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An electrostatic cryogenic storage ring, CSR, for beams of anions and cations with up to 300 keV
kinetic energy per unit charge has been designed, constructed, and put into operation. With a circum-
ference of 35 m, the ion-beam vacuum chambers and all beam optics are in a cryostat and cooled by a
closed-cycle liquid helium system. At temperatures as low as (5.5 + 1) K inside the ring, storage time
constants of several minutes up to almost an hour were observed for atomic and molecular, anion
and cation beams at an energy of 60 keV. The ion-beam intensity, energy-dependent closed-orbit
shifts (dispersion), and the focusing properties of the machine were studied by a system of capacitive
pickups. The Schottky-noise spectrum of the stored ions revealed a broadening of the momentum
distribution on a time scale of 1000 s. Photodetachment of stored anions was used in the beam lifetime
measurements. The detachment rate by anion collisions with residual-gas molecules was found to be
extremely low. A residual-gas density below 140 cm™ is derived, equivalent to a room-temperature
pressure below 1074 mbar. Fast atomic, molecular, and cluster ion beams stored for long periods
of time in a cryogenic environment will allow experiments on collision- and radiation-induced
fragmentation processes of ions in known internal quantum states with merged and crossed photon
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and particle beams. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4953888]

. INTRODUCTION

Ion storage rings have proven to be unique tools for
investigating properties and interactions of atomic and molec-
ular ions. Mass-selected fast ion beams are used for studying
collisions with well-defined energy in merged beams'™ or
in stationary in-ring targets.* Considering its astrophysical
relevance, the dissociative recombination of molecular ions
with electrons is being intensely investigated,” including
fragmentation into multiple neutral products for polyatomic
species.” Another field of study is the de-excitation of internal
states in atomic ions® and in small’ to very large'” molecular
systems.

To date, many of these studies were carried out in
magnetic storage rings'' with particle kinetic energies in
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the MeV range and about 50-110 m ring circumference.
As a complementary technique, electrostatic storage rings
for atomic and molecular physics were pioneered with the
ELISA facility'? in Aarhus, with an ion-orbit circumference
of 7 m. Even though the accessible beam energies are more
limited with electrostatic bending, electrostatic optics are
simpler to use as magnetic hysteresis effects are absent
and fringe fields are smaller. Most importantly, however,
electrostatic rings do not restrict the mass-to-charge ratio
of the particles at a given energy and ions of heavy atoms
and molecules, even clusters and large biomolecules, become
available for experimental studies in such devices. Thus,
electrostatic operation greatly widens the scope'? of atomic
and molecular physics in ion storage rings. Recent experi-
ments even extended to electron interactions with complex
molecular ions,'* included partial cooling of the storage-ring
environment to liquid nitrogen temperatures'> and introduced
electrostatic storage rings only 1 m on a side'® and beyond
(down to ~0.3 m ion-orbit circumference'”!®). Cryogenically
cooling the complete structure of electrostatic ion storage
rings was realized for the double storage ring DESIREE!*-?’ of
2 x 8.8 mion-orbit circumference. Successful operation of this
ring, with the particular aim of anion—cation merged beams

Published by AIP Publishing.
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experiments, was recently reported.?’>> Another cryogenic,
~3 m circumference single-ring facility?® aiming at merged
beams studies with lasers and particle beams is under
commissioning.

The electrostatic cryogenic ion storage ring, CSR, at
the Max Planck Institute for Nuclear Physics in Heidelberg,
Germany, was proposed®* for collisional and laser-interaction
studies over long storage times with fast atomic, molecular,
and cluster ion beams. The cryogenic facility offers an ambient
temperature of ~6 K for the stored ion beam and extended
field-free straight sections for in-ring experiments, often
involving the detection of fast products released by reactive
collisions of the stored ions. The layout of the CSR also
permits the addition of a collinear merged electron beam for
electron collision studies and for applying phase-space cooling
to a wide range of stored ion species.

Here we report on the development, construction, and first
operation of this cryogenic electrostatic storage ring. Based
on the conceptual goals, we discuss the layout of the system,
highlighting the ion-optical, cryogenic and mechanical design
of the CSR. The completed ring was cooled to cryogenic
temperature and subsequently operated successfully storing
ion beams of kinetic energies in the region of 60 keV.
The stored beams were probed both by capacitive pickups
and by laser interaction. We describe the first generation
of experimental devices installed in the ring and provide
a set of measurements characterizing the storage of ion
beams for durations of many minutes up to a few hours.
Information is provided on the beam optics and the energy
distribution of the stored ions and on the extremely low
residual-gas densities reached by the cryogenic pumping
system.

Il. THE CSR CONCEPT

Cryogenic storage rings offer decisive advantages. Firstly,
one can obtain very long storage times for fast beams with
multi-keV kinetic energies of ions in a wide mass range,
making use of extremely rarified background gas. Secondly,
keeping the vacuum vessel and all beam line elements in
the line-of-sight of the stored ions at very low temperature
suppresses radiative (blackbody) excitation of the stored ions.
Together, this opens a wealth of entirely new opportunities
for collisional, radiative, and optical studies of internally
cold, fast ions in an extended range of masses and molecular
complexity.

The CSR (Fig. 1) is designed to accommodate long
straight sections for in-ring experiments, kept free of ion-
optical deflecting fields. One of the straight sections will house
a collinear electron interaction region, where the ions will
merge over a length of ~1 m with a near-monoenergetic beam
of electrons. Merged-beams experiments offer particularly
favorable conditions when the average longitudinal velocities
of both beams can be matched. In order to achieve this for as
wide a range of stored ion masses as possible, a high kinetic
energy of the ion beam is desirable. Under the condition
of matched beam velocities one can envisage performing
translational phase-space cooling of the stored ion beam,
using the method of electron cooling® established earlier at
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FIG. 1. Overview of the cryogenic storage ring CSR showing the cryostat
structure and the main inner cryogenic vacuum chambers (see Sec. III D 1)
together with the principal experimental regions realized or in project.

low-energy magnetic storage rings. Moreover, the center-of-
mass electron—ion collision energies in the interaction region,
limited predominantly by the velocity spread of the electron
beam, can be as low as ~1 meV. A photocathode electron-beam
source,”® previously operated at the magnetic storage ring
TSR, is being adapted for use in the CSR. The electron-beam
device is combined with particle detectors that can observe
fast-moving products from collision-induced fragmentation
reactions in the merged-beams interaction region. To meet
all these goals, the basic layout of CSR is characterized by
electrostatic deflecting and focusing cells for a beam energy of
300 keV for singly charged ions, arranged in a square geometry
providing four main straight sections, devoid of beam-optical
fields, of 2.6 m length each.

In addition to the merged electron-beam device for
electron cooling and electron—ion collision measurements,
the CSR has further options for collisional and radiative
studies. Laser beams can be crossed or merged with the
circulating ions. Another straight section will be designated
for investigating collisional interactions of the stored ion
beam with neutral atoms in a merged and velocity-matched
beam. For the third straight section, an integrated “reaction-
microscope” setup?’ is designed that will serve as a powerful
detector for electrons and heavy fragments emitted from a
crossed-beam interaction region (see Fig. 1). It is foreseen to
cross the stored ion beam in this region with a thin neutral
molecular beam (gas-jet target) as well as with laser pulses.
Finally, the fourth straight section is used for diagnostic
elements applying, in particular, capacitive pickup electrodes
to non-destructively observe the stored ion beam.

The CSR facility also comprises a 300 kV accelerator
platform suitable for interfacing with a wide range of ion-
chemistry and plasma-type sources for cations and anions as
well as highly charged ions. After electrostatic acceleration,
the ion beam is deflected and mass analyzed by two large
45° bending magnets with 1.3 m orbit radius before being
transported into the injection straight section of the CSR
through a ~10 m long beam line via electrostatic quadrupole
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elements. In a later upgrade, the magnets of the injection line
can be bypassed by a 90° electrostatic deflector. This will allow
injection into the CSR even for very heavy ions which, at their
correspondingly small velocities, can be mass-analyzed by
time-of-flight filtering.

The straight section of the injection beam line will also
be equipped for producing a beam of fast neutral atoms that,
further downstream, will overlap the ions stored in the ring.
For this purpose, a separately produced beam of anions will be
merged into the injection line, during which time an ion beam
is stored in the CSR. The elements of the injection beam line
will be switched to the appropriate focusing of the anion beam
that will generate a fast moving neutral beam in an efficient
photodetachment region”® before entering the CSR.

Thus, with these experimental setups, the CSR facility
offers attractive options for conducting unprecedented studies
on collision- and radiation-induced fragmentation processes
of energetic atomic, molecular, and cluster ion beams. The
cryogenic operation, in particular, makes it possible to define
the internal quantum states of stored molecular ions prior to
use in fast-beam experiments.

lll. STORAGE-RING LAYOUT
A. Outline and ion optical lattice

The components of the storage ring, with its four
deflection quadrants and four straight sections, are shown
in Fig. 2. The ion optical lattice is formed by electrostatic
cylindrical deflectors and quadrupole doublets. The 90° bends
at each corner are comprised of two 6° (minor) deflectors, with
a bending radius of 2 m, and two 39° (major) deflectors with
a bending radius of 1 m. The nominal ring circumference
resulting from this lattice is Lo = 35.12 m. This layout is
advantageous in that neutral particles or a laser beam can
be merged, with the stored ions along one of the straight
sections, making use of the gap between the minor and the
major deflectors. Moreover, the geometry leaves a relatively
large open angular cone (+1°) for observing neutral reaction
fragments, produced in the middle of a straight section, on a
detector behind the major deflectors. Similarly, it offers many
options for detecting mass- and charge-analysed reaction
fragments. Another advantage is the ease of single-turn
injection, in which only the relatively small 6° deflector needs
to be switched at a rate fast in comparison to the revolution time
(see Sec. V A). Both the low capacitance of the 6° deflector

Quadrupole
families
1 2

Minor (6°)

position deflector

monitor
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Focusing
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—RF Photocathode
BV 1 electron

-:-I cooler
i—-BPM 2 “\ (in progress)
: ) &% =]

BPM 3—

Particle
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FIG. 2. Components and layout of the CSR. The circumference of the ion
orbit is 35 m. The main components of the ion optical lattice are marked in
the upper right quadrant. Further elements labeled by acronyms are the beam
viewers BV, the beam-position monitors BPM, the current-pickup PU-C,
the Schottky-noise pickup PU-S, the radiofrequency system for ion-beam
bunching (RF), and the particle detectors discussed in Sec. IV C.

and the reduced effect of inaccuracies in the voltage switching,
due to the small deflection angle, contribute to this advantage.

To focus the beam, each of the four corners contains two
quadrupole doublets, one placed before and one after the four
deflectors. These doublets have in total 16 quadrupole lens
elements out of which all those lying further away from the
minor deflectors are grouped into quadrupole family 1, while
those lying next to the deflectors are grouped in family 2 (see
Fig. 3). Single voltages U; and U, are used, respectively, to
control the focusing strength for all members of these families.
The standard settings of the quadrupole strengths correspond
to betatron tunes®’ of 0, = Q,, = 2.59 in the horizontal (x) and
vertical (y) directions. The coordinates refer to an orthogonal
beam reference frame with the longitudinal coordinate s along
the central orbit of the storage ring and the x coordinate lying
perpendicular to it in the bending plane.

The betatron functions S.(s) and S,(s) for this standard
setting are shown in Fig. 4. The ion-beam size in each

Major (39°
deflector

FIG. 3. Enlarged view of a deflection and focusing cell of the CSR with the assignment of the quadrupole families (see text) and a beam position monitor.
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FIG. 4. Horizontal and vertical betatron functions 8 and g, respectively,
calculated by the MAD8? code (lines as labeled) for the standard settings
of the CSR (Qx =Q, =2.59). The scheme indicates the arrangement along
the ring circumference of the deflectors (marked by their angles) and of the
quadrupole lenses of both families (marked Q1 and Q2). Multiplied by the
emittances, the betatron functions describe how the squares of the horizontal
and vertical ion beam sizes vary along the storage ring orbit (see the text).

direction varies as +/Bx(,) and the beam divergence is
essentially inversely proportional to the same function.’!
Hence, the beams at the centers of the long straight sections
are asymmetric, reaching their largest size and smallest
divergence in the horizontal direction. The betatron functions
peak in the region of the quadrupoles and reach their minima
between the two 39° deflectors.

For particles with a relative deviation Ap/py from the
nominal momentum py, the closed orbit is horizontally shifted
from the nominal (central) orbit by D,(s)Ap/pg according to
the dispersion function?! D(s). For the standard lattice, D,
reaches a maximum of 2.1 m in the middle of the straight
sections.

B. Optical elements

The betatron functions of the CSR lattice, as described in
Sec. IIT A, were calculated using linear transfer matrices within
the MADS program?’ under the assumption that all elements
are hard-edged. It is clear, however, that the actual optical
elements exhibit deviations from the ideal field distributions,
as well as fringing fields. Hence, three-dimensional numerical
calculations of the realistic CSR elements were performed
using the finite-elements electrostatic code TOSCA.>? Exact
geometrical models of the elements were created, and the
solution space was discretized with a three-dimensional
mesh. The fields, in particular the radial deflecting field E,,
are calculated for adequate boundary conditions, such as
the grounded vacuum vessel, for suitable potentials on the
electrodes and, wherever possible, accounting for symmetry
conditions. With numerical maps of the calculated fields, ions
were then tracked through the storage ring using the respective
module of TOSCA as well as the G4beamline code.?® These
more advanced calculations are presented below and their
results are compared to the MADS model.

Rev. Sci. Instrum. 87, 063115 (2016)

1. The major deflectors

The main bending of the ion beam in each of the corners
of the CSR is realized by two 39° cylindrical deflectors. Each
of them consists of two cylindrical electrodes of 180 mm
height and a gap of 60 mm. The radius of curvature on
the nominal orbit is 1 m. For infinitely extended cylindrical
geometry, voltages of +17.74 kV and #18.28 kV at the outer
and inner electrodes of each deflector, respectively, would be
required to bend ions of charge +e with the nominal CSR
energy of 300 keV on the zero equipotential. Considering
the finite transverse dimensions and the fringing fields, the
voltages required to obtain the nominal deflection angle are
computed numerically.

The calculated bending electric field in the middle of
this element is found to be very similar to the ideal field of a
cylindrical deflector. Along the ion orbit, however, the fringing
fields of the deflectors were found to have a strong influence
on the particle dynamics. To reduce this effect, grounded
electrodes, each with a 15 mm gap in azimuthal direction, were
installed as field clamps at both ends of each deflector. The
deflection angle of the 39° deflector was precisely calculated
by tracking a single 300 keV proton, starting from the center
of the deflector and ending in a field free region. We find
that the proton is deflected by about 40° and 41° with and
without grounded electrodes, respectively, which shows that
the grounded clamping electrodes reduce the overall deflection
through the smaller fringing field.

In the tracking calculations described below we found it
of utmost importance that the deflection angle of this element
is matched with the design value. Therefore, the deflector
(nominal arc) was trimmed (shortened) by 8.4 mm on each
end to achieve the design deflection angle of 39°.

2. The minor deflectors

The 6° cylindrical deflectors of the CSR consist of two
cylindrical electrodes with a height of 240 mm and a gap of
120 mm. The ideal orbit has a radius of curvature of 2 m and
the deflecting voltages for the ideal geometry are the same
as for the major deflectors. Similarly to the 39° deflectors,
grounded end-plates are utilized to clamp the fringing fields
and the nominal arc is trimmed by ¢s = 9.1 mm on each end
in order to achieve a deflection angle of 6°. The radial field as
a function of the radial coordinate in the center of the deflector
still deviates by several percent from the ideal field, as shown
in Fig. 5. This is mainly due to the limited azimuthal extent of
the deflector and also due to the rather large gap-to-height ratio
of about 1 : 2. The precise field geometry of the 6° deflectors
is taken into account in the tracking calculations described in
Sec. III C.

3. The focusing quadrupoles

For the focusing quadrupoles, hyperbolically shaped
electrodes were chosen in order to achieve a quadrupolar
field with minimal higher order components. The inscribed
radius of the quadrupole is Ry = 50 mm and its pole length
lp =200 mm (see Fig. 6). A grounded shield is installed
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315

1960 1980 2000 2020 2040
r (mm)

FIG. 5. The magnitude |&,| of the radial field inside a minor deflector as
a function of the radial distance r from the geometrical bending center (for
300 keV singly charged ions, nominally » = 2000 mm) along the intersection
of the horizontal and vertical midplanes of the element (see the inset). The
ideal field for infinite electrode extension and 120 mm gap (dashed line) is
compared to the numerical TOSCA calculation for the actual geometry (full
line). The inset also indicates the arc lengths §s removed on each end for
trimming the ion deflection angle (see the text).

between the two units of each doublet. Numerical calculations
have shown that the two lenses of the doublet are thereby
effectively decoupled.

For realistic boundary conditions we have calculated the
spatial distributions of the electric field gradients g, = 0E,/dx
and g, = 0&,/0y, where E,(,) denote the components of the
electric field. In the quadrupole center, s = s,,, and in the
horizontal and vertical mid-planes, respectively, the calculated
gradients lie very close to the ideal values for infinite
hyperbolic electrodes, g = § and §, = -, with § = -2U/ R(2)
and the definitions of Fig. 6. The figure also shows the
relative deviation of the gradient g.(x,s,,,0) from its value
in the quadrupole center for a horizontal displacement x
starting at the mid-point s = s,,, y = 0. The relative deviation
remains as small as <2 X 1073 for |x| < 40 mm. At even larger
displacements the deviation rapidly grows, causing tune shifts
and limiting the ring acceptance when the ion oscillations
around the central orbit reach these very high amplitudes.

0.005

0.004 1

0.003 |

0.002 |

0.001 ¢

9.x.s ,0)/g(0,s,,0) -1

-0.001

n n n n n n

20 0 20 40
X (mm)

-40

FIG. 6. Relative deviation of the field gradient in the CSR focusing
quadrupoles, g x(x, S, 0), from its value g (0, s, 0) on the quadrupole axis
as a function of the horizontal coordinate x. The longitudinal coordinate lies
in the middle of a quadrupole unit. The inset indicates the basic quadrupole
parameters discussed in the text.
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The overall focusing effect of a quadrupole is determined
by longitudinal integrals over the field gradients. Within
the orbital equations®' it is described by Jetem) kxtp)(5)ds,
where the local focusing strengths ky(,)(s) are, for ions
of charge ze and the nominal ion energy E;, given by
k() (8) = —zegx)(0,5,0)/2Ey (non-relativistic, harmonic-
focusing approximation). The integrals extend over the
quadrupole element including its fringe fields. For a hard-
edged element of length /( with the ideal quadrupole gradients
8x(y) the focusing strengths inside the element would be
given by ky = —k, = k = zeU /EOR(Z) and vanish beyond the
edges; the resulting focusing integrals were +kly for x
and y, respectively. For the realistic fields, the focusing
integrals can be expressed with the same k as for the
ideal case, but using log = 7! f(E]em') 2x(0,5,0)ds instead of
lp. From the finite-element calculations using the TOSCA
code, we obtain [, =0.212 m. Hence, the finite bound-
aries lead to an effective quadrupole length 6% larger
than /.

When tuning the storage ring, the effective length is used
to derive the voltages U; for the quadrupole families i such
that, according to a MADS ion-optics calculation, the focusing
strengths kleg yield a desired working point Qy,Q,. The
quadrupoles were designed for maximum voltages of +10 kV;
at the CSR energy of 300 keV per unit charge and a typical
working point, |U;| = 5 kV.

C. All-ring ion beam tracking calculations

After calculating the field maps for each of the individual
elements, a model of the entire ring was constructed in TOSCA
to investigate the ion beam dynamics in the real fields of the
CSR. Once a complete solution was obtained, a simulated
300-keV proton was tracked through the CSR. In Sec. III A the
CSR lattice parameters were found using the transfer matrix
formalism of MADS8,%° where each element is represented
by a user-defined matrix. To compare these results with the
TOSCA-simulated lattice parameters, we first used TOSCA to
calculate, over several revolutions, the phase-space positions
of a stored particle at the center position of a straight section.
The phase-space coordinates (transverse positions x, y and
angles x’ = dx/ds, y’ = dy/ds) were then fitted by an ellipse
whose parameters represent the lattice parameters at this center
position. The lattice parameters obtained from MADS and
from the detailed TOSCA calculations were found to be in
reasonable agreement (see Table I).

In further TOSCA calculations, the starting conditions
were chosen to represent particles performing high-amplitude
oscillations around the central orbit. For oscillation amplitudes
in the middle of a straight section of up to +40 mm
in the horizontal and +15 mm in the vertical directions,
regular elliptical phase-space maps of the horizontal and
vertical betatron oscillations were found, as presented in
Fig. 7. Increasing the amplitudes further leads to irregular
phase-space motion. The critical amplitudes of £ =40 mm
horizontally and § = 15 mm vertically can be rationalized
considering the transverse extent of the good-field region in
the quadrupoles (<40 mm, or 80% of Ry, around the axis, see
Fig. 6) in connection with the betatron functions in the center
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TABLE I. Betatron functions (8, 8,) and dispersion (D) in the center
of the CSR straight sections, together with betatron tunes Q,Q, of the
CSR. Results from matrix calculations (MAD8%) are compared to those
from all-ring tracking calculations using TOSCA3? and G4beamline.?* The
tracking calculations also yield the approximate ring acceptances Ay, A,
which are given for zero-emittance ion beams.
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Parameter MADS8 TOSCA G4beamline Unit
Bx 12.44 12.1 12.41 m
By 1.47 1.3 1.4 m
D, 2.06 2.1 2.1 m
Ox 2.59 2.60 2.60

Q, 2.59 2.61 2.62

Ax 120 120 mm mrad
Ay 180 170 mm mrad

of a straight section (see Fig. 4). The smaller critical beam
size in the vertical direction is due to the fact that the values
of the betatron function in this direction at the quadrupole and
in the middle of a straight section differ from each other by
a factor of ~4.5. The horizontal acceptance3 Vis A, = 2/ Bx
= 120 mm mrad while, correspondingly, A, = 180 mm mrad.
It should be noted that A, and A, describe the acceptance
limits (see Table I) for beams with a fixed-amplitude betatron
oscillation in a single coordinate only and that beam loss
is expected to start already at significantly smaller beam
emittances.

Tracking calculations with TOSCA were also performed
with off-momentum particles. By starting such particles at
different relative momentum deviations Ap/ py, the shift of the
betatron-oscillation center with Ap/p, can be probed (Fig. 8).
A value of D, = 2.1 mis deduced for the horizontal dispersion
at the center of the straight section, in good agreement with
the matrix calculations using MADS (see Table I).

Tracking calculations of the entire ring were also per-
formed using the G4beamline program,** where each element
of the CSR was represented by the field table calculated

x',y' (mrad)

5 ! ! ! !
-50 -40 -30 -20 -10 O 10 20 30 40 50

X, y (mm)

FIG. 7. Tracking calculations performed using TOSCA for a particle started
at the center of a straight section with x =40 mm, y = 15 mm, and x" =y’ =0,
showing the transverse positions and angles on subsequent turns at the same
longitudinal position. The starting momentum was the nominal storage-ring
momentum po (Ap/po=0). The lines denote a fit of phase-space ellipses
close to the acceptances A and A, given in the text. The maximum hori-
zontal and vertical beam sizes at this position are found to be +40 mm and
+15 mm, respectively.

X (mm)

FIG. 8. Tracking calculations by TOSCA started at the center of a straight
section with Ap/po=0, x =—21 mm, and x" =y’ = y =0 (symbols on large
ellipse) and Ap /po=-0.01, x =-20 mm, x" = y’ = y = 0 (small ellipse near
x =-21 mm), showing the horizontal particle positions and angles on sub-
sequent turns at the same longitudinal position. From the amount by which
the center of the betatron oscillation shifts for the off-momentum particle
(arrow), a value of Dx =2.1 m is found for the dispersion function at this
orbit position. For the chosen starting condition, the beam at Ap /po=—0.01
has only a very small betatron oscillation amplitude.

with TOSCA. The lattice parameters in the center of a
straight section and the ring acceptances obtained by these
calculations are in good agreement with those determined
by the other methods. The calculations by TOSCA and
G4beamline show that the tracking of ions through the entire
field geometry of a large electrostatic storage ring is feasible
and can give valuable insight into the performance of the
machine.

D. Cryogenics and vacuum system
1. Mechanical layout

The mechanical structure of the CSR consists of an
ultrahigh vacuum (UHV) inner vacuum chamber (IVC)
with 100-320 mm inner diameter (ID), kept at temper-
atures between 2 and 10 K. The IVC is surrounded
by inner and outer radiation shields at nominally 40
and 80 K, respectively, and an outer vacuum chamber
(OVQ) at, typically, 107 mbar. The OVC has a square-
toroidal shape that roughly follows the ion orbit and
whose minor section is rectangular, offering a free internal
cross section of at least 1x1 m? (see Fig. 9). When
the IVC is at room temperature, the OVC can be vented
and opened while the IVC remains at UHV. The IVC
is then pumped by non-evaporable getter (NEG) modules
placed close to the ion beam line and by ion getter
pumps. The ion getter pumps are located outside of the
OVC and are operated at room temperature even when
the IVC is cryogenically cooled. With cryogenic cooling,
the pressure in the IVC decreases. Further details on the
vacuum system and performance are given in Secs. III D 2,
IID3,and V H.

The OVC comprises 16 large rectangular structures, each
consisting of a stainless-steel (316L) frame and removable
aluminum panels closing the frame from all sides. The four
corner sections and the four straight sections midway between



063115-7 von Hahn et al.

Cryostat frame
! 1 (top and
© 0 side panels)
I - T Cryostat
| outer vacuum

o
o)

Inner vacuum
| region

| Quadrupole unit

___ Inner vacuum
chamber
and supports
~ || 40K
I~ radiation shield
|| 80K
~ radiation shield
d FPr—_  40Kplate
<. . and supports

T W\\ lon optics

H Cryostat Support tube

AR

o
|
|
|
.|
ol

base plate
lon optics
alignment

Concrete
support

~

FIG. 9. Sectional view of the CSR cryostat structure, looking against ion-
beam direction into a corner section. The 40 K and 80 K shields open up to
the right to accommodate the bend. The elements behind the quadrupole and
the super-insulation are not shown.

them are supported by concrete blocks, with the straight
sections separated from the corner sections on each side by
hydroformed bellows with an ID of 1 m.

A vertical cross section of the cryostat and the elements
mounted inside are shown in Fig. 9. The room-temperature
base plates of the OVC, via thermally insulating supports,
carry 15 mm-thick cold base plates that form the bottom of
the 40 K shield. The cold base plates, in turn, carry most
parts of IVC using similar thermally insulating supports. The
144-165 mm high supports are made from 0.5 mm-thick,
corrugated Ti sheet (Ti6Al4V, effective cross section per
support 36.1 mm?). The IVCs, including their flanges, are
produced from 316L stainless steel and sealed by Helicoflex*
Cu-coated helical spring gaskets.

The 40 K radiation shield, made from aluminum of type
Al199.5, is mounted on the 40 K base plate once the inner
assembly is completed. The 80 K shield, made from the
same material, is attached below the 40 K base plate and
surrounds the remaining 40 K shield. The 80 K shield is
covered on the outside by 30—40 layers of super-insulation
made from aluminized polyester film separated by polyester
fiber spacers.

While the 40 K base plates carry the IVC, all the beam
focusing and bending elements of the CSR are mechanically
decoupled (as much as possible) from the IVC by mounting
them individually on external concrete support blocks. For
this purpose, a vertical tubular structure (stem) with thermally
insulating sections extends from inside the IVC down to a
room-temperature alignment structure on the support blocks.
Close to the IVC, the stems are made from thin-walled
stainless-steel tubes in a meander-type mounting, while in
their lower part they consist of a glass-fiber (G10) tube.
Between the vacuum zones, the stems pass through thin-
walled bellows: smaller ones that are sealed to the IVC and
larger ones sealed to the OVC. This way, the electrodes
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remain fixed in the horizontal plane in spite of thermal
contraction of the IVC. The thermal contraction of all stems
was found to lower the focusing plane of the ring by not
more than 1 mm at cryogenic temperatures as compared to
its position at room temperature. Especially with respect to
the ion optical elements, the mechanical structure of the CSR
has been greatly modified from that of the cryogenic ion-
beam trap, CTE> previously set up as a prototype for the
CSR.

The electrodes were machined (cut and wire-eroded)
from aluminum of type Al Mg4.5 Mn0.7, electroplated by Ag
and Au layers facing the beam, and mounted on alumina
spacers for electrical insulation. The electrical connections
were made via alumina vacuum feedthroughs by 2.6-3.5 mm
dia Cu wires (>99.9% Cu or better) which are thermally
connected to the IVC, using sapphire supports designed
to hold the high operating voltages. The outer electrical
connections use stainless steel wires, thermally anchored
to the 40 K shield by similar sapphire posts. In electrical
tests under room-temperature vacuum, the stable operation
of this connection scheme was confirmed for high volt-
ages up to those for ion energies of 300 keV per unit
charge.

The deflecting electrodes of the CSR were aligned to
a grid of retroreflective targets in the laboratory hall. Other
retroreflective targets were temporarily mounted to reference
positions at the electrode assemblies and then, for alignment,
observed by laser trackers. The survey was first performed at
room temperature. In one corner section, a separate alignment
procedure was performed through optical windows in the
cryostat chambers. This made it possible to repeat the survey
with laser trackers also after the cooldown of the inner
structures to ~100 K. The electrode positions at 100 K were
found to be within +0.4 mm of their design values as well
as from the actual positions at 300 K (with the small overall
vertical shift due to thermal shrinking of all stems subtracted).
From beam dynamics calculations we found that, typically, an
electrode deviation of 0.5 mm translates into a closed orbit
shift of 1 mm. Hence, effects of electrode misalignments
are expected to be tolerable. Moreover, this cold survey
measurement showed that the concept of anchoring the cold
electrodes to individual room-temperature supports worked
successfully.

The quadrupole electrodes were aligned by a Taylor-
Hobson telescope to bull’s-eye targets outside the CSR.
Similarly to the deflectors, the quadrupole positions and
alignment were confirmed both at cryogenic and at room
temperature.

2. Cryogenic system and performance

The layout of the cryogenic system was governed by
the goal of reaching extremely low pressures in the IVC.
The pressure limit relevant here is dominated by the vapor
pressure®® of H, in the coldest areas of the IVC. Therefore,
we introduced special locations along the circumference of
the IVC with temperatures down to 2 K. Surfaces serving
this purpose were produced by vacuum brazing massive Cu
blocks, connected to the coldest part of the cryogenic cooling
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circuit, into stainless-steel flanges. From these blocks (Cu-
HCP, 99.95% Cu), finned surfaces’” with 142 mm dia reach
into the IVC, forming local cryocondensation units. A total of
28 of these units are distributed over the CSR circumference
at nearly equal distances.

The closed-cycle liquid He cooling system of the CSR is
supplied by a powerful refrigerator system described in more
detail elsewhere.*’-*¥ Normal or superfluid He at a temperature
of down to ~1.8 K is fed into the finned Cu blocks and
evaporated there into a return line for cold gaseous He. This
line is heat-exchanged with another one with He gas that enters
the OVC at ~5 K and is recirculated four times all around the
ring to cool critical cryogenic equipment (at nominal 5 K level)
and then, subsequently, the two radiation shields at 40 K and
80 K nominal temperatures. The system®® delivers a cooling
power of 20 W to the 2 K level and 600 W to the radiation
shields and experimental equipment.

The outside surfaces of the IVC are wrapped by a
0.25 mm-thick high-purity (>99.95%) Cu sheet for reducing
thermal gradients. This layer is pressed to the stainless-
steel wall of the IVC (nominal temperature <10 K) by
collars at many places and connected to the Cu blocks
of the pumping units, using highest purity (99.997%) Cu
strips. The temperatures of the IVC and the radiation shields
are monitored on the Cu layer by a large number of
PT1000 sensors (becoming imprecise below ~35 K) and a
smaller number of RhFe sensors for the lowest temperature
range.

In tests of a single corner, the cryocondensation units were
brought to (2.3 £0.4) K and the temperatures on the IVC
were found to be below 7.5 K. The electrode temperatures
were found to be <15 K in these tests. As a result of
these measurements, improvements were made in the thermal
coupling of the electrodes to the IVC so that the temperature
difference between them is now expected to be reduced to
<5K.

The first complete cryogenic cooldown of the CSR
followed a bakeout of the IVC (see Sec. III D 3). The
closed-cycle cryogenic system was regulated to realize a
steady ramp-down of the temperatures with the deviations
between the various PT1000 and RhFe sensors not exceeding
20 K from the mean. Temperatures at some probes on
the IVC during this regulated cool-down ramp are shown
in Fig. 10. The minimum temperature was reached after
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FIG. 10. Temperatures recorded during the cooldown of the CSR at five
RhFe probes (full lines) distributed over the inner vacuum chamber.
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~20 days. It was obtained with the cryocondensation units
at 4.2 K, as determined from the pressure in the return line
of the evaporated He to the refrigeration system. The mean
temperature on the IVC was then determined tobe (5.5 + 1) K,
where a large contribution to the uncertainty comes from the
sensor calibration. For the electrodes, which we expect to
be at most 5 K warmer than the IVC, we hence estimate a
temperature of <11.5 K.

3. Vacuum system

A goal followed in the design of the CSR inner vacuum
system was to obtain good UHV conditions already at room
temperature. This ensures clean surfaces and low contributions
of heavier gases in the residual gas during the cooldown,
when the freeze-out on the cryogenic pumping surfaces
occurs. Moreover, these conditions allow ion storage with
expected beam lifetimes in the range of several seconds and
the operation of the merged-beams devices already at room
temperature. To achieve these UHV pressures, the IVC can be
baked by electric heaters on the Cu wrapping at up to 250 °C
with vacuum in the OVC.

The IVC is connected to five room-temperature pumping
stations, installed below the corner sections, via 100 mm ID
pumping ports, using bellows for thermal insulation. In the
cold state, the cross-sectional areas of the pumping ports
can be largely reduced by closing flaps connected to the
40 K temperature level. Each room-temperature pumping
station is equipped with a turbomolecular pump (H, pumping
speed 220 1/s, isolated by gate valves after bakeout) and
an ion getter pump® of 65 1/s pumping speed (nominal
value for N,). Inside the IVC there are 16 NEG modules
with at least 700 1/s pumping speed each (for Hj, at room
temperature) are used. These modules are activated by heating
to ~450°C in the final phase of the bakeout. Moreover,
specially designed charcoal-coated and bakeable cryopanels*’
are installed at eight positions for adsorbing heavier gases.
These cryopanels are connected to the refrigerating system
at the 5 K level. Finally, the 28 cryocondensation units
directly connected to the liquid He cooling system take
over cryocondensation of H; in the cold system and ensure
extremely low residual-gas density in cryogenic operation.
This combination of vacuum pumps is essentially the same as
in the CSR prototype,®> where it was shown to attain residual-
gas densities of 2 x 103 cm™.

During the bakeout of the IVC, the temperatures were
ramped up by 10 K/h below 100°C and by 5 K/h above
this. The maximal temperature was 180 °C, sustained for 3
days and ramped down to 150°C before the NEG pumps
were activated. After cooldown to room temperature, the
pressure in the IVC, measured at the pumping stations
below the corner sections with all turbomolecular pumps
isolated, was 2 x 10~'° mbar. Before starting the cryogenic
cool down, the OVC was opened to install heat-sensitive
equipment such as cryogenic amplifiers of the diagnostic
system.

The OVC is pumped down from atmosphere by two oil-
free root pumps. These pumps are disconnected at ~10~2 mbar
and the vacuum is then maintained by four turbomolecular
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pumps (1500 I/s each) and their respective oil-free backing
pumps. The pressures measured outside the super-insulation
layers were ~ 107> mbar with the IVC at room temperature and
10~7 mbar with the IVC at <100 K.

IV. EXPERIMENTAL EQUIPMENT

The CSR is designed to house a wide range of exper-
imental equipment. For the first cryogenic operation of the
facility, reported here, one of the straight sections was
equipped with a laser-overlap section and with particle
detectors which are described below.

A. Basic considerations

The laser setup implemented at the CSR in the first
cryogenic experimental phase fulfilled two purposes. Firstly,
a laser system with a wide tuning range for dedicated photo-
dissociation and photodetachment experiments was needed.
Secondly, several experiments with negative ions relied on
a simple continuous laser system to create a measurable
photodetachment signal that scaled with the number of stored
ions. A laser probe was necessary because of the extremely
high vacuum anticipated for the CSR. In most conventional,
non-cryogenic storage rings and ion beam traps the residual-
gas number densities are >10® cm™>. At such densities, ion
collisions with the residual gas limit the lifetime of the stored
beam. Despite this limit, the residual-gas can also be a useful
tool to monitor the beam decay and position. For example,
under such vacuum conditions, the stored particle beam will
produce at a steady rate ionized residual-gas particles which
can be directed onto microchannel plates that serve as beam-
profile monitors.*! It is also often possible to observe up- or
down-charged ions that are created by charge exchange of the
stored ions with the residual gas and leave the ion-beam orbit
tangentially. This process has been used routinely in magnetic?
and room-temperature electrostatic'® heavy-ion storage rings
to observe the beam lifetime and as a proxy signal that scales
with the number of stored ions.

Inside the IVC during cryogenic operation, however, we
expect extremely low number densities, several orders of
magnitude lower than in traditional non-cryogenic storage
devices. Therefore, even considering that the charge-exchange
cross sections increase at lower velocities, it was not clear
whether we would be able to observe any neutral particles
that are produced by residual-gas collisions. As demonstrated
in Sec. V H below, their detection required particle detectors
with a low dark-count rate.

For anion beams, the most convenient method of monitor-
ing the stored current was via photodetachment. Most atoms
in the periodic table can form stable negative ions. However,
the outer electron is bound by polarization forces only and,
thus, the electron affinity (the binding energy of the extra
electron) is typically much lower than the first ionization
potential. Therefore, a helium—neon (HeNe) laser at 633 nm
is capable of neutralizing the majority of negative atomic
ions in the periodic table, as well as many molecular anions.
This allowed very sensitive detection of stored negative ion
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currents by collecting the neutral detachment products in
single-particle detectors downstream of the laser section (for
details on detectors, see Sec. IV C).

B. lon—photon interaction zone

The laser setup was installed in the straight section of the
CSR that will house the electron cooler at a later stage. We
used three different lasers in the first experimental phase. The
most versatile system is a pulsed optical parametric oscillator
(OPO) laser (Ekspla NT342 with ultraviolet extension) with
a wide tuning range from 2600 nm to 225 nm. We used
broadband-coated mirrors for most of the beam path to allow
for rapid changes in wavelength without the need for complete
re-alignment. The pulse length of the OPO laser is 3 ns—5 ns
and the repetition rate 20 Hz. The energy per pulse ranges
from 30 mJ at 450 nm to 4 mJ at 2600 nm. The linewidth is
on the order of 5 cm™!. The other two systems are relatively
simple, fixed-wavelength continuous (cw) lasers. The first, a
conventional HeNe laser with 5 mW power at a wavelength of
633 nm; the second, a home-built external-cavity-stabilized
infrared diode laser with an output power of 20 mW at
1400 nm. To switch between the different lasers we used flip-
mirrors and a computer-controlled mechanical shutter. For the
data presented here we have employed the 633 nm cw laser.

The laser beams (typical diameter ~8 mm) were intro-
duced into the storage ring through sapphire viewports and
small openings in the radiation shields. The laser overlap with
the stored ions was defined by two mirrors that were situated
224.3 cm apart inside the IVC on opposite sides of the ion-
beam orbit. In this arrangement, the laser beams intersected the
ion beam at a grazing angle of 3.4°. In a second configuration,
the laser beams could be coupled into the ring in a crossed-
beam arrangement at a 90° angle.

C. Particle detectors

Neutral photodetached products were collected by one of
the particle detectors placed downstream of the ion-photon
interaction zone behind the minor deflector (see Fig. 2). Two
detectors were used as follows.

The NICE (Neutral Imaging in Cold Environment) detec-
tor is based on a double-stack 120 mm diameter microchannel
plate (MCP) with a phosphor screen anode. For the counting
experiments we used the digitized anode signal to find the
time and amplitude. The narrow pulse width of ~6 ns full
width at half-maximum (FWHM) made the NICE detector
advantageous in the measurements with the pulsed OPO laser,
where multiple events arising from a single laser shot reach
the detector within a time spread of ~1 us. The dark count rate
of the large MCPs was greatly suppressed by correlating the
ion arrival time with the time of the laser pulse. This gating
resulted in a background rate of <10~ per laser shot. In future
experiments, a fast CMOS camera will detect the transverse
impact positions on the phosphor screen, thus providing full
3D-imaging multi-hit capability.*?

In the COMPACT detector*® (COld Movable PArticle
CounTer) the detected particles hit an aluminum converter
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plate and the resulting secondary electrons are collected by a
small MCP detector with a simple metal plate anode. Since
several secondary electrons are normally emitted per ion
impact, the counting efficiency is not limited by the open area
ratio of the MCP and can approach unity. In cold operation
the average dark count rate was substantially below 1 s~! even
without any time-of-flight gating. At average count rates up
to 1 x 10 s7! no effects of detector saturation were observed
in the experiments performed at cryogenic temperatures. For
these measurements, the COMPACT detector was operated
without the additional local heating described in Ref. 43.
The high dynamic range of COMPACT was employed in the
photodetachment measurements with the cw laser, presented
below. The detector is mounted on a translation stage by which
it can be moved perpendicular to the ion-beam axis in the
horizontal plane. This allows collection of not only neutral
products (as for the present data) but also charged reaction
products that leave the nominal ion orbit. Both detectors
operated successfully with the CSR at its lowest temperature
and details of their operation will be reported separately.

V. RING PERFORMANCE AND DIAGNOSTICS

The CSR was put into operation in March 2014, storing
an “°Ar* jon beam at room temperature. With a pressure in
the 107 mbar range of the unbaked IVC, the storage lifetimes
were limited to a few milliseconds. Some beam diagnostic
measurements were performed and the particle counters were
tested. In 2015, the IVC was baked to temperatures of ~180 °C
and a pressure of 2 x 1079 mbar at room temperature was
reached, after which the IVC was cooled down to ~6 K.
With the resulting extremely low pressures, several different
ion beams were stored with storage lifetimes in the range of
a few hundred to ~2600 s. The beam energies were in the
range of 60-90 keV and the ions species included Ar*, C~,
O-, OH", CH", C;, Co,, Ag,, and Coy. Exploiting the long
storage lifetimes, extensive beam diagnostic measurements
could be performed. Moreover, investigations were carried
out on spontaneous and photon-induced neutralization and
fragmentation processes of the stored ions. These studies used
the particle detectors described in Sec. IV C. The electron
cooler was not yet available for this beamtime period.

A. lon sources and injection

The ions used in these experiments were produced in both
positive and negative ion sources situated on an electrostatic
platform designed to hold a maximum voltage of 300 kV.
Typical ion currents ranged from 1 nA to 1 uyA.

The injected beam was aligned to the storage-ring orbit
by a beam viewer in front of the CSR and three further beam
viewers that can be moved into the CSR orbit. The beam
viewers consist of an aluminum plate on which secondary
electrons are produced when hit by the ion beam. Using a
grid, the electrons are extracted and accelerated** towards a
40 mm dia MCP and phosphor screen combination. The image
of the beam is recorded via a CCD camera. For the CSR beam
viewers, two cascaded rotary feedthroughs, one sealed to the
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OVC and the other to the IVC, are used to move the aluminum
plate into the stored ion orbit. In the operations performed
so far, the basic setting of the ion-beam optical elements was
found using the beam viewers at room temperature. However,
their operation at cryogenic temperature is foreseen.

In the injection beam line, a continuous (dc) ion current
from the ion source is pulsed via a switched electrostatic
deflector (chopper). The first minor (6°) deflector encountered
by the ions, after entering into the CSR, serves as the active
injection element of the ring. Its voltages are switched off at
the beginning of an injection cycle, emptying any ions from
the storage ring. Ions from the injector can then enter the
CSR until the deflector voltages are once again raised to their
nominal values within ~50 ns, using solid-state switches, thus
permitting ion-beam storage. The ions that entered the CSR
less than one revolution period before this switching time
remain stored in the ring. The leading edge of the stored pulse
can be adjusted by setting the opening time of the chopper in
the injection line, so that stored ion pulses of desired temporal
length can be achieved. The switching-on of the injection
element produces the trailing edge of the circulating ion pulse.
This way the longitudinal current density distribution and,
hence, time structure of the circulating ion beam are defined
by the chopper and the injection element within the CSR. The
“bunched” time structure imprinted by the injection varies
during storage and completely vanishes after a debunching
time of typically 10* revolutions.

B. Circulating ion current

Two capacitive pickups® are used in the diagnostic
section to detect the time structure of the circulating ion beam.
These pickups (100 mm ID tubes) differ in their length /,,. The
short pickup (current pickup PU-C, [,, = 30 mm, see Fig. 2) is
employed to determine the charge associated with circulating
ion pulses.*® The long pickup (Schottky-noise pickup PU-S,
I, = 350 mm) allows highest sensitivity for measurements of
charge-density fluctuations in the circulating ion beam. Even
for a completely debunched ion beam, such fluctuations exist
in the form of shot noise due to the single-particle nature of
the stored beam current (Schottky noise*®). Such beam noise
measurements are presented below (Sec. V C).

With the current pickup, in particular, the ion injection
and the first few revolutions of the ions can be directly
monitored. The voltage U,(t) at this pickup as a function
of time ¢ represents the linear charge density p; of the ion
beam with a longitudinal resolution of /,,/ Ly ~ 1072 of the ring
circumference (Lg). The observed voltage, after amplification
with a gain factor g, is U, = gl,p;/C, where C is the total
capacitance of the pickup and the amplifier input. Aside from
revealing the longitudinal distribution of the ions along the
ring circumference, the pickup signal allows the number of
stored ions (charge ze) to be determined as

N; = CLofo / Up(t)dt. (1

zegl,

Here, fy is the ion revolution frequency and the integral
extends over one revolution period.
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FIG. 11. Time-domain signal at the current pickup observed for a 60 keV
4Ar* jon beam (revolution period 1/fy=65.3 us) stored at ~6 K, showing
the amplified voltage Up,(t). At t =0 the injection element is switched on.
The trailing edge of the circulating ion pulse is observed in U}, delayed by
the time-of-flight from the injection element to the current pickup (slightly
more than half a revolution period). Being recycled in the ring, the leading
edge of ion pulse then arrives at the current pickup a second time. For the
case shown, the gap in the circulating current density is only ~5 us long.

The measured pickup signal for “°Ar* ions with a beam
energy of 60 keV (fy = 15.32 kHz) is shown in Fig. 11. It
reveals the pulse structure of a beam filling the circumference
almost completely, as the chopper in the injection line is
opened almost one revolution period before the voltages on the
injection element are switched on. The slow time dependence
of U,(t) represents the high-pass filtering behavior of the
capacitive pickup with a time constant of RC, where R is
the large amplifier input resistance. The effective capacitance
of the pickup electrode can be monitored in situ by temporarily
connecting a known inductance via a cryogenic relay and then
measuring the resonance frequency of the combined circuit. It
was determined to be C = (96.0 = 1.3) pF when operating
the CSR at ~6 K. The signal was processed by a home-
built cryogenic preamplifier stage operated at ~6 K and a
room-temperature main amplifier in series. For the present
experiments, the voltage amplification can be specified as
g = 0.9*) x 10°. The preamplifier was characterized both at
the cryogenic operating temperature and at room temperature,
which resulted in amplifications agreeing within ~10%.
The amplification g was also measured directly during the
cryogenic run for the complete chain and found to be about
a factor of 2.5 lower than the product of the amplifications
measured for the two amplifiers separately, when the input
and output impedances were carefully simulated. Since
this deviation was not reproducible in later tests at room
temperature, the upper error bar of g includes the product
of the two single amplifications. The integral over a single
pulse in Fig. 11, (2.0 +0.1) x 107 Vs, then yields an ion
number of N; = 2.4f(1’:§ x 10% ions. The noise integrated over
a single revolution at the given f, corresponds to roughly 10°
ions (z = 1), which characterizes the sensitivity of the pickup
PU-C in these real-time measurements. A calibration accuracy
of ~3% is expected after suitable improvements.

C. lon-beam Schottky noise

The time structure imprinted by the injection process onto
the stored ions vanished after ~1 s of storage time. Once the
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FIG. 12. Measured Schottky-noise spectra of a Co; ion beam
(Ep=60.31 keV, harmonic /& =20) measured with averaging windows of
120 s centered at (from top to bottom) 80, 320, 560, 800, and 1040 s
from injection, respectively. For better visibility, the curves are shifted by
—1 pW/Hz for each step of 240 s in storage time. The amplification chain
discussed in the text was used and a background spectrum taken with ion
beam off was subtracted. Small peaks from frequency-variable ambient noise
remain at the highest frequencies. Limits f; and f> are indicated beyond
which no ion beam related spectral signal is visible at any time.

inner vacuum system reached its final cryogenic temperature,
a signal from the Schottky noise of the stored ion beam could
be observed up to very long storage times of 1000 s and more.
The signal of the Schottky-noise pickup (PU-S in Fig. 2)
is amplified by a low-noise, high-impedance preamplifier
identical to the one used for the pickup PU-C, while a different
room-temperature amplification stage is used. The output
signal is fed into a spectrum analyzer, where the spectral
power distribution p(f) is observed at a harmonic 4 of the
ion revolution frequency fj. From calibration measurements,
allowing for a similar uncertainty of the electronic readout as
with PU-C, the total voltage amplification for frequencies of
the order of 200 kHz can be specified as g = 8.2*0-] x 10°.

Power spectra of the amplified Schottky-noise signal for
60 keV Co, ions (mass 118 u, fo=8.915 kHz) near the
harmonic & =20 are shown in Fig. 12 for various storage
time intervals. From the Schottky-noise spectrum,® the
spectral density of the average squared voltage at the pickup
(C =(452 £ 15) pF) for a single ion (charge e, frequency f;)
in the Schottky band at 4 f; can be calculated as

= (=) [1-oos (T2 o =m0 @
~ \nhC Lo ”
yielding the value of 2.2 x 1072 V2§(f — hf;). The ampli-
fied time-averaged noise power integrated over each har-
monic (band Af) per particle amounts to f(A 9 p(Hdf
= Jap) gX(0*)/ Ry = 3.0792 x 1077 W (with R,, = 50 Q being
the spectrum analyzer input impedance). The integrated power
at 80 s (Fig. 12) is (5.5 +0.5)x 1071 W, corresponding
to 0.18%)5,x 108 Co; ions. With the current pickup (see
Sec. V B) the initial number of ions was measured to be
N; =0.8*)-1x 10% In spite of the large uncertainties, the
comparison confirms that the observed spectral power has
the order of magnitude expected for a Schottky-noise signal.
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The power spectrum p(f) represents the distribution of
revolution frequencies in the stored beam and, hence, the
distribution w(p) of the longitudinal momenta of the stored
ions. For small deviations from a reference frequency f; or
the corresponding reference momentum py, both distributions
are related via

(f = fo)l fo = np(p = Po)/ Po. 3

The phase-slip factor 7, was determined as 0.68 +0.01
by measurements and by the lattice calculations. Figure 12
thus indicates that the momentum distribution of the ions
significantly broadens during the long storage time. Moreover,
with time the integral power of the Schottky band shows a
near-exponential decrease. A time constant of (1115 + 33) s
can be fitted to the observed Schottky-power decrease, which
is interpreted as a decrease in the number of stored ions.

Applying the Fokker—Planck description*” of the longitu-
dinal momentum distribution w(p,t) we have simulated both
the broadening of this distribution and the loss of ions from
the beam by solving the linear diffusion equation*®

dw/dt = D(0*w/dp?). “4)

We place the reference momentum py where it corresponds
to the average fy = (fi + f»)/2 of the limits indicated in
the Schottky-noise spectrum of Fig. 12 and consider it
as the nominal (soll) momentum given by the voltage
settings of the CSR. Symmetrically around pp we define
effective momentum acceptance limits p; » = po ¥ Ap/2 with
Ap = po(f2 = f1)/npfo=0.0064 pp and use the boundary
condition w(pi,1) = w(ps,t) = 0 in the diffusion model. The
starting conditions for the momentum distribution and the
diffusion constant are chosen to simulate the shape of
the measured Schottky-noise spectrum by the modeled
momentum distribution. As shown in Fig. 13, reasonable
agreement can be obtained by choosing an initial Gaussian
distribution of width o =0.45x 10735, with an initial
displacement of +0.74 x 1073 jy, corresponding to a slight
deviation from the soll momentum on injection, and a diffusion

Density (units of p,™)

| | | | |
-0.004 -0.002 0 0.002 0.004
Momentum (units of p,)

FIG. 13. Momentum distributions (relative deviation from the reference mo-
mentum p) calculated with a linear diffusion model as discussed in the text
to simulate the Schottky-noise spectra of Fig. 12. The five curves correspond
to the average storage times of these spectra and for visibility are shifted by
-2 150‘1 per step in storage time.
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constant of D =3.58 x 107 55 s~!. Through the boundary
condition, the solution of the diffusion equation for these
parameters also implies an exponential decrease of the particle
number with a time constant*® of (Ap)?/x?D = 1160 s, close
to the time constant observed.

The simple model agrees quite well with the observations.
In particular, it can explain the slight shift of the average ion
momentum with storage time revealed by the Schottky-noise
spectra and the asymmetry of the distributions, especially
pronounced in those centered at 320 s and 560 s. At the low
residual-gas density reached, the energy loss in collisions of
the circulating ions with background-gas molecules cannot
be responsible for the observed shift; using the results of
Sec. V H, a relative momentum change of only <107,
even after 1000 s, can be estimated for this effect. In the
diffusion model the shift of the average momentum is caused
by the effective acceptance limits when the ions are injected
slightly off the nominal momentum py. On the other hand,
the model neglects important influences from the transverse
beam size and the transverse momentum distribution. Thus,
it suggests an effective momentum acceptance somewhat
smaller than the single-ion acceptance limits obtained from the
lattice calculations. Nevertheless, it appears plausible that the
effective momentum acceptance would be critically reduced
by the large transverse beam size, found to be at least 20 mm
FWHM in position scans over photodetachment products of
the stored beam with the movable COMPACT detector.

The root-mean-square (rms) change of the particle energy
per revolution consistent with the diffusion constant D would
be (SE)?)'/? = 2Ey(2D/p2fo)'/* = 107 meV. Assuming inde-
pendent effects, added in quadrature, of the 32 main elements
(deflector and quadrupole electrodes) of the CSR, this would
correspond to an rms energy change of 19 meV per element.
The origins of the frequency broadening of the observed
Schottky signals will be further studied in future beamtimes.

D. lon-beam bunching

A sensitive method for detecting weak stored ion beams
is to re-bunch the stored ion beam using a radiofrequency (rf)
system. The rf system (see Fig. 2) consists of a 340 mm long
drift tube that is powered by an alternating voltage with a
typical amplitude of 1-20 V at a higher harmonic (2 ~ 10) of
the revolution frequency f). In the present experiments, the rf
amplitude was zero when ions were injected into the ring and
then ramped up to its final value over ~20 ms for 60 keV “°Ar*
(fo = 15.32 kHz), which corresponds to ~300 revolutions.
More details of the rf system are given elsewhere.** The rf
bunching scheme is used in the measurements described in
Sec. V E.

E. lon-beam position and dispersion measurements

The closed orbit of a bunched ion beam in the CSR
can be measured with six beam-position monitors (BPMs)
distributed along the ring (see Fig. 2). A single BPM module
consists of two 100 mm ID, 60 mm long cylindrical capacitive
pickups, each split along their diagonal into a pair of separate
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electrodes.® The normal of the splitting plane lies either
in the horizontal or the vertical plane, yielding electrode
pairs that are then called horizontally or vertically separated,
respectively. The electrodes are surrounded by a shielding
tube that is electrically isolated from the IVC, but connected
with it externally at a well-defined grounding position. For
the measurements described here, one electrode of a pair is
connected to a single amplification chain, using a cryogenic
relay, while grounding the other. The measurement is then
repeated with the connections interchanged and the center-
of-charge of the ion beam in the BPM is derived from the
difference of the signal amplitudes in the two measurements,
normalized to their sum.’!

Beam-position measurements were made to measure the
closed orbit of the stored ion beam as well as to determine
the dispersion of the storage ring at the pickup positions. In
these measurements, an “°Ar* ion beam was injected into the
CSR and the closed orbit was then changed by varying all
electrostatic potentials by the same relative amount AU/U.
This leads to a horizontal shift Ax of the center-of-charge
position of the stored beam, which is related to the dispersion
D, at the pickup position by D, = -2Ax/(AU/U). Since
all BPMs are installed at equivalent positions within the
ion-optical lattice of the storage ring, the dispersion at the
six pickup positions should be identical. The measurements
yielded an average dispersion of D, = 2.20 m, while the D,
values measured at the individual BPMs varied in the range
of 2.08 m-2.28 m. Calculations using the G4beamline code,*
where ions were tracked through the realistically modeled
fields of the storage ring, yield for the used working point a
dispersion of D, = 2.14 m, in reasonable agreement with the
measured value.

F. Betatron-frequency measurements

The induced current measured on a single electrode of
one of a BPM’s split cylinders corresponds to either the
horizontal or the vertical motion of the ion-beam center-of-
charge. An oscillation of the center-of-charge position can be
excited by injecting the ion beam with either a horizontal or a
vertical offset relative to the central orbit. When the frequency
spectrum of such transverse pickup signal is analyzed for an
ion beam still having the pulsed structure of the injection
(see Sec. V A), sidebands at f;i”) = fo(h + qx(y)) appear in
addition to the main bands at & f,. Here, x or y applies to
an observation pickup with electrodes separated in horizontal
or vertical direction, respectively, & is integer, and gy, are
the non-integer parts of the horizontal and vertical tunes
(qx(y) = Qx(y) - I.Qx(y)J)-

Betatron sidebands of this type were observed in the
pickup spectrum during the first few seconds after beam
injection into the CSR. For a 60 keV *°Ar* ion beam with f;
= 15.32 kHz, a spectrum was measured for a horizontal
injection misalignment, the signal of which, measured with
one of the horizontally separated electrodes of a BPM,
is displayed in Fig. 14. Focusing settings slightly off the
nominal working point of the CSR were chosen for this
measurement. The highest three peaks in the spectra belong
to integer multiples of the revolution frequency, reflecting
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FIG. 14. Betatron sidebands observed on a single electrode of a horizontally
separated pair of a BPM for a 60 keV “°Ar* beam (f = 15.32 kHz) injected
with slight offset to the closed orbit. The spectral amplitude @ 2is shown
for 20 Hz bandwidth. Harmonics of the revolution frequency fo are marked
as h o and the betatron sidebands as f;", .

the longitudinal density modulations of the freshly injected
beam, while the small peaks marked with S are the betatron
sidebands. These peaks have similar amplitude to several
noise peaks occurring in the spectrum. However, they can be
identified by their multiple occurrence at positions symmet-
rically correlated to the 4 fj peaks. The data of Fig. 14 yield
a horizontal tune of Q, = 2.840 + 0.001, where the integer
part of Q, is set to its value determined from simulations,
and a similar measurement yields Q, = 2.397 + 0.001 for the
vertical tune. At the given ring geometry, the MADS lattice
calculations accurately predict the relation of the tunes Q)
to the focusing strengths of the quadrupoles. By relating the
focusing strengths that produce the measured Q(,) values to
the actually applied quadrupole voltages U; in each family i
(see Sec. III B 3) effective lengths /. ; can be experimentally
determined. They are found to be l.¢; = (0.207 + 0.004) m
and leg 2 = (0.209 £ 0.004) m, respectively. As expected, these
values lie very close to each other and to the finite-element
calculations of Sec. III B 3.

G. Measurement of the horizontal and vertical
betatron functions

A well-known expression®” shows that small changes
Aky(,)(s) of the focusing strength at longitudinal positions
s along a storage ring lead to changes of the betatron tune by

1
AQx(y) = E/ﬁx(y)(s)Akx(y)(s)ds’ (5)

where the integral runs over the ring circumference. (With the
definition of Sec. IIl B 3, k, = k and k, = —k.) The effect,
due to the eight members of each quadrupole family i, when
changing the quadrupole voltage by AU; can hence be obtained
as

AQx(y).i = £2z€lefr,i By, i AU/ TEoRG, (6)

where the plus (minus) sign refers to x (y) and Ex(y)’ ; 1s the
average of the betatron functions at the individual quadrupoles
of family i. The respective individual values within a family
should all be equal considering the ring symmetry.
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TABLE II. Betatron function values ,EX( y),1 and Ex( y),2 at the quadrupoles
of families 1 and 2, respectively, determined from the effect of these ele-
ments on the CSR betatron tune. The measured values are compared to the
values calculated by the transfer-matrix model (MADS) at the quadrupole
positions.

Parameter Measured Calculated Unit
Bl 9.55+0.23 8.69 m
By 3.49+0.07 341 m
B 4.20+0.03 4.11 m
Byn 6.64+0.13 6.37 m

The betatron functions at the quadrupole positions can,
hence, be determined from betatron tune measurements
varying the quadrupole voltages U;. The results for the working
pointof O, = 2.840 and Q, = 2.397 (see Sec. V F) are shown
in Table II and compared to the calculated betatron functions
for this working point, which slightly differs from that in Fig. 4.
The measured and calculated betatron functions deviate by at
most ~10%, suggesting that the matrix calculations represent
the real ion optics with good accuracy.

H. Lifetime measurements and negative
ion detachment

During the cool-down period of the CSR, the lifetime of
a stored 60 keV “°Ar* ion beam was frequently measured. In
this phase of the measurements, ion collisions with residual-
gas molecules in the inner vacuum system lead to neutral
Ar atoms via electron capture. These atoms were detected
by the COMPACT detector (see Sec. IV C) as a function
of storage time. Starting with a beam lifetime of ~5 s
at room temperature, the continuous improvement of the
vacuum, by cryopumping, lead to longer and longer storage
times. In fact, reaching cryogenic temperatures of ~6 K, the
signal of fast atoms on the detector from the ions’ collisions
with residual gas dropped below the dark count rate of the
detector, indicating a tremendously improved background
pressure.

To artificially create a signal proportional to the particle
number in the stored ion beam, we stored a beam of hydroxyl
anions (OH™) at 60 keV and overlapped the ion beam with
a cw HeNe laser operating at a wavelength of 633 nm (see
Sec. IV B). The laser photon energy of 1.96 eV was sufficient
to photodetach the excess electron in the stored OH™ ions
whose electron affinity for ground-state ions®” is 1.828 eV.
For constant laser power, the created neutral rate on the
detector gives a relative measure of the ion-beam intensity.
The neutral rate observed over 10 min following the ion
injection is shown in Fig. 15. The initial number of stored
ions for this measurement can be calculated (see Sec. V B) as
N; = 6.8fg:g x 107. In the “laser on” phases, this measurement
yields a beam-decay time constant of (425 + 9) s. In the “laser
off” phases, it also illustrates that the detachment rate by
ion collisions with residual-gas molecules in the cryopumped
inner vacuum system falls to a very low level. Taking the
difference of the average rates in the first “laser off” phase
and at >570 s (no ion beam), we find an ion-induced rate
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FIG. 15. Count rate of neutral products photodetached by a HeNe laser
from a 60 keV OH™ beam in the CSR (temperature ~6 K) and detected by
COMPACT as a function of storage time. During “laser on” the count rates
are significantly higher than the dark count rate of the detector. The fit of
an exponential time dependence to these rates yields the given decay time
constant. In “laser off”” periods the count rate only slightly exceeds the dark
count rate. A full horizontal line indicates the average of the count rate in
the first “laser oft” period and its one-standard-deviation error limits. The ion
beam is dumped at 570 s, with the dark count rate alone showing at later
times (average indicated by the dashed horizontal line with errors).

of (0.37+0.21) s™! whose significance will be analyzed
below.

In further measurements we found that the ion-beam life-
time depended on the mass of the stored ions and considerably
increased when the 60 keV OH™ anions (mass 17 u) were
replaced by heavier species. The detailed scaling with the ion
mass is under study. The longest lifetime measured in the CSR
was obtained using the silver dimer anion Ag, (mass 216 u,
photodetachment energy>? 1.023 eV). As for the OH™ beam,
the neutral rate arising from residual-gas collisions almost
vanished in the detector dark-count rate. The HeNe laser was
used to probe the ion-beam intensity by photodetachment as a
function of storage time. To account for the depletion of the ion
beam by the photodetachment, the laser beam was switched
between “on” and “off” phases using two different duty cycles,
c; and ¢;. The beam decay constants k; and k, measured
in these two cases (see Fig. 16) were used to calculate the
undisturbed decay constant kg = (c2k1 — c1kz)/(c2 — ¢1) of the
Ag;, anions, yielding ko = (3.68 £ 0.11) X 10 s™!. The beam
storage lifetime (time constant) of Ag, ions undisturbed by
laser photodetachment then results in 1/ky = (2717 + 81) s.
As demonstrated by Fig. 16, the long storage lifetime enabled
us to find a significant signal of neutral products still more
than three hours (~10* s) after the injection.

We can use this measurement also to verify the frac-
tion of photodetachment events counted by the COMPACT
detector. The laser-induced decay constant is found from
the measurement of Fig. 16 to be kp = (ky — k1)/(c2 — ¢1)
=(5.7+0.4) x 107* s~!. With the initial stored ion number
for this measurement of N; = 4.4%9-¢ x 10° and the observed
initial laser-induced count rate R;,, = 200 s~!, this yields
a fraction of observed events of € = R; ,,/k.N; = 0.09%0-02.
This number represents the product of the geometrical and
the counting efficiencies. At room temperature and with
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FIG. 16. Count rate of neutral products photodetached by a HeNe laser from
a 60 keV Ag, beam in the CSR (temperature ~6 K) and detected by COM-
PACT as a function of the storage time ¢. The laser was modulated between
“on” and “off” at a period of 500 s with duty cycles ¢ and c¢; as given, and
the rates during the “on” phases are plotted. Exponential fits of these rates for
t > 3000 s including a common, estimated constant background rate yield the
given beam decay constants.

particles of higher velocity, a counting efficiency close to
unity was demonstrated for the COMPACT detector®® for
a suitable setting of the pulse-height detection threshold,
discriminating the background pulses from those by heavy-
particle impact onto the converter cathode. Measurements
in the CSR at the final cryogenic temperature showed that
the pulse-height distributions behaved similar, although the
discriminator settings had to be turned up substantially in order
to suppress an electronic noise background. With this and
with the geometrical losses expected in the product detection
scheme we can rationalize the value of € determined in the
described procedure.

The upper limit of the residual-gas induced detachment
rate R, ,, that can be measured by the detector in the absence
of photo-induced processes as shown in Fig. 15 (OH™) places
an upper limit on the residual-gas density in the straight
section of the CSR (length /) aligned with the detector. In
a separate measurement, we could determine the detachment
cross section for OH™ ions of 35 keV on H; as (7.2 £0.5)
x 10716 cm? with a slight increase of order 0.1 x 1071% cm?
between 25 and 35 keV. Hence, we can safely assume for OH™
a residual-gas detachment cross section of o > 6 x 107'® cm?
and from this constrain the rate of neutral OH products moving
toward the detector as R, = N; fongl, 0, where n, denotes the
residual-gas density. With the length /;, = 3.0 m, the revolution
frequency fy = 23.47 kHz, the lower limit of the efficiency, €
= Ry m/R, > 0.07, and the upper limit of the ion-induced
count rate from Fig. 15, R, ,, < 0.6 57!, the residual-gas den-
sity can be constrained to n, = Ry u/€N/ folpo < 140 cm™.
Here the ion number N/ at 150 s (average time of the first
“laser off” window) is assumed to be 0.7 of the initial ion
number (i.e., N/ > 1.54 X 107 OH" ions). The density limit is
equivalent to a pressure limit of p = ngkgT < 5.8 X 10715 mbar
at room temperature (7 = 300 K). This indicates that the CSR,
with the inner vacuum chamber at ~6 K, has reached a room-
temperature equivalent pressure level well below 10~ mbar,
surpassing the design goal of an equivalent pressure of
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10~'3 mbar, previously set for the CSR, by more than an order
of magnitude.

VI. CONCLUSIONS AND OUTLOOK

The CSR was successfully cooled down to ~6 K and has
stored anion and cation beams in the 60 keV range with beam-
decay time constants up to about an hour. Non-destructive
diagnostic measurements showed that the ion optics are well
understood and that various tools are available for tuning
the machine to the experimental requirements. The beam
lifetime does not appear to be limited by inelastic collisions
of the stored ions in the residual gas. In fact, the momentum
distribution of the stored ions, measured by the Schottky-noise
spectrum, is found to broaden when observed over long times
in a manner that can be well reproduced assuming that the ion
energy slightly changes in a diffusion-type process (Sec. V C).
Future studies of this effect may reveal the origin of the
limitations on the beam lifetimes. Nevertheless, the observed
beam lifetimes are by far long enough for most envisaged
experiments in atomic, molecular, and cluster physics.

For future experiments, the ion optical layout of the CSR
will allow the beam energy to be increased to 300 keV for
singly charged ions. The ring also offers long field-free straight
sections for further experimental equipment. One of the first
instruments to be added is the photocathode-generated merged
electron-beam device, which will enable phase-space cooling
of stored ion beams. With envisaged electron-beam energies>*
down to ~1 eV, electron cooling is expected to work for singly
charged stored ion beams of a mass up to ~165 u at 300 keV.
The detectors for photodetachment products (Sec. IV C)
operated in the present studies will also serve for the neutral
products from inelastic collisions of stored ions in the merged
electron beam. A photon—ion interaction zone will continue
to be available in a modified layout after installation of the
merged electron-beam device.

Installation of additional experimental equipment at the
CSR is already foreseen. A high-power diode-laser interaction
region, similar to that realized in recent work,2® is in
preparation for producing a fast beam of neutral atoms merging
with the stored ions along a straight section of the CSR (see
Sec. II). This will be the basis for an experimental program
of studying reactive low-energy collisions between atoms
and molecular ions in a cryogenic environment. Furthermore,
aiming at the mass-sensitive detection of neutral fragmentation
products from the interaction region of the stored ions
with the merged electron beam, a multipixel cryogenic
microcalorimeter is in preparation. The high mass resolution
of this detection technique for neutral molecular fragmentation
products from fast beams has recently been demonstrated.”
Also the development of ion sources for large molecular and
cluster ions for the 300 kV acceleration platform is underway.
The performance of the CSR confirmed by the present study,
as well as first measurements published recently,’® underlines
that the machine will be a powerful instrument for a broad
range of physics experiments with fast beams of atomic,
molecular, and cluster ions over long observation times in
a cryogenic environment and at extremely low residual-gas
density.
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