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Abstract. The MISTRAL experiment (Mass measurements at ISOLDE/CERN with a Transmission RA-
diofrequency spectrometer on Line), measures the masses from the cyclotron frequency of an ion in a
homogeneous magnetic field. The great advantage of this method is its rapidity, allowing measurements
of short-lived nuclides, because the measurement duration corresponds to the time of flight of the ions
through the spectrometer (~ 50us). This method is also capable of high resolving power (4% ~ 10°) and

is accurate to a few 10™7. The magnetic field is stable and comparisons with a reference mass are performed
very frequently to eliminate fluctuations. Recently, the N = Z drip-line nuclide “*Rb (T, /2 = 64.9 ms)
was measured. The N = Z nuclei allow the study of the Wigner energy which is an additional term in
the binding energy. In order to improve the sensitivity of the apparatus and to access the most exotic (i.e.
shortest-lived candidates), a gas-filled radiofrequency quadrupole ion guide is being developed to reduce

the injected beam emittance.

1 Introduction

The net result of all interactions in the nucleus are re-
flected by the total binding energy, which can be derived
from the mass. Examination of binding energies over the
mass surface [1] gives information about nuclear struc-
ture. The mass surface is generally smooth, except near
the magic numbers, areas of deformation and at N = Z,
where a cusp of the binding energy is observed. This cusp
can be characterised by an additional term in the semi-
empirical mass formula of Bethe-Weizséacker. This term is
called the Wigner energy and is of the form Ew|N — Z|.
To study the Wigner energy, it is important to measure
the masses of the N = Z nuclei with high precision. The
radiofrequency spectrometer MISTRAL, whose great ad-
vantage is precision and rapidity, has been used to measure
the mass of ™Rb (N = Z = 37, Ty > ~ 65 ms). In section
2, the principle of the spectrometer is described. In sec-
tion 3, the result of the measurement of the mass of "*Rb
is given. In section 4, a study of the Wigner energy is de-
rived. And in section 5, a system which will cool the beam
to increase the transmission through the spectrometer, is
presented.

2 The principle of MISTRAL

MISTRAL is a radiofrequency, transmission spectrometer
based on the principle proposed and realized by Smith [2,
3]. It measures the cyclotron frequency of ions in a mag-
netic field, which is related to the mass by the formula:

qB
fo= S 1)
As shown in fig 1, the ions make two turns in a homo-
geneous magnetic field and are extracted and transported
to a secondary electron multiplier for counting. At the
first and the third half-turn, a radiofrequency modulation
(frr) of the kinetic energy is effected by the modulator
[4]. The radiofrequency voltage is applied to the central
electrode of the modulator, the two others electrodes be-
ing maintained at ground. The modulation of the kinetic
energy produces a modulation of the radius of the trajec-
tory of the ions in the magnetic field. The exit slit having
the same width as the entrance slit, the ions are transmit-
ted through the spectrometer when the net effect of the
two modulations is zero. This is obtained when:
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Fig. 1. Trajectory of the ions in the spectrometer MISTRAL:
the beams are injected into a homogeneous magnetic field and
make two turns along a helicoidal trajectory. At the first and
the third half-turn, a radiofrequency modulation of the kinetic
energy is effected. At the exit slit, the beam envelope is large
when scanning the frequency except when the condition (2) is
realized when a most of it is transmitted, forming a peak.

where n is an integer (usually a few thousand). The mea-
surement is expected to have a precision of AT’” ~ 1077,
but the value of the magnetic field can be determined only
with a precision of 107°. Therefore, the measurement is
realized by comparing two masses, one of them being well

known, to determine the ratio f{‘;, . The beam of ISOLDE,

containing the nuclei to be meaisured, and the MISTRAL
reference beam, containing the stable nuclei whose mass is
known with a sufficient precision, are alternately injected
into the spectrometer. This alternation is fast, to com-
pensate eventual drifts of the magnetic field which is kept
constant. Since the two beams must have the same trajec-
tory in the magnetic field, the voltages of the electrostatic
elements must obey the relation

mrefvref =mgVy (3)

And to avoid too large jumps of the voltages, the masses
of the unknown nucleus and the reference nucleus must be
close. If the jump is large, the power supplies do not have
enough time to stabilize and relation (3) is not exactly
realized. Then, the two trajectories will not be identical
and the magnetic field seen by the ions may be different,
causing a shift of the measurement. The best method to
reduce this jump is to choose an isobar of the unknown
nucleus as reference. For each beam, a transmission curve
as in fig 2 is obtained, and a triangular fit [5] is performed
to get the value of the frequency frr.

3 Measurement of the mass of "“Rb

The nucleus ““Rb was measured by comparing its cy-
clotron frequency to a reference beam of "*Ge, produced
by the MISTRAL source. In this source, an oven vapor-
izes germanium and a plasma ionizes the atoms which
are then extracted and accelerated to the desired voltage.
In the case of isobars, where the jump is very small, the
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Fig. 2. Transmission peak for "*Rb after summing 67 scans
of the radiofrequency and grouping the channels together 5 by
5. The diamond represents the position of the peak calculated
with the AME95 value. [1].

two beams still may not have exactly the same trajec-
tory because they originate from two different sources. As
mentioned is section 2, this induces a shift in the value of
the measured mass which is assumed to be the same for all
isolde beams. To calibrate this effect, we measured the well
known mass of “*Rb by comparing it to "®Ge, also pro-
duced by the MISTRAL source. The difference between
the measured value and the AME95 value [1] provides the
shift. An evaluation of this shift was made before and af-
ter each measurement of the mass of “Rb, introducing
a correction of few ten keV. The results are presented in
table 1 and figure 3.

Table 1. Difference between the “*Rb measured values and the
AME 95 value [1] (in keV): ©, @ and ® are three measurements
of the mass at different times. @ is the weighted average of these
values.

—194.1 & 166.2
—72.1 + 1835
—385.6 £ 170.6
—224 + 100
x2=0.8

CICXCRC)

For the nucleus "Rb, we thus obtain a mass excess
Am(™Rb) = —51949(100) keV (4)
and a mass (in atomic mass unit)

m(™Rb) = 73.944230(107) u (5)
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Fig. 3. Difference between the “*Rb measured values and the
AME 95 value [1] (in keV): @, @ and ® are three measurements
of the mass at different times. @ is the weighted average of these
values.

Thus we have improved the AME95 value [1] by more than
a factor of seven. Our value is also in complete agreement
with that determined by the ISOLTRAP collaboration [6].

4 The Wigner energy

One of the interests of the nuclei N = Z is the Wigner
energy, which can be represented by an additional term in
the semi-empirical formula of Bethe-Weizsicker:

Z(Z —1)
AL/3

(N - 2)?
A
_Ew|N—Z|+§ (6)

B =a,A— aSA2/3 — Qe

— a,

In many studies of the Wigner energy, the term Ey has a
dependance on A of the form 1/A4 [7-9]. In those studies,
Eyw is determined by differences between masses provid-
ing second derivatives of the binding energy. Here, Eyw is
determined by a method applicable in regions where no
N — Z < 0 nuclei exist. After subtraction of the Coulomb
and pairing contributions, the experimental binding ener-
gies are plotted versus T, = (N — Z)/2 for each A. For
T, > 0, these energies can be fitted to a parabola:

B = Cy(A) — 2By T. — C5(A)T? (7)

from which the value of Ey may be extracted (filled dia-
monds in fig. 4).

In the region where nuclei with T, < 0 exist, another
method can be used. This method does not need any as-
sumption for the Coulomb term and can serve to confirm
the values of Ey determined by the first method. The
experimental binding energies without any correction are
plotted versus T, for each A, and fitted to a parabola for
T, > 0. The data are then subtracted from this parabola.
On the T, > 0 side, the values obtained are close to zero.
But, for T, < 0 the values obtained move away from zero

Fig. 4. the Wigner energy Ew obtained by two different
methods. Method 1: after correcting the Coulomb interaction.
Method 2: by comparing binding energies of 7, < 0 isobars
with parabola which fits binding energies of T, > 0.

linearly. This can be modelled as a |T%| term, whose slope
is four times Eyw . The Ey values obtained by this method
are shown as empty diamonds in fig. 4. The two meth-
ods give very similar results. This gives confidence for
the values of Ey for larger masses. The values obtained
show a behavior which corresponds to the shell structure
of the nuclei. Maxima for A = 40, 56,100 correspond to
the magic numbers N = Z = 20,28,50. A maximum at
A ~ 80 corresponds to N = Z = 40, the closure of a
harmonic oscillator shell.

5 A beam cooler to increase the transmission
of MISTRAL

Due to the emittances of the beams, and to the size of
the four slits of the spectrometer (each slit has a width of
0.4 mm and a height of 5 mm), MISTRAL has a trans-
mission (without radiofrequency) of about 10~ for the
ISOLDE beam and a transmission of about 10~ for the
reference beam. To explore nuclei which have tiny produc-
tion rates, the transmission is an important parameter. In
order to increase the transmission, the emittance of the
beams must be decreased. This is the aim of the study
[10,11] described in the PhD thesis of S. Henry [12] who
contributes to this conference.

The beam is injected into a system composed of a ra-
diofrequency quadrupole filled with helium gas. Inside the
quadrupole, the beam oscillates as shown in fig. 5. These
oscillations are quenched by the interactions between the
ions and the gas. The system traps the beam along the
axis and reduces its emittance. The great advantage of
this cooler is to increase the transmission of MISTRAL.
Another advantage is to eliminate the problem of the shift
when the two beams originate from two different sources.
In fact, the cooler forces the beam along the axis and then
can be considered as a source. Then, the two beams orig-
inate from the same source: the radiofrequency cooler.
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Fig. 5. Principle of the cooler: the beam oscillates in a
quadrupole filled with helium gas and is trapped along the
axis. Thus, its emittance is reduced.

6 Conclusion

A radiofrequency mass spectrometer which measures masses
of very short-lived nuclei has been described and the re-
sults of the measurement of the mass of “*Rb have been
presented. Methods to extract the Wigner energy, which is
one interest of the N = Z nuclei, have also been described
and shell effects (including the shell closure of the har-
monic oscillator at N = Z = 40) have been observed. A
similar study must be done with the values of masses pre-
dicted by different models. Finally, a system which will re-
duce the emittance of the beam and increase consequently
the transmission of the MISTRAL spectrometer has been
mentioned. It will permit to explore nuclei far from the
valley of stability produced very weakly.
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