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Abstract

The tandem Penning trap mass spectrometer ISOLTRAP has been set up at the on-line mass separator ISOLDE at
CERN/Geneva for accurate mass measurements of short-lived nuclei with Ty, > 1 s. The mass measurement is performed
via the determination of the cyclotron frequency of an ion in a magnetic field. The design of the spectrometer matches the
particular requirements for on-line mass measurements on short-lived isotopes. With the ISOLTRAP spectrometer masses of
more than 70 radioactive nuclei have so far been determined with resolving powers exceeding one million and an accuracy

of typically 1077,

1. Introduction

One of the most fundamental pieces of information that
can be obtained about an atomic nucleus is its mass. It is
simply the sum of the masses of the constituent protons and
neutrons minus their binding energies.

The atomic masses of the stable isotopes are very well
known [ 1], but the accuracy of the known masses decreases
rapidly for nuclei that are more and more unstable with re-
spect to 3 decay. There is a strong demand from the nuclear
physics community for very precise mass values for some
specific isotopes and for a general extension of the mass
measurements to very unstable nuclei. Accurate experimen-
tal mass values serve as a stringent test of nuclear models,
help to improve such models for predictions of the nuclear
properties of very unstable nuclei that cannot be produced,
and can reveal general nuclear structure. Deviations of bind-
ing energies from the smooth trend given by simple liquid-
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drop models directly reveal nuclear shell structure. Mass
differences between odd and even numbered nuclei show
the strength of the pairing force. Departures from a smooth
trend of the two-neutron separation energies between shell
closures can reveal the onset of strong ground state defor-
mations.

The mass values of most of the radioactive isotopes have
been provided by the determination of the Q-values (overall
energy balances) of nuclear reactions or decays. The mea-
surement of mass differences in long decay chains linking
an unknown isotope to a nucleus of known mass allows, in
principle, the determination of the mass of a very unstable
nucleus. However, this procedure suffers from the possible
propagation of systematic errors and the need to know the
nuclear level scheme of the original nucleus and all the prod-
uct nuclei in the decay chain. The determination of the mass
of an unstable nucleus from the Q-value of a reaction de-
pends on the availability of a target and a projectile that will
lead directly to the desired nucleus by a reaction in which
the products can be observed and their kinetic energies de-
termined. This is not the case for the majority of unstable
nuclei, particularly for the very unstable nuclei which are of
most interest.

Direct measurements of the masses of unstable nuclei
were achieved for the first time in the 1970s when conven-
tional magnetic mass spectrometers were put on-line with
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accelerators, starting with measurements performed at the
proton synchrotron PS [2] and at the on-line isotope sep-
arator ISOLDE, both at CERN [3-5]. This type of mass
spectrometry is still successfully applied to unstable nuclei
at Chalk River [6]. Here, observation of the radioactivity of
the unstable nucleus is combined with the mass spectrom-
eter measurements to resolve ambiguities as to the actual
nucleus or, in the case of isomers, the nuclear state that is
being observed. This ambiguity cannot be removed by the
mass measurement itself because of the limited resolution
of the spectrometer.

During recent years new techniques for direct mass mea-
surements have been developed. Direct mass spectrome-
try on recoils from target or projectile fragmentation re-
actions has been performed with the time-of-flight spec-
trometers TOFI at LAMPF/Los Alamos [7-12] and SPEG
at GANIL./Caen [13-15]. Since the recoil ions are inves-
tigated without any delay, these devices allow masses of
very short-lived isotopes to be determined, but their appli-
cation is restricted to light isotopes by the limited resolving
power, typically 3000, and by the lack of appropriate parti-
cle identification schemes for heavy ions. Further time-of-
flight mass measurements are planned at existing machines
such as the GANIL cyclotrons [16] and the storage ring
ESR at GSI/Darmstadt [17,18]. In the case of the ESR an-
other technique has already been successfully applied. In
this technique, the mass of stored ions was determined via a
frequency analysis of the Schottky-signal of the circulating
cooled beam of highly charged ions [19].

Since the late 1940s static electric and magnetic fields
have been employed to confine charged particles into small
volumes within what is now being called a Penning trap
and to determine the mass of these trapped particles by
their cyclotron frequency w. = (¢/m)B (g, B and m de-
noting respectively the charge, magnetic field and mass of
the particle) [20]. Since then the methods have been re-
fined and the Penning trap is becoming the instrument of
choice for accurate mass measurements of charged parti-
cles. Mass measurements of very high accuracy have been
demonstrated with experiments [21-28] performed on elec-
trons, positrons, protons, antiprotons, 3He and tritium ions,
and ionized light molecules such as N2 and CO. Except
for the antiprotons, these experiments create or release the
charged particles from material which is within or very close
to the trap. Special techniques are applied such as, for exam-
ple, narrow-band resonance detection via image currents and
cooling by synchrotron radiation or by dissipating the ions’
energy in cooled external resistive circuits. These techniques
work efficiently only for light particles with high motional
frequencies.

Besides their use for accurate mass determination, Pen-
ning traps are now being widely used in analytical chem-
istry, where their high resolving power for atomic masses
can be used for accurate identification of large molecules.
Mass identification in the ppm range has been achieved for
broad mass ranges [29]. A higher accuracy is, in general,

not needed for these applications. Therefore, stored ions can
be driven to large motional amplitudes and the image cur-
rents of a large number of ions can be detected and Fourier-
analyzed [30]. The technique is referred to as Fourier trans-
form ion cyclotron resonance (FT-ICR).

A Penning trap mass spectrometer for the investigation
of short-lived radioisotopes installed at an on-line mass sep-
arator has to fulfill a number of particular requirements.
The ions to be investigated are delivered from an external
(mostly continuous) source and have to be transferred into
the trap used for mass determination. Generally, a retarda-
tion is required from some 10 keV energy of the delivered
ion beam to almost thermal energies. The loading of the trap
has to be as efficient as possible since the production rate
for isotopes far from stability is generally very low and it is
imperative to use the available beam time economically. The
resonance detection scheme should cover a large mass range
to allow fast switching between the masses to be determined
and, in addition, should allow the detection of the motion
of a single ion. In order to minimize systematic errors in
the mass determination caused by trap imperfections, these
imperfections must be minimized over as large a volume
as possible. Finally, the ions must have kinetic energies as
low as possible within the trap so as to reduce uncertainties
due to disturbance of the resonance by the combined action
of the thermal motion and imperfections of the electric and
magnetic field.

We have developed and are further improving a tandem
Penning trap system which meets these requirements. After
construction and preliminary tests at Mainz, the [ISOLTRAP
spectrometer was set up at the ISOLDE-2 on-line mass sep-
arator at CERN in Geneva in 1986. Recently, ISOLTRAP
has been moved to the new PS-Booster ISOLDE at CERN.
In the following we give a description of the principles used
in the ISOLTRAP spectrometer, the experimental setup, the
experimental procedures and the performance of the present
system. Improvements presently being carried out or to be
added in the near future are briefly discussed in Ref. [31].

2. Principles of the ISOLTRAP spectrometer

In the ISOLTRAP spectrometer two Penning traps are
used. One trap serves as ion collector, cooler and buncher and
the second trap is used for the mass determination of stored
ions via the determination of their cyclotron frequency. In
the following the principle and the properties of a Penning
trap will be explained as far as they apply to the ISOLTRAP
spectrometer. For a more detailed description of the theoret-
ical aspects concerning Penning traps see Refs. [32-36].

2.1. Ideal Penning trap

An ideal Penning trap can be defined as the superposi-
tion of a homogeneous magnetic field B = BZ and an elec-
trostatic quadrupole field U(p, z) coaxial to the magnetic
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Fig. 1. Layout of a Penning trap. py denotes the inner radius of the ring
electrode and z( the half distance between the endcap electrodes.

field. The combination of these particular fields allows a
charged particle to be stored in a well defined volume. Also,
there is an exact solution of the particle’s equations of mo-
tion. The electrostatic quadrupole field can be obtained by
an eiectrode configuration as shown in Fig. i, two endcaps
and a ring electrode, all being hyperboloids of revolution
and following the equipotential surfaces of the quadrupole
field (ideally to infinity).

A potential difference Uy (trapping potential) between
the endcaps and the ring electrode creates the quadrupole
potential

T
Up,2) = 55(22° = p"). (1)
The characteristic trap dimension d is determined by
4d® = (225 + i), (2)

where py is the inner radius of the ring electrode and 2z,
the spacing between the endcaps.

The electric fieid causes the motion of a stored particie
with mass m and charge ¢ to deviate from pure cyclotron
motion with frequency

w.=21p (3)
m

to become a superposition of three independent harmonic

motions as illustrated in Fig. 2. These motions are an axial

osciliation with frequency

=\

and two radial motions. They are called the magnetron mo-
tion and the reduced cyclotron motion and have eigenfre-
quencies w_ and w,, respectively, given by

wWe w? w?
- = _ = 5
@ =5 4 2 (5)

From Eq. (5) it is easy to see that the sum of both radial
eigenfrequencies is equal to the cyclotron frequency

/ P \
cyclotron motion
magnetron motion 0,
®

Fig. 2. Schematic of the three eigenmotions of an ion in a Penning trap.
W =W+ 0o (6)

of an ion in a pure magnetic field. This is the most important
equation in the context of the discussion of the ISOLTRAP
spectrometer, since direct determination of this sum fre-
quency aliows a mass determination which depends only on
the magnetic field B.

2.2. Real Penning trap

““““““““ tom the ideal case as
defined above in many aspects. Trap imperfections lead to
shifts in the eigenfrequencies and to systematic errors in
the mass determination. Knowledge of such imperfections
and their influence is therefore essential for the design of a
Penning trap mass spectrometer and for the understanding
of possible systematic errors in the mass determination. The
most important trap imperfections will be discussed briefly.

2.2.1. Electric field imperfections
Flantri~ fiald imnarfantinne ara daviatinng feram a nnea
Livvuiv LIvivg uuy\-uvuuuua alv uuviauvily 1iviil a Pulb
quadrupole field as defined by Eq. (1). These imperfections
arise from geometrical imperfections of the trap construction
such as holes in the endcaps for injection or ejection of ions

or from the unavoidable truncation of the electrodes. Devia-

tions from the ideal field are nnmmnnly expressed in terms

uons rom C 1GCAr GG |IC Comnit 00 naerms

of a multipole expansion and the frequency shifts caused
by octupole and dodecapole contributions have been calcu-
lated [32-34,36]. For the sum frequency w. = w4 +w_ the
frequency shift Aw®™ depends on the amplitudes p.., p—
and p. of the cyclotron, the magnetron and the axial motion
and is given by

doc _ petec 13Ca . 2 2
B = a2 |52 (L - o)
+ 282y~ -], @
T o = J

with
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elec _ @ —~ Uﬁ,f/ )
o= 1 —w_jo, B ®)
since, in general, w_ << @, and w— ~ (Up/2d")/B. Cs
and C; are, respectively, the coefficients of the octupole and
dodecapole components of the electric field. From Egs. (7)
and (8) it can be seen that frequency shifts due to electro-
static field imperfections can be minimized by using a trap
with large characteristic dimension d, by using small trap-
ping potentials Uy and by omitting or correcting for sources
of higher multipoles (i.e. minimizing C4 and Cs). Further-
more, the effect of imperfections can be reduced by using
cold ions with small motional amplitudes p,., p— and p;.
The frequency shift AwS is practically mass independent
since /2 is approximately mass independent. This type of
frequency shift Aw # f(m) always gives rise to calibration
errors if a reference ion with mass myr is used for the deter-
mination of the magnetic field B via a cyclotron frequency
measurement. The relative error in the mass determination
of an ion with mass m, and cyclotron frequency w, can be

easily shown to be

Am; _ Aw(my = fer)
Hx Wy

My — Plef. (9)

When the highest accuracy is desired it is therefore advan-
tageous 10 use mass doublets #i.r = m,. On the other hand,
ions with well known masses and a large mass difference
can be used to examine residual trap imperfections.

Another source of frequency shift due to electric field
imperfections arises from the image charge of the ion in-
duced in the electrodes of the trap. Since these shifts scale
inversely with the cube of the trap dimensions, considerable
effects have to be expected for small traps [37]. If the sum
frequency w4+ + w_ is directly determined as in the case
of ISOLTRAP, no frequency shift will be observed since
Aws = ~Aow_.

2.2.2. Misalignment

Another source of systematic errors in the mass determi-
nation is a tilting of the axis of the electrostatic trapping
field with respect to the magnetic field axis [32]. Such a
misalignment gives rise to shifts of all eigenfrequencies. For
the sum frequency w. = w4+ + w_ the resulting shift Aw{"
can be calculated {331 and is found to be mass independent
and, for ® << 1, to be proportional to the square of the

tilting angle @ [32]:
Aoz Sw_sin’©. (10)

Again, the frequency shift is mass independent and can cause
systematic errors as described by Eq. (9). A careful align-
ment of the trap with respect to the magnetic field is there-
fore necessary.

2.2.3. Magnetic field imperfections
For accurate mass determinations via cyclotron reso-
nances a high homogeneity and temporal stability of the

ematin Ba PR e

magnetic field is required. Commercial superconducting
magnets nowadays provide a homogeneity of typically
AB/B < 107% over a volume of 1 cm® and a stability of
the field of (AB/B) /AT < 107%/h. The homogeneity can
be destroyed if material with a magnetic susceptibility is
introduced into the magnetic fieid. Such material can be
the components of the trap itself. The susceptibility of the
materials commonly used in trap construction (typically
oxygen-free high-conductivity copper and glass ceramics)
is low. Nevertheless, the values are high enough to create a
noticeable perturbation of the field.

Frequency shifts arise if the magnetic field is a function
of even powers of the distance from the trap center [32,34].
A stored ion then experiences different average magnetic
fields for different motional amplitudes. The lowest-order
inhomogeneity of interest is a magnetic hexapole

B = BR:(p} - p*/2). (1

where B is the value of the field at the center of the magnet
and $; denotes the relative strength of the hexapole compo-
nent. This field creates a frequency shift given by

Aw™ = Brwc(pl — o). (12)

Compared with the frequency shifts discussed above the shift
is now proportional to the cyclotron frequency of the stored
jon and does not give rise to a calibration error, provided the
amplitudes of the motion of the two ion species are equal.
Since this can only be achieved within certain limits, it is
still important to construct the trap so that the inhomogeneity
(i.e. B) is sufficiently small for the required accuracy in
the mass determination.

Another point of concern is the stability of the magnetic
field. As reported and discussed for a number of Penning trap
experiments [23,38-40] the field stability is determined by
the magnet itself, by changes in the ambient magnetic field,
by pressure changes in the helium cryostat and temperature
changes of the experimental equipment installed inside the
bore of the magnet. The demand on the magnetic-field sta-
bility is determined by the desired accuracy and the time
needed to switch between the cyclotron frequency measure-
ments of the reference ion and the ion under investigation.

2.2.4. Storage of more than one ion

in ISOLTRAP, cyclotron frequency determinations are
performed with typically a few tens of ions in the trap. Hence
effects of Coulomb interactions on the ion motion have to
be considered. In a number of experiments, effects resulting
from Coulomb interactions have been observed and investi-
gated for both the Penning [41-44] and the Paul trap [45].
They give a clear picture of the effects of these interactions
on the cyclotron frequency which in the following is dis-
cussed in the context of a cyclotron frequency determina-
tion, If the simultaneously stored ions are equal in mass,
a driving field acts on the ¢/m center of the cloud and no
frequency shift is observed [46]. This is not so in the case
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of two io differing in mass which are confined to-
gether. Such contaminations cause frequency shifts AwS® in
the observed resonances. It was found [43] that the sign of
AwS? depends strongly on the cyclotron frequency differ-

ence of the ions compared with the linewidth of the reso-

nancace The cize nf the chift incraacac with tha tatal numher
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of stored ions. In the case when the unperturbed resonances
cannot be resolved, one single resonance is observed, which
is narrower than expected from a simple superposition. The
position of this resonance corresponds to the average mass

of all the ions in the tran. When there is a larce mass differ-
of all in (e trap. wnen there 1§ a 1arge mass Giiler

ence between the two ion species, so that the unperturbed
resonances are separated by more than their widths, the mea-
sured resonances are both shifted to lower frequencies. The

size of the resonance shift for ions of one species is found
to be nrnnnrhgnal to the number of ions of the other cnpmpc

and vice versa.

A quantitative description of the observed frequency shifts
must take into account the coupling of all eigenmotions by
Coulomb interaction. Up to now no general analytical solu-
tion has been found for the equations of motion, neither for
the Paul nor the Penning trap. Nevertheless, it was possible
to confirm the experimental observations qualitatively by a
three-dimensional simulation of the motions of simultane-
ously stored ions [43].

In practice, it is therefore necessary to have pure ion sam-
ples in the trap. If this is not possible a careful analysis of
the frequency shifts as a function of the number of stored
ions has to be performed, so that an extrapolation can be
made to the cyclotron frequency of a single stored ion.

2.3. Excitation of stored ion motion and cyclotron
resonance detection

In order to detect the cyclotron frequency of the stored
ions, to remove unwanted ion species from the trap or to
be able to use buffer gas cooling in a Penning trap it is
necessary to drive the ion motion with oscillating electric
fields. The effect of the driving field on the motion depends
on the multipolarity of the field and its frequency.

With dipole fields the ion motions can be excited at their
eigenfrequencies. In all cases an increase of the amplitudes
of the eigenmotions is achieved (assuming zero initial am-
putuuca} 1"\ UlpUlC llClU lll lllC axial UllellUll Wll.ll ucqucuu_y
w acts on the axial motion while an azimuthal dipole field
with frequency w. or w_ drives the cyclotron or the mag-
netron motion, respectively. In the ISOLTRAP experiment
the w, excitation serves to remove unwanted ion species

fram the nracicion tran h\r increasing their cvclotron amnli-
rgm ne precision uap mneréasing meir CyCioren ampa

tude until they are lost.

A quadrupole field in general allows the excitation of two
ion motions at the sum or difference of the eigenfrequencies.
In ISOLTRAP, excitation by an azimuthal quadrupole field
at a frequency of w. + w_ is used for the direct determina-
tion of the true cyclotron frequency w.. In particular cases,
excitation at 2w, is used for the removal of unwanted ion

The required azimuthal quadrupole field is described by

LV,
E; = —;cos(wdt)y,
a
2V
E, = -—z—cos(wdt)x, (13)
a

where V; is the amplitude of the po
azimuthal quadrupole field at radius a and wyq 18 the angular
frequency of that driving field. (If a four-segmented ring
electrode with inner radius py = a is used for the creation of
the azimuthal quadrupole field, then V4 is to first order equal
to the amplitude Var of the oscillating voltages applied to
the ring segments. )

When wy = w; + w_ the field couples both radial plane
eigenmotions so that an initially pure magnetron motion with
amplitude p_ o is completely converted into a pure cyclotron
motion with radius py = p_o [33.47] after a period Teony.
as illustrated in Fig. 3. The conversion time is

ential of the driving

oy 2
moa a wy — w-—

== - 14
q 2V PA7 IR (9

A fuli conversion is therefore achieved with excitation time
Trr = Tcony. Continued excitation forces the motion to oscii-
late between a pure magnetron and a pure cyclotron motion
with a period 2Tcony. It should be noted that Teeny is, to first
order (w+ — w_ = w¢), mass independent and only de-
pendent on the magnetic field B and the driving quadrupole
potential V.

For detection of the cyclotron resonance the change in
kinetic energy AE, that accompanies a full conversion is
important:

AE,:g’—(wi—wz_)(pz_,o—Pi.o)- (15)

In the ISOLTRAP spectrometer this energy gain is used
for the detection of the cyclotron resonance. Therefore, it is
desirable to have a finite magnetron amplitude p- o and a
vanishing cyclotron amplitude p4 o at the beginning of the
excitation.

A full conversion in the time given by Eq. (14) is only
achieved if wq = w.. The energy gained for the same strength

and duration of the nu-;rlrnnn!n feld but at drivine frequen-
and Gurauscn o1 u 118G vin, equen

cies that are not equal to w. is given by [47]

2 2 PN
d wy SN ( WyiRF)
— 2 2 :
& (wy —~w-) o

2
mng (16)

with

= 1 /(0 — 0g)? + (7/Teom ). (17)
Fig. 4 shows the resulting energy gain profile. The theoretical
ad ta he

1 culated to be

Av(FWHM) = (1/2m)Aw(FWHM) = 0.8/Tgr. (18)
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Fig. 3. Calculated ion trajectories in a plane perpendicular to the magnetic field. Shown is the development of the ion motion from an initial pure magnetron (a)
to a pure cyclotron motion (b) if the ion is exposed to an azimuthal electric quadrupole field of frequency vc. In both frames the initial magnetron motion

is indicated by a circle and the center of the trap by a cross.

It should be noted that, in the case of the conversion of
a pure magnetron motion into a pure cyclotron motion, fre-
quency shifts due to electric field imperfections cancel. Ac-
cording to Eq. (7) the ion will experience equal amounts of
positive and negative shifts AwZ™ during the conversion. A
more detailed analysis [33] indeed confirms that the cen-
tral peak of the cyclotron resonance curve is not shifted, but
shows that the full resonance profile is asymmetric.

There exists a number of schemes for the detection of
the eigenfrequencies of a trapped ion. Two that are widely
used are narrow- and broad-band detection of the im-
age currents induced in the trapping electrodes. However,

Er/Emax
'S o )

N

b b b b e beres e b b
-4 -2 1] 2 4
AuvxTpp

Fig. 4. Radial energy at the end of the application of an azimuthal quadrupole
field as a function of the excitation frequency vgp. The field strength has
been chosen so as to result in a full conversion of magnetron into cyclotron
motion for ¥R = vc as illustrated in Fig. 3.

these schemes are in general not applicable to unstable
isotopes. The narrow-band detection technique with tuned
circuits [22-24,26,46] has only a limited dynamic range
for switching between different masses. Furthermore, a
long storage time is required for a good signal-to-noise ra-
tio if single-ion measurements are performed. Broad-band
detection is used in FT-ICR experiments and has recently
been applied in quadrupolar geometry to yield resonance
signals at w. = w, + w_ [48,49]. However, it requires a
large number of stored ions for a detectable signal, espe-
cially if the radii of the motions have to be kept small [30].
Therefore, some other technique that is simple, sensitive
and universally applicable is needed for the investigation of
short-lived heavy isotopes.

In: ISOLTRAP the cyclotron resonance is detected via
conversion of the cyclotron energy into axial energy in a
magnetic field with a negative gradient [21]. This technique
is based on the interaction of the magnetic moment of the ion
orbit with the gradient of the magnetic field. After cyclotron
excitation, the ions are ejected from the trap and allowed to
drift along the magnetic field lines to an ion detector placed
in the fringe field of the magnet. The magnetic moment
of a trapped ion with cyclotron energy E ~ E:(wq) in a
magnetic field B = B is p(wq) = [E(wq)/B1Z. If the
ion motion through a varying magnetic field is slow, as it is
in ISOLTRAP, the magnetic moment is preserved.

This magnetic moment and the magnetic field gradient
cause the ion to experience an axial force F(wg,z) =
—m(wq) - VB(z). This force increases the axial energy of
the ions and leads to a reduction of the time of flight from
the trap at position zo to the detector at position z. Includ-
ing a variable electrostatic potential U(z) along the flight
path, the time of flight to the detector can be evaluated from
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Fig. 5. Calculated time of flight of ions from a Penning trap to a detector
in the fringe field as a function of the ions’ radial energy for different
initial axial energies. The calculation is based on the electric and magnetic
field shown in Fig. 17.

T(wy) =

4 - 12

m
/Z(EO—CIU(Z)—,M(wd)B(Z)) dz. (19

]

where Ej is the total initial energy of the ion. The magnetic
moment i(wq) reaches its maximum at wqy = w, resuiting
in a minimum time of flight. Fig. 5 shows the theoretical
time of flight as a function of the initial radial energy E:
for an ion of mass number A = 100 with different axial
kinetic energies E.. The figure is based on the electric and
magnetic fields and the configuration used in the ISOLTRAP
spectrometer (see Section 3.3.3). For a given gain in radial
energy the change in time of flight is largest for small initial
axial energies. It is therefore important to eject the ions from
the trap with a low initial axial energy.

As can be seen from the figure the conversion of radial

energy into time of flight is not linear. Therefore, the ex-
perimentally observed line shape of a cyclotron resonance
differs from the energy gain profile shown in Fig. 4. Com-
bining the energy gain given by Eq. (16) with the conver-
sion into time of flight (Eq. (19)) results in a theoretical
line shape for the cyclotron resonance curve as shown in
Fig. 6. For comparison, the energy absorption profile is also
plotted. It can be observed that the non-linearity of the con-
version gives rise to a slight increase of the linewidth of the
central neak and an enhancement of the side peaks of the

dal poeas anQ all CONanCCIiCs O 110 306 peaks 0L UK

resonance.
2.4. Buffer gas cooling in a Penning trap

The most important task of cooling in traps is to decrease
the amplitudes of the motions of the stored ion. Small am-
plitudes are needed in order to reduce the effects of trap
imperfections on the measurements. The cooling techniques
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Fig. 6. Theoretical line shape of a cyclotron resonance as obtained from
the energy gain shown in Fig. 4 and the transformation into time of flight
(Fig. 5). For comparison, the line shape of the energy gain has been
included (dotted line).

that have been developed for ion motion are resistive dis-
sipation in a cooled external circuit via the image currents
induced in the trap electrodes, interaction with an intense
laser beam of appropriate wavelength, sympathetic cooling
with cold charged particle clouds, and buffer gas cooling.
For mass measurements on short-lived isotopes the first three
techniques are not useful, The currents induced in an ex-

CINLUCS 410 DO LSCIUL CUIICIS 1RAUCCQ

ternal circuit for resistive cooling [50] are proportional to
the particle velocity and for heavy ions this is too low to
achieve significant cooling in the time available. The tech-
nique works well only for light particles with high motional

frequencies. Sub-Kelvin temperatures can be reached via

GaCRLICS, QRL-DCIVIR WLIMPCIAlUICs all 2¢ 8alnla Vi

laser cooling [51-53], but optical transitions of appropri-
ate wavelength are required and therefore the applicability
is limited to only a few particular ion species. This restric-
tion can in principle be overcome by using laser-cooled ions
for sympathetic cooling of another ion species [54,55], but
effects due to the Coulomb interaction between both clouds
modify the eigenmotions. Cooling with cold clouds of elec-
trons [ 561, which cool themselves by synchrotron radiation,

has successfully been applied to antiprotons, but cooling of
ions with nnmtrnne has not vet been demonstrated

The use of buffer gas colhsxons for the cooling of
stored ions is a well established technique applied to Paul
traps [50,57-62]. Here, the ion experiences a force directed
towards the center of the trap for all directions of excursion
of the ion from the trap center. However, in a Penning tran

1e ion from the trap center a Penning trap
the magnetron motion is unbound. Simply removing energy
from the three degrees of freedom causes the ion to migrate
outward radially from the center of the trap. Introducing
a velocity-dependent force F = —yv into the equations of
motion results in time-dependent amplitudes for all three
eigenmotions

ey L0 =iy imj2
piij=p 2 ,

24
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Fig. 7. Calculated ion trajectories in a plane perpendicular to the magnetic field. A damping force has been included in the equations of motion. On the
left, a fast damping of the cyclotron motion and a slow increase of the magnetron motion are observed. On the right, the effect of an additional azimuthal
quadrupole field of frequency »¢ is shown. Both cyclotron and magnetron motions are decreased.

pe(t) = pl e, (20)
with

w
a4 = ’—:—;:—_-_:—b;—— (2])

The friction coefficient vy is inversely proportional to the ion
mobility in the particular gas and proportional to the gas
pressure [63]. As can be seen from Eq. (20) both the ax-
ial and the cyclotron motion are damped while the ampli-
tude of the magnetron motion increases. This process can
be circumvented by coupling the magnetron and cyclotron
motions [33,47,64,65]. As in the scheme for cyclotron res-
onance detection (Section 2.3), this coupling is achieved
by driving the ion motion with an azimuthal guadrupole
ﬁeld at wy + w—. In the long-term average both motions
attempt to reach the same amplitude (see Fig. 3). How-
ever, due to its higher frequency the cyclotron motion is
more strongly damped than the magnetron motion and there-
fore the amphitudes of both motions decrease exponentially
as illustrated in Fig. 7. The time constant 5 for this cen-
tering process can be calculated and reaches its minimum
Tmin = —{1/2)(y/m) for an amplitude of the driving field
2Va/a* > (7y/m) B [47]. The centering process is mass se-

lective since the nvr']ntrnn frennem'v we = wy +w_ 18 in-

volved. This process results not only in the cooling of the ion
species selected for measurement, but aiso in the removal
of unwanted contaminants, which is favourable for accurate
mass measurements.

3. Experimental setup of ISOLTRAP

The ISOLTRAP spectrometer was first installed at the
on-line mass separator ISOLDE-2 at CERN, Geneva. Fol-
lowing the shut-down of ISOLDE-2 in 1990 the apparatus
was installed without major modifications at the new CERN

rTorvmT TN £ PN erbormail

PS-Booster iISOLDE Id(.luty r‘lg 8 shows the schematic

MASS SPECTROMETER

R

COOLER
BUNCHE

Fig. 8. Layout of the experimental setup of the ISOLTRAP mass spectrom-
eter installed at ISOLDE/CERN, It consists of an ion beam buncher and
cooler and a mass spectrometer section.
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Fig. 9. Periodic table of the elements. Elements which can be delivered by ISOLDE are printed bold. Italic characters are used for those elements which
cannot be produced. Elements which can presently be investigated by ISOLTRAP are shaded.

layout of the spectrometer. ISOLTRAP consists of two main
components, a Penning trap ion buncher and cooler for the
radioactive ions delivered by ISOLDE and a high-precision
Penning trap for the mass determination. Recently, the
buncher and cooler trap has been replaced by an improved
version. It will not be described here, since modifications of
the setup are still going on and the performance of the new
system has not yet been fully tested. In the following the
setup of ISOLTRAP, as it was operating until the beginning
of 1994, will be discussed in detail, preceded by a short
description of the ISOLDE facilities.

3.1. Production of radioactive isotopes at ISOLDE/CERN

The ISOLDE on-line isotope separators [66,67] at
CERN/Geneva have led the world in the production of
radioactive isotopes of a large number of different elements
with high yields. At these facilities radioactive isotopes are
produced via spallation or fission by bombarding suitable
targets with light projectiles. In the now closed ISOLDE-2
either 600 MeV protons or 910 MeV *He?* ions were de-
livered by the synchrocyclotron (SC). The new ISOLDE
facility uses 1 GeV protons from the booster of the proton
synchrotron (PS-Booster). The radioactive products diffuse
from the target to an ion source and are ionized either by
plasma or surface ionization. lons extracted from the source
are accelerated to 60 keV, mass separated in a magnetic
sector field and sent to the experiments via different beam
lines. The mass resolving power of the separator of the
ISOLDE-2 facility was typically R = 500. With the new

general purpose separator (GPS) at the new ISOLDE facil-
ity a value of R = 2000 has been achieved. Fig. 9 shows a
periodic table where those elements which can be produced
at ISOLDE are printed bold. Those elements which can
presently be investigated with the ISOLTRAP spectrometer
are shaded.

3.2. The ISOLTRAP ion cooler and buncher

The lower part of the ISOLTRAP spectrometer is for col-
lecting ions delivered by ISOLDE or by a test ion source,
cooling them via buffer gas collisions and finally sending
them as a bunch to the mass spectrometer part of the appara-
tus. Fig. 10 shows schematically the layout of the ion cooler
and buncher. The magnetic field of B = 0.7 T is provided
by a conventional split coil electromagnet (BRUKER). A
Penning trap (TRAP 1) is installed in the center of the mag-
netic field in a vacuum chamber between the two pole faces.
The chamber below the magnet is connected to the ISOLDE
beamline and contains a surface ionization source for sta-
ble rubidium and cesium ions. This source can be moved
into the axis of the system and is used for tests of the ap-
paratus and for the calibration of the magnetic field in the
precision trap. The chamber above the magnet contains part
of the ion optics used for the transport of the ion bunch and
a microchannel plate ion detector (MCP 1) for tests of the
cooler and buncher trap. All three chambers are pumped by
turbomolecular pumps. The upper chamber is designed to
provide efficient differential pumping. This is needed to re-
move the gas load from the trap chamber where buffer gas
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Fig. 10. Layout of the ion cooler and buncher (see Fig. 8). Only the most
important elements are shown. L denotes electrostatic lenses, $ deflectors,
D diaphragms, MCP the ion detector and TP turbomolecular pumps.

is used.

Fig. 11 shows the design of the Penning trap of the cooler.
A rotatable collector and surface ionizer are installed in the
lower endcap. It consists of two holders for two rhenium
filaments (3.5 x 6 mm?, 20 gm thick) placed at 180° with
respect to each other. The whole assembly can be turned by
180° from the outside of the vacuum chamber within 2 s
by means of a servo motor. The foil pointing downwards is
connected to a contact for measurement of the current of the
incoming ion beam. In order to ensure that the ions from
ISOLDE or the test ion source hit the center of the filament a
diaphragm (D1) of 3 mm diameter is installed in the bottom
of the trap chamber. The foil pointing upwards is connected
to two contacts providing the heating current required for the
release and surface ionization of the collected atoms. The
temperature of the foil is monitored via an optical light guide
and a photodiode placed behind a glass window outside the

GAS INLET

TURNABLE
FOIL MOUNTING

ENDCAP

- FOIL

DIAPHRAGM D1

Fig. 11. The low-precision Penning trap used in the ion cooler and buncher
(see Figs. 8 and 10).

Table 1
Dimensions and important p
in the ion cooler and buncher

£s of the Penning trap (TRAP 1) used

Trap Low precision hyperbolic trap for collecting, cooling
characteristics and bunching of ions delivered by the on-line mass
separator ISOLDE

Trap materials Stainless steel, PTFE, ceramics

Helium buffer gas pressure P 10731074 mbar
Trap dimensions 0 20.00 mm
2 14.14 mm
d 14.14 mm
Magnetic field B 07T
Potentials Ring electrode —10.0V
Endcaps 00V
Eigenfrequencies of an ion vy 101 kHz
with mass number A = 100 v_ 6 kHz
s 35 kHz
vacuum.

For capture and cooling of the ions produced by surface
ionization, buffer gas is leaked into the trap via a line con-
nected to a needle valve outside the vacuum. The ring elec-
trode of the trap is split into quadrants for the creation of
the azimuthal quadrupole field needed for the mass selective
centering of the ions as discussed in Section 2.4.

An ion bunch ejected from the trap can be accelerated to
an energy of 1 keV by means of three diaphragms (L1) in-
corporated in the upper endcap. An einzel lens (L2) (see
Fig. 10) and a pair of deflectors {S1) placed in the beam
line connecting the trap chamber to the detector chamber
deliver the ions through a 3 mm diaphragm (D2) needed for
the differential pumping. Another einzel lens (L3) and a set
of deflectors (§2) placed in the chamber above the electro-
magnet finally guide the ions through a diaphragm (D3) into
the entrance slits of the mass spectrometer part of the ap-
paratus. Dimensions and important parameters of the cooler
and buncher trap are summarized in Table 1.

3.3. The mass spectrometer part of ISOLTRAP

The purpose of this part of the setup (Fig. 8) is to excite
and detect the cyclotron resonance of ions transported to the
precision trap. Fig. 12 gives an overview of the layout of the
vacuum system and of the ion optical elements.

A superconducting magnet (OXFORD 250/89) provides
a 6.0 T magnetic field for the precision trap. The magnet
has a warm bore design with a bore diameter of 89 mm.
It is equipped with superconducting shim coils in order to
achieve a homogeneity of < 10~ T in a volume of 1 cm’.
The specified relative stability of the magnetic field is 10™*
per hour.

The vacuum enclosure for the ion optical parts consists es-
sentially of three chambers, one below the superconducting
magnet, a tube inside the bore of the magnet which contains
the precision trap, and a detector chamber above the magnet.
The chambers are connected with bellows in order to ease
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Fig. 12, Layout of the mass spectrometer part of ISOLTRAP consisting of
a transfer section, the precision trap TRAP 2, and a drift section. L. denotes
electrostatic lenses, S steerers, D adjustable diaphragms, DS electrostatic
elements in the drift section and MCP ion detectors. TP are turbomolecular
pumps and CP a cryopump. CH denotes cardanic holders for the vacuum
tube inside the bore of the magnet.

adjustment. All vacuum parts are made from stainless steel,
the tube inside the magnet having been selected so as to have
a low susceptibility and no magnetic enclosures. This tube,
which is precisely machined inside, serves directly as the
optical bench for all ion optical parts placed in it. The parts
are mounted on 1 cm thick discs made from OFHC copper,
which themselves fit into the tube within +0.05 mm and
therefore assure a good alignment of the optics. The tube
itself is mounted in cardanic holders (CH) at both its ends.
Micrometer screws allow a precise and reproducible posi-
tioning inside the bore of the magnet. An ultrahigh vacuum
of p < 107* mbar is achieved with wrbomolecular pumps
at both the lower (TP4) and the detector chamber (TP5)
and an additional cryopump {CP) at the lower chamber.
The alignment of the vacuum tube inside the bore with
the magnetic field axis was performed after a first shimming
of the magnet and before the trap and additional ion opti-
cal parts were inserted. It was accomplished by means of an
assembly consisting of an electron gun and a number of di-
aphragms and pin holes all mounted on discs with close tol-
erance fitting to the vacuum tube. The electron gun, which
directs electrons in two directions, is a current heated fila-
ment with 0.2 mm pin holes on both sides aligned with the
tube axis. About 25 cm above and below the gun, detectors

are mounted that basically consist of a 0.4 mm pin hole in
front of a plate insulated from electric ground. The whole
assembly was inserted into the vacuum tube with the elec-
tron gun positioned in the center of the magnetic field. By
tilting and shifting of the tube it was possible to have the
electron current completely passing both detector pin holes.
From the dimensions of the system, it follows that the tilting
angle with respect to the magnetic field axis is as small as
@ < 1 x 107", For the trap parameters (see Table 2) used
in the ISOLTRAP experiment Eq. (10) gives a maximum
frequency shift Av™ = Aw'™/(27) < 2 mHz. This results
in a maximum calibration error of less than 2 x 10~ even
for mass number differences up to AA = 100. A final shim-
ming of the superconducting magnet was performed after
the tube was aligned in order to cormrect for additional inho-
mogeneities introduced by the tube itself.

3.3.1. lon transfer section

The purpose of this section is to accept the beam deliv-
ered by the ion buncher and cooler and to transport it to the
precision trap. The ion optical system (Fig. 12) consists of
a number of adjustable slits (D4-D7) activated with INCH-
WORM (Burleigh Instruments) motors [68], an einzel lens
(L4), two sets of deflectors (S3,S4) placed in the low field
region of the magnet and a set of retardation electrodes (L.5)
in front of the trap. A microchannel-plate detector (MCP 2}
helps to control the ion beam adjustment.

The lowest set of slits (D4) defines the entrance of the
spectrometer part. A first set of steerers (S3) corrects the
angle of the incoming beam which is then focussed by the
einzel lens (L4) so as to properly enter the magnetic field.
The second set of steerers (S4) is used for fine adjustment
of the injection angle.

The injection of the ions has to be performed with a
minimum pickup of transverse energy when the ions en-
ter the increasing field of the superconducting magnet. This
is necessary, since the resonance detection scheme used in
ISOLTRAP is based on the detection of a change of the ra-
dial energy of the ion motion as discussed in Section 2.3.
Such an injection of ions into the magnetic field is illus-
trated in Fig. 13 by calculated ion trajectories for three dif-
ferent injection conditions. The plotted lines represent the
distances of the ion trajectories from the magnetic field axis.
The dotted line shows a magnetic field line for comparison.
Case (a) shows a good injection of ions into the magnetic
field. The ions are focussed to a point about 20 ¢cm below
the center of the field. Practically no radial energy is picked
up as the ions pass into the high field region. In case (b)
the axis of the incoming beam is shifted by 2.2 mm parallel
to the magnetic field axis. A large increase in radial energy
is observed and, furthermore, a common maximum distance
from the magnetic field axis at position z*. Case (c) shows
the injection of ions with the same displacement but with an
injection angle such that the focus is again on the magnetic
field axis. The energy pickup is considerably reduced and at
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Fig. 13. The injection of a beam of jons of mass A = 100 into the magnetic
field of the mass spectrometer part of ISOLTRAP. Plotted is the distance
of the ion trajectories from the magnetic field axis. The horizontal scale is
expanded. Case (a) shows a good injection of ions into the magnetic field.
1n case (b) the axis of the incoming beam is shifted by 2.2 mm parallel
to the magnetic field axis. Case (c) shows the injection of ions with the
same displacement but with an injection angle such that the focus is again
on the magnetic field axis. Position z* shows the optimal position for a
diaphragm for the control of injection conditions that result in a minimum
pickup of radial energy.

position z* a minimum distance of the ion trajectories from
the field axis is now observed. Placing a diaphragm at this
position therefore allows the injection of the ions to be con-
trolled since only for the correct focus and injection angle
is good transmission achieved. The optimum position of the
diaphragm is mass dependent. Therefore, two adjustable di-
aphragms have been installed, one for light (D6) and one
for heavy ions (D7).

3.3.2. The precision trap

The trap has been designed for minimum magnetic and
electric field imperfections over a large a volume as possible.
This is essential for the ISOLTRAP experiments since, in
the process used for observing the ion cyclotron resonance,
the ion cannot be confined to a very small volume near the
trap center. The choice of design was a highly compensated
hyperbolic trap which offers the best compromise betweena
perfect field and a desirable trap size. Fig. 14 shows a cross-
sectional view of the precision trap and Table 2 summarizes

DRIFT
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CORRECTION
TUBE

ENDCAP

CORRECTION
ELECTRODE

RING
ELECTRODE

CORRECTION
ELECTRODE

ENDCAP

CORRECTION
TUBE

RETARDATION
ELECTRODES L5

Fig. 14. Cross-sectional view of the high-precision trap TRAP 2 in the
ISOLTRAP spectrometer. In addition, the retardation electrodes LS and the
first drift tube D1 are shown.

its dimensions and important parameters.

To allow incoming ions to be captured off-axis, the whole
trap can be displaced parallel to the magnetic field axis by
means of an INCHWORM motor. This results in the mag-
netron motion required for the cyclotron resonance detection
as discussed in Section 2.3.

Deviations from the ideal quadrupole field are compen-
sated by correction electrodes installed between the endcap
and the ring electrode and at the holes in the endcaps re-

Table 2
Dimensions and important parameters of the precision trap (TRAP 2) in
the mass spectrometer part

Trap Highly compensated trap for the cyclotron
characteristics frequency determinations with twe sets of

correction electrodes

Oxygen-free high conductive {OFHC) copper,

glass ceramics

Trap materials

MACOR
Vacuum i < 10~% mbar
Trap dimensions Py 13.00 mm
g 1118 mm
d 10.23 mm
Magnetic field B 60T
Potentials of Ring electrode 10V
trapping electrodes Endcaps 95V
Potentials of correction
electrodes Exp. Calc.

Correction ring
Correction tube

50V 44V
122V 19V

Eigenfrequencies of an ion vy 918 kHz
with mass number 4 = 100 v 1 kHz
V. 44 kHz
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Fig. 15. (a) Equipotential lines for the compensated trap shown in Fig. 14.
The distance between two lines is 0.1Uy. (b) Residual electric potential
AU after the subtraction of a pure quadrupole field. The distance between
two equlpotenual lines is 10~ *UO Only equlfotenual lines in the range
—49.5 x 107% < AU/Uy < 49.5 x 10™* are shown. Dotted lines
correspond to negative values.

quired for injection and ejection of ions [33,69]. Fig. 15a
shows the equipotential lines that result from calculation of
the electric field inside the precision trap. These calculations
have been performed with an optimized relaxation method
which was found to glvc the necessary accuracy, followed
by a least-square fit to a pure quadrupole field to obtain the
best settings for the correction electrodes [70]. Fig. 15b
shows the deviation of the resultant field from that of a pure
quadrupole, i.e. the sum of all higher multipoles. The dis-

tance between the equipotential lines in Fig. 15b corresponds

to a potential change of 10™*Uy where Uy is the trapping
potential. Expressed as multipoles the octupole coefficient
is found to be [Cs| = 107

The calculations give directly the best theoretical settings
for the correction electrodes. Based on a trapping voltage
Uy = 8.5V these settings are listed in Table 2 together with
those values determined experimentally (see Section 4.3).

The values are in reasonable agreement within the numerical
accuracy of the calculation and the mechanical tolerances of
the trap.

The ring electrode of the trap is split into four segments
for the creation of the azimuthal quadrupole RF field needed

fr th tatinn = .
for the excitation of the ion motion at w, = w; + w_. In

order to preserve the good quality of the electric trapping
field the slits are only 0.2 mm wide.

Magnetic field inhomogeneities from the trap itself are
kept small by use of materials with low susceptibility. The

trap is constructed from QFHC conpner and is on]d nlath

vvvvvvvvvvvvvvvvvvv

Glass ceramics (MACOR) are used for msulatlon. At room
temperature MACOR has a susceptibility which is compa-
rable to the value for copper. In addition, all parts are ma-
chined as thin as possible to minimize the magnetic-field
distortions. Fig. 16 shows the calculated contributions to
magnetic-field distortions of all electrodes and insulators of
the precision trap shown in Fig. 14. In the region —0.5zy <
7 < +0.5z9 the quadratic term of the relative magnetic
field inhomogeneity has been determined to be as low as
|[AB/B| =4 x 1077(z/zy)*. This means that for axial am-
plitudes p: not exceeding 25% of the distance 2z, between
both endcaps a relative frequency shift in w. of less than
1077 can be expected.

3.3.3. The drift section for time-of-flight detection

As discussed in Section 2.3 a time-of-flight technique is
used for the detection of the gain of radial energy of the
ions after the excitation of their motion in the trap. The
drift section was designed to fulfill two demands: a maxi-
mum conversion of the gained radial energy into axial en-
ergy has to be achieved and the ions have to be transported
to the detector which is placed outside the superconduct-
ing magnet 1.3 m from the trap. Therefore, the drift section
(Fig. 12) can be divided into two functional parts. The first
part provides the potentials for the energy conversion, the
second part transports the ions to the detector without losses.
Fig. 17 shows the electric poteniial and ithe magnetic field
strength along the magnetic field axis in the sections close
to the trap. lons ejected from the trap are first brought out
of the homogeneous region of the magnetic field with an
energy of a few eV (DSI, see Fig. 12). At the beginning of
the inhomogeneous part of the magnetic field the ions are
retarded to the lowest possible energy without loss. They
then drift through the region of high magnetic field gradi-
ent (DS2,DS3), where the radial energy of up to typically
10 eV that they have gained from the cyclotron resonance

is converted into the same amount of axial eneroy. The fol-
1§ converted inte e same amoun! ergy. 1ne 1ol

lowing section of the drift tube has to transport the ions to
the detector without losses. Because of the variation in the
initial energy, the beam size at this point (typically 5 mm di-
ameter) and the diverging magnetic-field lines, a two-stage
acceleration (DS4,DS5) and an additional lens (DS7) are
needed to focus all ions onto the detector (MCP 3).

The detector chamber is placed outside the magnet and
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Fig. 16. Magnetic field inhomogeneity along the axis of the high-precision wrap (Fig. 14). The contributions of the different electrodes and insulating parts

of the precision trap to the total inhomogeneity (solid line) are shown.

can be disconnected from the trap region by means of an
electro-pneumatic vaive. This aliows easy and fast replace-
ment of the detector without the need to break the vacuum
in the trap region. Furthermore, two detectors are provided
which are mounted back to back on a rotational mechanical
feedthrough. Each detector is a tandem microchannel-plate
detector with an active diameter of 50 mm.
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Fig. 17. Electric potential and magnetic field strength along the magnetic
field axis in the first part of the drift section above the precision trap
TRAP 2.

4. Experimental procedures

Several experimental procedures are applied in the
ISOLTRAP mass measurements. The most important will
be discussed, starting with the standard procedure for the
determination of a cyclotron resonance, the determination
of the mass of a certain isotope, the related calibration of
the magnetic field, and optimization procedures for the
parameters of the prericinn tran.

ALAINGICES O 100 PICLISION L4y

A cyclotron resonance measurement starts with the col-
lection of a sufficient number of ions from ISOLDE on the
lower foil in the ion cooler and buncher. After turning the
foil by 180° a number of steps are involved in the subse-
quent measurement cycle, as shown in Fig. 18. The foil fac-
ing the inside of the trap is current heated for 500 ms (1).
The current is regulated to release a constant number of ions
by surface ionization. A fraction of these ions loses enough
energy by buffer gas collisions when passing through the
trap to be captured. In order to avoid charge exchange, he-
lium is normally used as buffer gas at a measured pressure of
p =~ 107 mbar. At the same time that the heating is started
an RF voltage at the frequency w. of the ions to be centered
is applied between the iwo pairs of opposiie segments of ihe
ring electrode (2). The excitation time is Trr = 900 ms and
the amplitude of the RF voltage typically Var = 0.3 V. The
cooled and centered ion cloud is then ejected from the trap
by simultaneously pulsing the potential of the lower endcap
t0 Uendcsp = 4 V and the potential of the ring electrode io
Using = 2 V (3). The approximately homogeneous electric
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Fig. 18. Timing sequence of one measurement cycle as needed for a
cyclotron resonance determination. The electrode potentials shown are those
that are varied during the cycle (see text).

field of £ = 1.4 V/cm ejects the ions from the trap.

The additional electrodes (L1) incorporated in the up-
per endcap accelerate the ions to an energy of 1 keV for
transfer to the mass spectrometer. For their capture [71] the
ions are retarded in front of the precision trap to an energy
of a few eV. At the time of ejection of the ions from the
ion buncher and cooler, the potentials of the lower endcap
and the correction ring of the precision trap are lowered to
Uiow = —~2 V (4). When the ion bunch has entered the trap
the potentials of both electrodes are brought back to their
normal operation voltages (see Table 2) within a few us.
The time interval Tcay between ejection of the ions with mass
number A is Teapn = 6 us - VA.

A preliminary excitation step (5) is used to remove un-
wanted ions which are still present due to the limited re-
solving power of the mass selective cooling process in the
ion cooier and buncher. The cycloiron motion of the ions io
be removed is strongly driven by an azimuthal dipole field.
The field is created by connecting two neighbouring ring
segments and applying the RF voltage between the two half
rings. In order to eliminate more than one species during

tha
the excitation time of typically Teiean = 250 ms the different

cyclotron frequencies are subsequently applied within this
period. If a higher resolving power in the cleaning process

is needed the ion motion is driven at 2w, by means of an
azimuthal quadrupole field set up with all four segments of
the ring electrode. The higher resolving power is achieved
because the line width is only determined by the excitation
time.

For ithe cyciotron frequency determination the initially
pure magnetron motion of the stored ions, obtained via the
off-axis injection into the trap, has to be transformed into
pure cyclotron motion as discussed in Section 2.3. In order
to achieve this the ion motion is driven with an azimuthal
quadrupoie fieid with a frequency vrr close io the cycioiron
frequency v, of the trapped ions (6). Typically, an excitation
time Trr = 900 ms is used, the amplitude of the RF voltage
being of the order of Var = 5 mV.

Finally, the ions are ejected from the precision trap for
the time-of-flight detection of the gained radial energy. The
ejection is performed by slowly lowering the trapping po-
tential (7) (i.e. raising the ring potential) while applying
short negative pulses to the upper endcap and the correc-
tion ring (8), which has previously been set to the potential
of the endcap. The use of several pulses allows the ions to
be extracted as ion bunches with low axial energy spread.
The ejection pulses are separated by a time interval which
is roughly equal to the time of flight of the ion bunches to
the detector.

Each of the eiected ion bun

cach hoo  arrivi tha

'sd no nt
the ejected ion bunches arriving at the
microchannel-plate detector is detected separately and the
time resolved signal is summed in a multichannel analyser.
Fig. 19 shows the time-of-flight distribution of **Rb ions

for vge # v, and vrr = ve. In the latter case the mean time
of ﬂigh[ is reduced hv tvnmallv 30%.

pieas

A cyclotron resonance curve is obtained by repeating the
measurement cycle (steps (1)-(8)) for different excitation
frequencies vrr and plotting the average time of flight from
the trap to the detector as a function of vge. A typical res-
onance curve is shown in Fw 20 for the case of “8(‘& an

unstable isotope with a half-llfe of Typ =17 s.
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Fig. 19. Time-of-flight distribution of 85Rb ions ejected from the precision
trap and detected by MCP 3 for vpg # »c (white) and vgp = vc (grey).
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Fig. 20. Cyclotron resonance curve of unstable 1805 jons as obtained from
the mean time of flight as a function of the applied frequency rrp.

4.2. Calibration of the magnetic field

The magnetic field B has to be known for a mass deter-
mination via the cyclotron frequency w. = (g/m)B. It can
be determined by measurement of the cyclotron frequency
of a reference ion with well known mass. The mass m of the
ion of interest is then given by the ratio of the cyclotron fre-
quencies m = e - Vet /v and the mass mes of the reference
ion,

As discussed in Section 2.2.3 one source of systematic er-
rors can be the stability of the magnetic field. Fig. 21 shows
a typical reference measurement over a time period of 140 h.
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Fig. 21. Time variation of the magnetic field as shown by the cyclotron
frequency for 1335 jons over a period of 140 h, The horizontal lines in the
upper part of the figure mark those periods in which the synchrocyclotron
30 m away from the trap was switched on. The dashed vertical lines mark
the beginning of a new day.

The magnetic field shows an oscillation with a period of
24 h. This behaviour was found to be due to the temper-
ature dependence of the susceptibility of the vacuum tube
containing the precision trap and the day-night temperature
variations in the experimental hall at ISOLDE-2. Further-
more, the operation of the magnet of the CERN synchro-
cyclotron at a distance of about 30 m from the ISOLTRAP
spectrometer has a significant effect on the magnetic field.

From the figure it is evident that a magnetic field cali-
bration via a reference measurement should be performed
at intervals short enough to resolve the changes of the mag-
netic field in time. In the on-line runs performed so far with
ISOLTRAP, stable ¥*Rb and '*Cs have mainly been used
as reference isotopes. Before and after each run a longer
series of cyclotron frequency measurements of these iso-
topes has normally been performed in order to check the
magnetic-field stability and the general performance of the
spectrometer. During the on-line measurements on radioac-
tive isotopes reference measurements have been carried out
at regular intervals of several hours.

4.3. Tuning of trap parameters

In order to achieve high accuracy it is important to find
the best settings for the correction electrodes of the pre-
cision trap. Two different approaches are used: in the first
procedure the amplitude of the RF voltage for the v, excita-
tion of the ions is chosen to be higher than needed for a full
conversion of magnetron into cyclotron motion. This results
in a reduction of the central peak of the resonance and an
increase of the side peaks. If there are imperfections in the
electrostatic trapping field the resonance curve will show
asymmetry (see Section 2.3 and Ref. [33]). The tuning is
therefore performed by changing the settings of the correc-
tion electrodes until a completely symmetric curve is ob-
tained. The second procedure uses »; resonances obtained
by dipole excitation of the ion motion. These resonances are
much more sensitive to electric field imperfections because
frequency shifts do not cancel as in the case of quadrupole
excitation. One criterion is to achieve the smallest possible
linewidth together with a maximum time-of-flight effect in
resonance. The other is to abserve no frequency shift if the
excitation amplitude is varied, which corresponds to a varia-
tion of the average amplitude of the cyclotron motion. Both
procedures give consistent results for the settings, which are
listed in Table 2 together with calculated values.

Intentionally wrong settings for the correction electrodes
are useful for the determination of the correct timing for
the ion capture in the precision trap. As discussed in Sec-
tion 4.1 the potentials of the lower correction electrode and
endcap are raised again to their normal operation voltage
at time Teap after the ejection of the ions from the lower
trap. The aim is to capture the ions with a minimum pickup
of axial energy. A slightly too early or too late closing of
the trap will cause the whole ion cloud to perform an ax-
ial oscillation and to probe the deliberately created field
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Fig. 22. Determination of the correct timing for ion capture in the precision
trap by means of ¥4 resonances and intentionally created electric field
imperfections. (a) The linewidth Av{FWHM) of the resonances; (b) the
time of flight in resonance as a function of the capture time Teapt.

imperfections. This can be seen directly in the resonance
curves. Fig. 22 shows the linewidth of v, resonances (a)
and the time of flight in resonance (b) both as functions of
the capture time Teap for the case of **Rb ions. The opti-
mum capture time is Teap = 57 us. For the example shown
here, the timing for other isotopes can be determined from
Teap(X) /Tean(PRb) = /M(PRb) /M(X).

We conclude this section by discussing the determination
of the required excitation amplitude Vi for the quadrupole
excitation at ».. First, the cyclotron frequency », of the ion
species under investigation is determined. Then the excita-
tion frequency vrr is set (o vrr = ¥ and the time of flight of
the ions is measured as a function of the excitation amplitude
V. Fig. 23 shows such a measurement. The curve directly
reflects the periodic conversion of magnetron into cyclotron
motion and vice versa. The minimum on the far left cor-
responds to a single magnetron—cyclotron conversion, the
following maximum to a magnetron-cyclotron~magnetron
conversion and in the second minimum two magnetron-~
cyclotron conversions have occurred. The proper excitation
amplitude Vir for a single conversion is most precisely de-
termined from one of the maxima in the time of flight which
appear at excitation amplitudes V, = 2nVke. From Eq. (14)
it follows that the product of excitation time and amplitude
Twrr - Vrr is constant and to first order mass independent. A
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Fig. 23. Mean time of flight of the ions as a function of the applied RF
amplitude V of the azimuthal quadrupole field with frequency vpe = v,
The solid line shows a fit of the theoretically expected function to the data.

typical value for this product is Trr - Var = 4.9 x 107 Vs,
Variations of this value arise from the frequency dependence
of the voltages actually arriving at the trap electrodes. There-
fore, the determination of Trr - Vrr has to be carried out for
each mass region to be investigated.

5. Experimental control and data acquisition

The control of the experiment and the on-line evaluation
is performed by a LSI 11/73 (Digital Equipment Corpora-
tion} based computer system. The link to the experiment is
achieved via CAMAC. The complex timing needed in the
ISOLTRAP experiment (see Fig. 18) is controlied by two
home-built 12-channel timing memories with a time resolu-
tion of 1 us. All pulse generators required for ejection and
capture of ions, a number of relays for the heating and the
output of the frequency synthesizers are triggered or gated
by these programmable memories.

For the quadrupole excitation of the ion motion at r.
a high-precision frequency generator ( Schomand! MS100)
with a frequency stability of < 1077 per hour and a mini-
mum step size of 0.1 Hz is used. Additional frequency syn-
thesizers (Hewlett Packard HP3325) serve for the cleaning
of unwanted ion species in the precision trap and for the
mass selective cooling process in the lower trap.

The time-of-flight distribution of the ions is measured by
a home-built multi-channel analyser with a maximum input
count rate of 100 MHz and dwell times between 20 ns and
2.56 us. This device can be retriggered and directly sums
the time-of-flight spectra of the sequence of ion bunches
ejected from the precision trap.

For every cycle the data are read into the computer and
made available to the on-line data evaluation after each scan
over the excitation frequencies. The number of events de-
tected in each cycle is used to regulate the current supply
for the heating of the foil in the ion cooler and buncher via
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a CAMAC-DAC. This allows the average count rate to be
kept constant until all the collected atoms are used up.

The on-line data evaluation software allows the calcula
108 on-ane HUaUCH sOniware anows nd aiCuia-

tion of the resonance curves from the measured time-of-
flight spectra, the fitting of these curves, the analysis of
the fit results and a first calculation of mass values. Such a
nearly complete evaluation of the data is indispensable for

tH ’y 1 oy £ Juvp ot a
on-line measurements, where only limited time is available

and problems and faults have to be detected immediately.
The final evaluation of the data is performed on a VAX
system. It differs from the on-line evaluation in that the
measured time dependence of the magnetic field is properly
included in the calculation of the frequency ratios. A more
detailed description of the final data evaluation can be found

in Refs. [72,78].

' b)) "~
0. reriormance

Table 3 summarizes the isotopes investigated so far with
the ISOLTRAP spectrometer [ 31,43,72-78]. The stable iso-
topes YK, ¥¥Rb and '*Cs listed in the table were used
for the magnetic-field calibration. The high performance of
the Penning trap mass spectrometer allowed the determina-
tion of the mass vaiues of all isotopes with accuracies of
dm/m =~ 1077 (see Section 6.2). New mass values could
be determined in the cases of 78Iy, 12mg, 1246126 g5 and
*®Ra [72,75,78]. The shortest-lived isotope investigated so
far is ' Cs with a half-life of 7,, = 1.8 s.

In the following those properties of the ion cooler and
buncher and the mass spectrometer part which are essential
for high-accuracy mass determination of unstable isotopes
will be discussed. These are the mass selectivity and the
cooling limit of the buffer gas cooling technique, the line
shape and resolving power obtained in the precision trap,
the achievable accuracy, and the efficiency and applicability
of ISOLTRAP.

6.1. lon cooling and bunching

In order to reach a high accuracy one important measure
is the minimization of the motional amplitudes of trapped
ions by cooling. In the case of ISOLTRAP the cooling is

Table 3
Isotopes for which cyclotron resonances have been determined with
ISOLTRAP

Element Mass number

K 39

Rb 75-89, 90m, 91-94

Sr 78-83, 91-95

Cs F7-121, 122+4122m, 122m, 123-140, 142
Ba 124, 126, 128, 138-144

¥r 208-212, 221, 222

Ra 226, 230
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Fig. 24. Number of Cs ions detected as a function of the repelling voliage
applied in front of detector MCP 1. The observed distribution is in agreement
with the calculated distribution (solid line) for ions with a temperature
of 300 K in the trap. For comparison, the dotted line corresponds to a

temperature of 1K) K.

performed in the ion cooler and buncher described in Sec-
tion 3.2. With the applied buffer gas cooling technique (Sec-
tion 2.4) it is expected that the final temperature of the ion
cloud will be approximately that of the buffer gas. Fig. 24
shows the result of a measurement where cooled '¥Cs ions
were ejected from the trap and their energy analysed by a
retardation technique [ 64]. The figure shows the number of
Cs ions detected by MCP 1 as a function of the repelling
voltage applied in front of the detector. The observed spec-
trum agrees with the spectrum (full line) calculated for an
ion temperature of 300 K. For comparison, the dotted line
corresponds to a temperature of 1000 K.

To achieve high accuracy it is also important to store
only one ion species at any one time in the precision trap,
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Fig. 25. Number of Rb ions ejected from the buncher and cooler trap
and detected with MCP 1 as a function of the apphcd frequency. The
resonance for B5Rb and ¥Rb has been obtained with a heli p of
Prie =2 x 1074 mbar.
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Fig. 26. Friction coefficient y for various ions as a function of the applied
gas pressure of helium and argon. The friction coefficients are calculated
from the measured time constant a_ of the increase of the magnetron
motion (symbols). The straight lines result from jon mobility data if a
pressure pyap three times higher than the measured values p is assumed.

as discussed in Section 2.2.4. The mass selectivity of the

1finat £+ - =
cooling process allows a first purification of the ion ensem-

bles delivered by ISOLDE. The mass selectivity that can be
achieved for stable Rb ions is illustrated in Fig. 25. It shows
the cooling resonance as obtained from the number of ions
ejected from the cooler and buncher trap and detected by
MCP [ as a function of the applied RF frequency vcoor. The
resonance curves have a linewidth of Ay (FWHM) =~
255 Hz corresponding te a mass resolving power of 500.
The best resolving powers have been obtained at a pressure
of p =2 x 10™* mba: and an RF amplitude of Vioq = 0.3 V.
The limit of the resolving power is mainly determined by
the inhomogeneity of the magnetic field and electric field
imperfections in the trap. Nevertheless, it is sufficient for
the complete removal of isotopic contamination present in
the ISOLDE ion beam.

The simple theory of a damping force acting on the ion
motion has been found to be a good description for the cool-
ing by buffer gas. The increase of the magnetron motion
can be directly observed by first centering the ions and then
measuring the number of gjected ions as a function of the
time delay between switching off the RF field and the ion
ejection. From the number of ions as a function of the time
delay one can directly extract the time constant o and via
Eq. (21) the friction coefficient . Fig. 26 shows v as a
function of the pressure for helium and argon as buffer gas
and for different ion species. One observes a linear depen-
dence from the measured gas pressure p, a large difference
for the two gases and a small element dependence. This is
in good agreement with the calculated behaviour (straight
lines) based on the published ion mobility values for potas-
sium, rubidium and cesium ions in these gases [79,80].
From the known ion mobilities the pressure pu,p in the trap
is found to be three times higher than determined by the
Penning gauge at a distance of about 50 cm from the trap.

6.2. Precision and accuracy

Accurate knowledge of the line shape of the cyclotron
resonance curve is important for detecting residual trap im-
perfections which limit the achievable accuracy. Only if the
line shape is known and symmetric can the value of the
cyclotron frequency be determined from the center of the

133
curve, Fig. 27 shows a cyclotron resonance curve of 'Cs

obtained wnh high statistics. The line shape agrees perfectly
with the fit of the theoretical profile (solid line) discussed in
Section 2.3. Only six fit parameters were needed to achieve
this: the center of the resonance, the maximum gained radial
energy, the initial axial energy, and three parameters describ-
ing the transformation of radial energy into time of flight.

The measurement was performed with an excitation time
Trr = 900 ms. The minimum linewidth expected from
Eq. (18) is Av.(FWHM) = 0.9 Hz. Due to the non-linear
conversion of radial energy into time of flight as discussed
in Section 2.3 a larger linewidth of Av,(FWHM) = 1.1 Hz
is observed which corresponds to a resolving power of
R=v/Av(FWHM) =~ 0.6 x 10°. The highest resolv-
ing power observed with the discussed version of the
ISOLTRAP spectrometer is R = 2 x 10° in the case of 3 ¢
excitation of °Rb ions.

The statistical accuracy 8v {or precision) with which the
center of a single resonance can be determined is typically
10% of the linewidth for a resonance curve with about 1000
ions detected. For an ion with mass number A = 100 this
corresponds to Sv/r =~ 107",

The reproducibility of the data is illustrated in Fig. 28.
The figure shows the histogram of the mass excess values
obtained from 34 measured frequency ratios for the case of
T'Rb with ®°Rb as the reference isotope. The measurements
have been performed in two separate runs. The data follow
a normal distribution and the standard deviation of the fit-
ted Gaussian is o = 6.7 keV corresponding to a relative
deviation of o/m = 9 x 107", In the case shown here the
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Fig. 27. Cyclotron resonance for 13¢5 ions obtained from the mean time
of flight as a function of the frequency of the azimuthal quadrupole field.
The solid curve shows a fit with the theoretically expected line shape.
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Fig. 28, Histogram of the results of a sequence of 34 mass determinations
for 7' Rb. The data follow a normat distribution and the standard deviation
of the fitted Gaussian is o = 6.7 keV.

mean value can be determined with an accuracy of about
1.5 x 107, which is a typical figure for the statistical ac-
curacy obtained in our measurements on unstable isotopes.

As discussed in Section 2.2 there are a number of sources
of frequency shifts that lead to systematic ervors in the mass
determination. Mass dependent systematic errors (Eq. (9))
can be checked via the determination of frequency ratios
of ions very different in mass. Such checks have frequently
been performed with the ISOLTRAP spectrometer with
BRb, ¥Rb and Cs ions. With ®Rb as reference isotope
the mass value of the nearby ¥Rb is in agreement with the
literature value [ 1] within the uncertainty Am/m = 3x 1078
of this value. In the case of 'Cs, which corresponds to a
mass number difference of AA = 48, agreement is achieved
within typically Am/m < 1077, This means that for smaller
mass differences such as those in an isotopic chain, the pos-
sible mass dependent systematic error is well below 1077,

Magnetic field changes can be an important source of sys-
tematic errors in on-line runs. Due to the limited beam time
available one has to find a compromise between the number
of reference measurements (see Section 4.2), which deter-
mines the uncertainty of the magnetic field as a function of
time, and the number of cyclotron frequency measurements
on unstable isotopes. Normally, the magnetic field calibra-
tion can be performed with an uncertainty of B/ B ~ 1075,
Nevertheless, unexpected jumps of the magnetic field of up
to AB/B = 1077 have occasionally been observed.

The effect of ion-ion interactions discussed in Sec-
tion 2.2.4 is avoided by carefully removing all unwanted
ions, The mass selective buffer gas cooling applied in the
ion cooler and buncher removes isotopic contamination.
Contaminating ions still present in the precision trap are
either isobars or isomers, In the case of isobars these can be
removed by strongly driving their cyclotron motion. With
the 2»; excitation it was possible to remove isobars with a
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Fig. 29. Cyclotron resonances for 84Rb jons, The measurements were
performed (a) shortly after the collection of the ions and (b) with a delay
of several half-lives of the isomeric state.

relative mass difference of Am/m > 1075, which is suffi-
cient for most cases. In the case of isomers or isobars with
a small relative mass difference of Am/m < 107 one can
make use of the generally different nuclear haif-lives of the
two ion species and let the shorter-lived contamination de-
cay on the collection foil before starting the measurement.
In the case of isotopes with comparable half-lives this tech-
nique cannot be applied. Here, the procedure is to determine
the frequency shift as a function of the number of detected
ions and to perform the mass measurement with a small ion
number for which the resulting shifts are negligible within
the desired accuracy. A measurement where the latter pro-
cedure was successfully applied is shown in Fig. 29. The
upper part shows the cyclotron resonance curve for “*Rb
with ions in the nuclear ground and isomeric state simulta-
neously trapped. Twe resonances are observed, one for the
ground-state nucleus and one for the isomer. This measure-
ment was performed with an average of N = 15 detected
ions per cycie. It was preceded by a series of measurements
with higher count rates and various delays between the
collection of the ISOLDE ions on the foil and the start of
the measurement, which have been described in detail in
Ref. [43]. For higher count rates considerable frequency
shifts were observed. The lower part of the figure illustrates
that the shift is negligible for the case when 15 ions were
detected from each trap loading. It shows the cyclotron res-
onance of only the ground-state nuclei obtained by letting
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the isomeric state decay before the start of the measure-
ment. The mass difference between ground and isomeric
state, Am = 464(7) keV, evaluated from the low count-rate
measurements is in perfect agreement with the value of
Am = 463.7(10) keV known from nuclear spectroscopy.

As discussed above, the statistical uncertainty in the mass
determination is typically a few parts in 10® and in test
measurements on stable isotopes a comparable accuracy has
been achieved. For on-line measurements, where only lim-
ited time can be devoted to the calibration of the magnetic
field and the checking of all experimental parameters, sys-
tematic errors might occur. In order to cover these in the
final uncertainty of the mass values, a conservative estimate
of 1 x 1077 is added quadratically to the statistical errors of
the final mass values [72,75.78].

6.3. Efficiency

Since the production rates for unstable isotopes of interest
are usually low, a high efficiency of the spectrometer is
needed. The total efficiency

€t = €hunch * €urans * €capt2 * EMCP (22)

of the ISOLTRAP spectrometer is determined by a number
of factors: the efficiency €punch Of the collecting and bunch-
ing of the ISOLDE ions; the transfer efficiency €yans from
one trap to the other; the capture efficiency ecqp in the preci-
sion trap (TRAP 2); and the detector efficiency emcp. Only
€1, €rns aNd €y have been measured in the ISOLTRAP
spectrometer. Assuming a reasonable value for the detec-
tor efficiency emcp allows the indirect determination of the
bunching efficiency €pyncn-

The total efficiency e = Nmcr 3/Nion is defined as the
ratio of the total number Nwvcp 3 of ions detected with MCP 3
and the number Ny, of ions collected on the foil. For alkali
ions delivered by the test source with 1 keV energy the total
efficiency has been determined to be 107* < 4 < 1077,

The capture efficiency €cap2 = Neap2 / Npass in the precision
trap can be determined by comparing the number Neap of
ions detected after capture and subsequent ejection to the
number Np. of ions passing through the trap if this is set
to a potential lower than the energy of the ions. It is close
to €yap = 100%.

The transfer efficiency €yans = Nmcp 1/Numcp 3 is defined
as the number Nmcp 1 of ions detected with the lower de-
tector MCP 1 to the number Nycp 3 of ions observed with
MCP 3. Assuming identical efficiencies for both detectors
leads to €yans = 100%.

Assuming a detector efficiency of emcp = 25% and using
Eq. (22) yields a value of typically epuncn = 107 for the
bunching efficiency for alkali ions from the test source. The
bunching efficiency €punch = €rel - €ion - €captt 1S a product of the
efficiencies for the ion release from the foil &q, the surface
ionization €ion, and the capture in the cooler and buncher
trap €. For alkali and alkali earth elements the release ef-
ficiency from a rhenium foil at a temperature of 7> 1700 K

is practically €. = 100%. The ionization efficiency €ion is
determined by Langmuir’s equation and depends exponen-
tially on the difference between the work function ¢ of the
foil material and the ionization potential W; of the element.
In general, the ionization efficiency is high and nearly tem-
perature independent if ¢ > W; and strongly temperature
dependent if ¢¢ < W;. For a rhenium foil with ¢ = 5.1 eV
€ion = 100% for all alkali elements. For the alkali earth ele-
ments and a foil at a temperature that exceeds T = 2000 K
with (¢ < W;), the values of €, are about 4% for stron-
tium, 30% for barium and 20% for radium.

The capture efficiency €cap is determined by the energy
loss of the ions due to buffer gas collisions during their
flight through the trap and by the initial energy spread of
these ions. From the data of the ion mobility in helium at a
pressure of p = 10~ mbar, the axial frequency of an ion with
mass number A = 100 and a typical potential dropof = 1 V
across the foil during the heating process, the maximum
value of the efficiency is estimated to be €5y = 10~3, The
efficiency of ion capture in the lower trap is therefore the
limiting factor in the present total efficiency of ISOLTRAP.

6.4. Applicability

Presently, the ISOLTRAP spectrometer can only be ap-
plied to surface-ionizable elements. The elements that can be
studied with ISOLTRAP at ISOLDE are shaded in the peri-
odic table shown in Fig. 9. For the indicated cases the ioniza-
tion efficiency is at least 2% for a rhenium foil temperature
of 1700 K. Mass measurements on isotopes of the remain-
ing elements require other techniques which are presently
under investigation and development [31].

Not all isotopes of those elements marked in Fig. 9 can
be investigated. The limiting factors are the half-life of the
isotope T} ,. its production rate Y, the overall efficiency &
of the spectrometer for this element, and the total time T, for
one measurement cycle (see Fig. 18). The minimum yield ¥
(ions per second) needed from the ISOLDE separator for a
certain number N of detected ions per cycle is theoretically

Y=N-Tg' -eql - 20n/Te (23)

Fig. 30 shows the yield-times-efficiency product Y - €, as
a function of the half-life T,,. The curve (solid line) is
calculated for N = 1 detected ions and assuming the lower
limit of Ti, to be the haif-life 77, of the isotope. In addition,
the figure shows the resolving power-times-mass number
product R- A (dotted line) assuming that the excitation time
in the precision trap Trr = T« dominates the total time for
one cycle. If an ion with mass number A = 100 and half-life
Ti/» = 1 sis to be investigated and if the spectrometer has an
efficiency of e = 107> for this element, then a minimum
yield of Y = 2 x 10° s~! is needed and the resolving power
can be as high as R = 10%. For shorter-lived isotopes the
required yield increases and the achievable resolving power
decreases. Therefore, the main application of ISOLTRAP is
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Fig. 30. Yield-times-efficiency product ¥ - i1 as a function of the half-life
T /2 The curve is calculated for N = 1 detected ions and a lower limit of
the cycle time of Tior = T} /2 In addition, the resolving power-times-mass
number product R - A for Tpp ~ Tior is given.

the investigation of light and heavy isotopes with half-lives
of seconds and longer. Also, shorter-lived isotopes can be
investigated, especially in the case of light masses for which
the resolving power increases with decreasing mass number
A and thus compensates for the shortening of the excitation
time Trg.

7. Conclusions

The tandem Penning trap mass spectrometer ISOLTRAP
has been designed to meet the particular requirements of
mass measurements on very small quantities of heavy and
short-lived radioisotopes. It has proven to be a powerful in-
strument for the measurement of atomic masses. A large
number of isotopes of alkali and alkali earth elements has
already been investigated and accuracies in the mass deter-
mination of 0.1 ppm have been achieved. The high resolv-
ing power allowed the nuclear isomeric and ground states
of an atom to be resolved for the first time by mass spec-
trometry. For many very unstable isotopes the accuracy of
their mass values could be increased by one order of mag-
nitude [31,72,75-78]. Wrong mass values could be tracked
down in a number of cases and be assigned to wrong Qp
values. The measurements carried out not only improved the
accuracy of the mass values of the investigated nuclei but
also improved those of neighbouring isotopes of other ele-
ments due to the manifold links between them [76].

Presently, developments are going on in order to extend
the applicability of the ISOLTRAP spectrometer to other
elements, to increase its efficiency and to further improve
the accuracy of the mass determination [31]. In the future,
ISOLTRAP will become a spectrometer that can be applied
to most of the isotopes available at ISOLDE. This will not
only allow a more systematic investigation of the nuclear
mass surface but will also allow study of cases of particular
interest.
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