetic rigidities and unknown masses appear in the Schottky spectra e.g. in He-
like charge states in the neighborhood of isotopes with known masses in bare charge states
located nearer to the� stability-line. The uncertainty of the rest mass of the electron and
its binding energies are known with an error which is completely negligible compared to
our present errors for the nuclear masses [6] being in the order of 10�6.

3.1 Results of the first Schottky mass measurements with bismuth-projectiles

After having demonstrated that the results obtained with our novel experimental methods
for direct mass measurements agree well with already known light masses [4,12], a large
number of isotopes with unknown masses has been measured (figure 4).

The masses were evaluated by application of a maximum likelihood method. The rela-
tion of the mass-over-charge ratio as a function of the revolution frequency was fitted by
a first-order polynomial connecting the known masses as references [14]. The unknown
masses were determined by searching the maximum of the probability density for all data.
The total error of the new masses is in the range of 100 to 200 keV, where a systematic
error of about 95 keV has been included. The systematic error has been evaluated by a
comparison with previously well-known masses. The good accuracy of our measured data
is a solid basis for a better understanding of nuclear forces.

Figure 4 shows one proton separation energies for nuclei in the sub-uranium region.
For several elements (Bi to Pa) we can derive mass values for nuclei with negative proton
separation energies, i.e. the proton dripline could be located here. For other nuclei (Au to
Ho) the location of the dripline can now be interpolated more precisely. The fact that we did
not derive negative proton separation energies for even nuclei shows that the proton pairing
energy plays an important role for dripline nuclei. Figure 5 shows that the proton pairing
energy increases in direction towards the dripline. It is also worthwhile to mention that
some of the neutron deficient mercury isotopes show an increase in their pairing energies
compared to the neighboring isotopes (see also figure 4: large odd-even staggering for
these isotopes). This may be an indication for shape coexistence in these nuclei [16].

In the last decades a large number of mass models have been proposed and devel-
oped [15]. They are based on different assumptions and can roughly be divided into three
categories. They belong either to pure microscopic models, which start from the nucleon–
nucleon interaction, or they belong to the macroscopic–microscopic models which use the
liquid drop model with shell corrections or they are based on special mass relations com-
bining the masses for adjacent nuclei. Here it is only the intention to give representative
examples of different approaches to mass formulae. The most crucial test for the reliability
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of a mass model is its predictive capability in new regions that were not considered when
the theory was formulated.

Figure 4. One proton separation energies for even (upper panel) and odd (lower panel)
proton numbers. Masses derived from measurements at GSI are marked by a filled
symbol.
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Figure 5. Proton pairing energies for even–even nuclei. The strength of the proton
pairing energy�p is given by the color of the squares representing one nucleus and the
error�(�p) is given by the size of the squares. Masses derived from measurements at
GSI are marked with a frame. The formula used is not valid to show pairing energies
for the lead isotopes, as it also exhibits the larger shell effect here.

Table 1. Mass models compared to our measured data (previously unknown values
only). A �2-test (eq.(1)) and a root mean square deviation (eq.(2)) from our data were
calculated to compare with various types of models.

Mass formula Category �
2

�rms

Aboussir, Pearsonet al [17] microscopic (global) 60.5 773
Duflo–Zucker [18] microscopic (global) 42.0 650
Möller–Nix [19] macro-microscopic 40.3 644
Spanier–Johansson [20] liquid drop with corr. 143.5 1190

(global)
contributions (local)

Jänecke–Masson [21] mass relations (local) 20.5 467
Audi-Wapstraet al [14] least-squares adjustment 1.8 137

Using our new mass values we can check the predictive power of various mass formulae
tested by the following�2-criterion.

�2 =
1

n� 1

nX

i=1

(Mexp �Mth)
2
i

(�Mexp)2i
; (1)

wheren is the number of the compared nuclei.M exp andMth represent the measured
masses and the theoretically determined masses respectively.
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To compare a model to experimental data disregarding error bars the classical rms devi-
ation is used:

�2rms =
1

n� 1

nX

i=1

(Mexp �Mth)
2
i : (2)

Table 1 shows various mass models and mass extrapolations including their predictive
power for our 193 previously unknown masses according to eqs (1) and (2). One may
easily see from table 1 that these mass models do not predict new masses with a precision
needed for a good understanding of the mass surface and to accurately predict the positions
of driplines. The extrapolations of Audi and Waptsra [14] however give a satisfactory result
for our recently measured masses.

3.2 Experimental improvements for Schottky mass measurements

A number of important improvements could be achieved in our recent experiment in 1997.
The performance of the ESR cooler was considerably improved yielding a much stronger
cooling force and better stability which led to shorter cooling times and, therefore, gave
access to isotopes with shorter half-lives. The maximum voltage of the cooler could also
be improved so that we were able to access nuclei with lower proton numbers compared to
the 1995 measurements using the same projectile. Furthermore, a better stabilization of the
power supplies and an improved magnetic field homogeneity of the ESR magnets helped
to significantly improve the resolving power in the mass spectra.

In figure 6 we present Schottky frequency spectra for bismuth and nickel fragments
characterized by a mass resolving power of6:5 � 105 which is about a factor of two better
than in our experiment performed in 1995 [6]. It should be mentioned that the half-life

Figure 6. Mass resolved Schottky frequency spectra of bare44g;mSc ions (ground and
isomeric states separated by 271 keV, left panel) of bare151g;mEr ions (ground and
isomeric states separated by 2585 keV, right panel) [7].
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of neutral151mEr atoms is 0.58 s, however, in our case with bare nuclei the half-life is
prolonged by roughly a factor of 21. In the experiment performed in 1997 we used58Ni
and209Bi projectiles and set the magnetic fields of the FRS and ESR and the cooler voltage
corresponding to a constantB� value of 6.5 Tm. The advantage of this procedure was that
we only had to adjust the ESR once to the FRS which turned out to be a crucial part in the
measurements performed in 1995. The scaling of the incident energy (750–900 MeV/u)
was a faster procedure to fill the ESR with the desired exotic nuclei.

A new data acquisition system was taken into operation which represented further ex-
perimental improvements. The digitized signals of the Schottky pick-up were sequentially
recorded on tape giving a time stamp of every event. Fast Fourier transformation of this
time-correlated data can be performed off-line in order to obtain the revolution frequencies
of the stored ions as well as the half-life information of the radioactive species. Further-
more, time-drifts of the experimental conditions can be corrected in the off-line analysis.

4. Isochronous mass measurements with projectile fragments

There are still regions on the chart of nuclei where Schottky mass spectrometry can still
contribute to an improved knowledge of nuclear masses using e.g. stochastic cooling [22],
but the most exotic nuclei have too short half-lives for this experimental technique. Exotic
nuclei with half-lives shorter than the time needed for cooling and recording can be investi-
gated by time-of-flight techniques in the ESR. Here the ESR is operated in the isochronous
mode [23,24]. In this case, the magnetic fields of the ESR are set such that the revolution
frequency of an ion species becomes independent of its velocity spread (see right panel of
figure 3). This novel experimental technique has been successfully applied in first mea-
surements with nickel [24] and neon fragments. The ESR lattice was tuned to
 t=1.37
corresponding to a kinetic energy of 345 MeV/u for the stored ions.
 t is mainly deter-
mined by the dispersion function inside the dipole magnets. First frequency spectra were
recorded in the isochronous mode using projectile fragments created by a58Ni beam. The
relative velocity spread of these stored ions was about 10�3. Although the momentum
acceptance inside the ESR is strongly reduced in the isochronous mode, as compared to
the standard operation, the measuredm=q acceptance still reached 1.2%. Already in this
pilot experiment we achieved a remarkable mass resolving power ofm=�m = 1:5 � 10 5

(FWHM) as demonstrated by resolving56Ni and52Fe fragments (see [7]). Mass uncertain-
ties for nickel-fragments were found to be in the order of 30–60 keV. In another experiment
with a 22Ne-beam cooling was applied in addition to measure the revolution frequency of
the fragments circulating in the isochronous lattice of the ESR. As a consequence very
small linewidths of the frequency peaks were derived which led to mass accuracies below
10 keV for Ne-fragments. Applying cooling to isochronous beams gives the possibility to
nicely map
t as a function of the pathlength. It was found that a linear mass calibration
can be used over a large frequency range. In the off-line analysis the measured depen-
dence of the frequency on the velocity could be well understood and was reproduced by
ion-optical model calculations. New ion-optical calculations suggest strong improvements
for the isochronous mode which will be tested in coming experiments [25]. For the future
it is planned to perform direct mass measurements of238U fission fragments (T1=2 < 1 s)
using the isochronous method.
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