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a b s t r a c t

A challenge for nuclear physics is to measure masses of exotic nuclei up to the limits of nuclear existence
which are characterized by low production cross-sections and short half-lives. The large acceptance
Collector Ring (CR) [1] at FAIR [2] tuned in the isochronous ion-optical mode offers unique possibilities
for measuring short-lived and very exotic nuclides. However, in a ring designed for maximal acceptance,
many factors limit the resolution. One point is a limit in time resolution inversely proportional to the
transverse emittance. But most of the time aberrations can be corrected and others become small for
large number of turns. We show the relations of the time correction to the corresponding transverse
focusing and that the main correction for large emittance corresponds directly to the chromaticity
correction for transverse focusing of the beam. With the help of Monte-Carlo simulations for the full
acceptance we demonstrate how to correct the revolution times so that in principle resolutions of
Δm=m¼ 10−6 can be achieved. In these calculations the influence of magnet inhomogeneities and
extended fringe fields are considered and a calibration scheme also for ions with different mass-to-
charge ratio is presented.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

The Collector Ring of the FAIR facility [2] is a symmetric,
achromatic ring with two arcs, two straight sections and a total
circumference of 221.5 m. It is designed for operation at a
maximum magnetic rigidity of Bρ¼ 13Tm [1]. It will be operated
in three ion-optical modes, two of them providing fast pre-cooling
of either antiprotons or radioactive ion beams [1]. In the third
mode (isochronous optics) the CR will be operated as a Time-of-
Flight (ToF) spectrometer for the mass measurement of exotic very
short-lived nuclei (T1=2420 μs) produced and selected in flight
with the Super-FRS fragment separator [3]. This technique for
mass measurements has been developed at the ESR at GSI [4] and
meanwhile was also used successfully in the CSRe at IMS Lanzhou
[5] and the RIKEN Rare-RI ring is under construction [6].

The first basic condition for isochronicity is the well known
equation [4] which describes the revolution time (T) of ions stored
in the ring and its deviation (ΔT) depending on the difference in
mass-to-charge ratio (m=q) or different velocity (υÞ
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where γ is the relativistic Lorentz factor and γt is the transition
energy of the ring. The isochronous condition is reached when
γ¼γt . This means, the second term in Eq. (1) vanishes and Δðm=qÞ
can be determined from the observed ΔT . It is remarkable that T is
directly proportional to m=q. But in addition to the intended time
differences for different masses and the important first order
isochronicity condition the resolution depends on more additional
influences on time-of-flight which are collected in ΔTothers. These
aberrations can also have higher order contributions. Effects of
nonlinear field errors, fringe fields of magnets, closed orbit
distortion and the transverse emittance negatively act on the
resolution [7].

The general layout of the CR has been described in Ref. [8]. The
isochronous mode has been calculated for different values of γt [9].
In this paper we will always refer to the mode for γt ¼ 1:67 which
allows to measure masses up to m=q¼ 3:1 u=e. In this case the
momentum acceptance becomes Δp=p¼ 70:5% when having at
the same time a transverse acceptance of 100 mm mrad in both
planes.

A correction of time-of-flight aberrations due to a large
transverse phase space distribution is essential or otherwise the
goal of large phase acceptance in the CR cannot be achieved with
sufficient time resolution [7]. The simple reason for this influence
is that ions which oscillate around the optical axis have a longer
path length for one turn which leads to a corresponding time
spread. As it was indicated before [10] and will be also shown in
this article these time-of-flight aberrations are directly related to
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the chromatic aberrations of the optical system. It is known that in
a straight system with only magnetic lenses defined by magnets
outside of the beamline a correction is not possible [11]. With
additional electrostatic elements this would be possible [12],
however, these are not available for the high rigidity of the CR
beam. At least a correction in a system with a bent optical axis is
possible [12]. A recipe for such a full second or higher order
achromat was given by Brown [13], and partially this was also
applied in the spectrometer TOFI [14] for time-of-flight mass
measurements of nuclear masses. However, when a storage ring
is constructed in this way a four fold symmetry system which is
imaging violates the basic stability criterion of a nonzero phase
advance for a closed ring [15].

This is also the result of a general approach to higher order
achromats by Wan and Berz [16], the minimum symmetry needed
for a second order achromat is a four-fold symmetry, but based on
the Lie algebra description of the system [17] it is found that the
tunes of the individual cells should be integer. A good approxima-
tion to a second order achromat may be found with the method of
extending a full achromat by straight matching sections for
adjusting the tunes. In this case the overall second order geometric
aberrations can be kept zero as pure quadrupoles are free of them
and by an overcorrection with the sextupoles at least the tune shift
be corrected (so-called pseudo achromat) [18]. As the matching
section can be short compared to the whole arc section this
usually leads to systems close to a full achromat.

This dilemma may not be so crucial in a ring for only few
revolutions but for commissioning and other detection techniques
like Schottky pickups stability of motion must be guaranteed. In
this paper we will show a solution that does not lead to full
achromaticity over one turn but to a correction in the limit of
many turns. By averaging the time of flight over many turns still a
good resolution for a large phase space can be obtained. This less
stringent requirement also helps to avoid the usual problem of
large higher order field components, which in turn could impose
other higher order aberrations.

In the CR we want to use ToF detectors inside the ring which do
measure the revolution time for each turn. This means that we
must observe the ions over a series of turns and see how large the
remaining error will be. This is anyway necessary as the resolution
of the detector itself is limited and only averaging over a larger
number of turns helps to obtain the desired resolution.

2. Calculation of second-order time deviations

The relative revolution time difference between an arbitrary
and the reference particle can be expressed in terms of the initial
coordinates as a Taylor series in a second-order approximation
[19,20]:

ΔT
T

¼ T−T0

T0
¼ ðtjxÞcxþ ðtjaÞcaþ ðtjδÞcδþ ðtjxxÞcx2

þðtjxaÞcxaþ ðtjaaÞca2 þ ðtjyyÞcy2 þ ðtjybÞcyb
þðtjbbÞcb2 þ ðtjxδÞcxδ þ ðtjaδÞcaδþ ðtjδδÞcδ2 ð2Þ

where (x), (y) are the transverse position coordinates and (a), (b)
the transverse momenta divided by the forward momentum of a
reference particle (p0). The coefficients of the Taylor series corre-
spond to the partial derivatives of the first coordinate before the
line with respect to the following. The index c marks coefficients
normalized by the total time-of-flight nT0, where n is the number
of turns and T0 is the revolution time of the reference particle. The
fractional momentum deviation δ is given by p¼ p0ð1þ δÞ.

In the first-order achromatic ring, with ðxjδÞ ¼ ðajδÞ ¼ 0, the
first-order transverse time coefficients ðtjxÞ and ðtjaÞ vanish simul-
taneously [10]. The necessary condition to be an isochronous ring

in first order is ðtjδÞ ¼ 0, i.e. γ¼γt . The second-order isochronous
condition is fulfilled when ðtjδδÞ ¼ 0, which can be corrected with
one family of sextupole magnets installed in a dispersive section of
the ring.

With such a good adjustment of γt even to higher order in an
achromatic ring the largest contribution to ΔT comes from the
second-order geometric time aberrations. For a beam of one
species in an ideal isochronous ring without higher order field
errors or closed orbit distortions only pure betatron motion exists.
In such a ring the time spread is directly related to the transverse
emittances (εx;y) [7]

ΔT
T

�
emitt:

≈
1
4
ðεx〈γx〉þ εy〈γy〉Þ

�
ð3Þ

where εx;y is the transverse beam emittance, which can be
regarded as the ring acceptance, and 〈γx;y〉 are the Twiss para-
meters γx;y averaged over the whole circumference of the ring. This
result simply describes the longer path length of ions traveling
with larger betatron amplitude over one turn.

From the maximum deviation given in Eqs. (1) and (3) one can
derive the mass resolution over the whole beam emittance. For the
CR, with acceptance 100 mm mrad in both planes, the limit of mass
resolution would be about 10−5, which is insufficient for precise
mass measurements. Therefore, in order to reach the necessary
resolution of 10−6 the transverse emittance would have to be
limited to 10 mm mrad in both planes. As a result, the transmission
of the ions into the ring would be reduced drastically. However, the
mass resolving power can be improved using second-order correc-
tions and keeping the transverse emittance large.

For the second order terms it is useful to investigate their
behavior over many revolutions. As the system is bound and the
betatron oscillations have a non-zero phase advance the initial
coordinates of a single ion change from turn to turn within fixed
limits. The time deviations over many turns simply sum up. The
fluctuations are periodic with the tune and have an average value
of zero. Therefore, the time deviations given by a single matrix
coefficients which depend on mixed initial coordinates will
oscillate with a fixed maximum amplitude. When looking at the
relative time difference over many turns these contributions will
become small. The quadratic terms however will continue to
increase from turn to turn and the relative time deviation
converges towards a constant value. Fig. 1 illustrates this behavior.
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Fig. 1. Evolution of the relative second-order geometric time aberrations as a
function of the number of turns in the CR for a single ion with start positions x and
a on the edge of the acceptance of 100 mm mrad. The inserted numbers show the
limit over many turns.
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