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Abstract We present developments at the electron cooler of the CRYRING@QESR storage ring aimed at
improving its performance as internal target in low-energy electron—ion collision experiments. We describe
recent modifications of the high-voltage and vacuum systems which lead to improved electron energy
control and lower background count rates during such measurements. In a benchmark experiment on
dielectronic recombination of FéF, we demonstrate that a spectroscopic resolution equivalent to transverse
and longitudinal thermal electron energy spreads of & 1 meV and = 45 eV, respectively, can be achieved
under optimum conditions. This surpasses system performance observed previously in similar experiments.

1 Introduction

Electron cooling is a method of enhancing the phase-space density of protons or ions stored in circular accelerators.
Initially proposed in 1966 [1], electron cooling was quickly adopted at many medium energy (~ 1...100 MeV /u)
ion storage rings [2-6], where it is especially efficient and relatively easy to implement. More recently, the method
has been extended also to much higher [7, 8] and much lower [9-11] ion energies. Essentially, an electron cooler
consists of a single-pass electron beam overlapping the stored-ion beam coaxially and at equal velocity in a straight
section of the ring. In the co-moving frame of the beams, the electrons are characterised by a lower temperature
compared to the ions. Electron—ion scattering thus leads to energy transfer towards the electron medium, damping
off-axis or off-momentum ion motion, like betatron or synchrotron oscillations [12, 13].

Beyond the cooling application, their merged-beams configuration enables the use of electron coolers as experi-
mental setups for studies of low-energy electron—ion collisions. By offsetting the electron velocity from that of the
ions, the cooler becomes a free-electron target of finely adjustable collision energy [14]. In operation with atomic
ions (retaining a residual electronic shell), this electron-target mode has been used very successfully to study
resonant processes in electron—ion collisions, like dielectronic recombination (DR) [15, 16]. DR is an important

#e-mail: c.krantz@Qgsi.de (corresponding author)

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1140/epjs/s11734-026-02357-0&domain=pdf
http://orcid.org/0000-0003-1727-8319
http://orcid.org/0009-0002-5487-2042
http://orcid.org/0009-0009-7009-3859
http://orcid.org/0009-0002-4916-0366
http://orcid.org/0009-0003-0576-4317
http://orcid.org/0000-0001-8825-8820
http://orcid.org/0000-0003-1326-9394
http://orcid.org/0000-0002-2944-8373
http://orcid.org/0009-0001-4149-7100
http://orcid.org/0000-0003-1239-2585
http://orcid.org/0000-0001-7384-1917
http://orcid.org/0000-0003-1451-7089
http://orcid.org/0009-0002-5837-8885
http://orcid.org/0000-0002-5843-0586
http://orcid.org/0000-0002-6305-3762
http://orcid.org/0000-0002-6166-7138
mailto:c.krantz@gsi.de

3578 Eur. Phys. J. Spec. Top. (2026) 235:3577-3591

recombination pathway in many natural and technical plasmas, but can be challenging to predict numerically, espe-
cially if near-zero-energy resonances are involved. Experimental data on low-energy DR are valuable for plasma
modelling, development of atomic structure codes, and QED tests [17-20].

In this paper, we demonstrate and discuss improved electron-target operation of the CRYRING@ESR electron
cooler. In Sect. 2, we lay out the key requirements for optimal performance of the cooler in operation as a target
for DR experiments. We also present a number of recent technical enhancements aimed specifically at electron-
target operation, including new electrodes for electron energy control and improved vacuum systems. In Sect. 3,
we present an experiment on DR of lithium-like 'F%+ which serves us as benchmark to quantify performance of
the cooler in target mode. In Sect. 4, we analyse and discuss the experimental results, mainly with regard to the
energy resolution achieved. Section 5 concludes with a summary and outlook onto possible further upgrades of the
system.

2 Methods

2.1 The CRYRINGG@ESR electron cooler

CRYRINGQESR is an electron cooler ion storage ring located at the international FAIR facility and operated by
GSI Helmbholtz Centre for Heavy-Ion Research (GSI), Darmstadt [21]. Originally developed and operated at Manne
Siegbahn Laboratory (MSL), Stockholm, CRYRING is aimed at storage of ~ 1...10 MeV /u heavy-ion beams [22].
As a Swedish in-kind contribution to FAIR, it has been reinstalled downstream of the higher rigidity Experimental
Storage Ring (ESR) of GSI, which it now complements as a dedicated low-energy machine. By using ESR as a
decelerating synchrotron, highly charged heavy ions (up to bare uranium), initially produced at higher energies
by the upstream UNILAC and SIS18 accelerators, can be injected into CRYRING@QESR at typically 10 MeV /u.
Additionally, a local low-energy injector linac allows operation with light ions, independently of the remaining GSI
facilities [23].

Electron cooling is a key beam preparation technique at CRYRING@QESR and has been employed in all produc-
tion runs since its recommissioning in 2020 [24]. Together with the ring, the electron cooler was designed at MSL
[6] and has seen several upgrades already during its operation in Stockholm [25]. Most importantly, the cooler
pioneered reduction of the transverse electron velocity spread by strong magnetic expansion of the beam [26].
This leads to increased electron cooling rates as well as to better energy resolution in electron-target operation, as
discussed below. The higher spectroscopic resolution to be expected in DR experiments, especially when compared
to the ESR electron cooler, has been a key motivation for CRYRING@ESR since the beginning of the project [21].

An overview of the electron cooler section is shown in Fig. 1. A tabulated list of practically used operating
parameters has been given by Danared et al. [26]. By and large, these remain valid to this date. Electrons are emitted
from a 4-mm-diameter BaO dispenser cathode kept at a temperature T,y = 1100... 1200 K. A superconducting
solenoid creates a magnetic guiding field of typically 3.0 T at the location of the cathode. The electron gun
contains two anodes for beam extraction and acceleration. The first, short anode defines the electric field at the
cathode surface and thereby the extracted current. The second anode consists of a 300-mm-long drift tube [26].
Acceleration of the electrons greatly reduces their velocity spread along the forward direction, to a final value
limited by competing plasma relaxation. Also taking into account the effect of beam expansion, discussed below,
the longitudinal electron temperature T in the frame of the accelerated beam is given by [27]

22 2 1/3

k*T e‘n
kT = cath K € g 1
I (—er) + 471'50 ’ ( )

where k, e, and g are Boltzmann’s constant, the elementary charge, and the vacuum permittivity, respectively. The
first term of Eq. (1) stems from reduction of the longitudinal velocity spread under the effect of the acceleration
voltage Up. At any practically used emission currents, the second term dominates, where n. o is the electron
density at the exit of the electron gun and K a dimensionless parameter of order 1. Its precise value depends on
plasma relaxation processes in the accelerating beam and thus on the details of beam formation in the electron
gun. The purpose of the elongated second anode is to delay electron acceleration to the final energy. This enables
intermittent plasma relaxation at some intermediate energy and yields an overall lower longitudinal temperature
T) of the electron beam [26]. In practice, values of k7 in the range ~ 40...120 neV are observed.

At the exit of the second anode, the magnetic guiding field strength decreases by up to a factor xy = 100, to
typical values around 0.03 T. This so-called adiabatic expansion enlarges the diameter of the electron beam by a
factor x'/2, reducing its density to a final value n, = ne, g/ x and decreasing its transverse temperature to

TJ_ = Tcath/X . (2)
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Fig. 1 Simplified overview of the magnetic lattice of CRYRING@QESR (left) and lateral cut view of the electron cooler
(right). Yellow boxes represent bending dipole magnets, red and blue boxes are focussing and defocussing quadrupoles,
respectively. Ton injection into the ring is possible, alternatively, from a local source (1) or from the ESR (2, not shown). In
the electron cooler (3), an electron beam is extracted from a hot cathode (4) embedded in a superconducting solenoid (5).
At the exit of the gun region, the electron beam is adiabatically expanded (6). A toroid magnet (7) merges the electron
path (dashed blue) with that of the stored ions (solid red). After propagating along a common drift section (8) embedded in
the central cooler solenoid (9), the beams are separated by another toroid (10), and the electrons are dumped at a Faraday
cup (11)

For x = 100 and the cathode temperature given above, one thus expects kT, ~ 1 meV [26].

Following the electron gun section of the cooler, a 50° toroid magnet bends the electron beam to become coaxial
with the ion beam stored in the ring. After a 1.1-m-long interaction section common to both beams, the electrons
are separated from the ion axis by another toroidal bend and dumped at a Faraday cup.

For electron cooler operation, the acceleration voltage Uy of the electron gun is set such that the average velocities
of electrons and ions coincide. Electron cooling then dampens betatron and synchrotron oscillations of the ions.
In case of a coasting beam, it condenses the ions to a narrow forward velocity spread around the mean velocity of
the electron beam.

2.2 Merged-beams electron-target operation

By offsetting the velocity of the electron beam from that of the stored ions, the cooler can also be used as a
merged-beams electron target. With the ion and electron rest masses denoted by m; and m., and with §; = v;/c
and . = v./c being the laboratory-frame velocities of the ion and electron with respect to the speed of light ¢,
the collision energy in the merged-beams configuration can be written as [28]

Eem = mic®(1+p) | /1 + (3)

2u( e —1)
(1+p)? ’

as can be derived from four-momentum conservation. Therein, p = m./m; and Yre1 = Yeyi (1 — Be3; cos ), with the
Lorentz factors 7. = (1 — 82)~%/2 and ~; = (1 — 32)~/2. 0 is the angle between the ion and electron trajectories,
ideally close to 0 for a merged-beams setup.

In the case § = 0, and by rewriting v; = 1+ E;/(m;c?) and 7, = 1+ E./(m.c?) in terms of the laboratory-frame
kinetic energies F; and E. of ion and electron, one sees that E.,, vanishes for E. = (me/m;)E; =: Ecoo1. As it
defines the condition enabling phase-space cooling of the ion beam (8, = ;), we name this particular electron
energy the ‘cooling energy’.

At the low storage velocities of CRYRINGQESR, viable estimates of E., can often be obtained already from
the more compact classical expression, which for 8 = 0 reads

Ecm ~ 7m*(ve - Ui>2 ) (4)

with the reduced mass m* = m;m./(m; + m.). With the non-relativistic ion velocity after electron cooling given
by v; = (2Eco01/ me)l/ 2, one can rewrite the electron velocity in terms of some small detuning of the electron
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acceleration voltage U, relative to the cooling condition as v, = (2Ee/me)1/2 = [2(Ecoo1 — eUd)/me]l/z. Inserting
these into Eq. (4) and expanding the resulting expression for E.,, up to second order, one finds

m;  (eUg)® _ (eUg)?
m; + me 4Ecq0l 4Eco01 .

B ~ (5)

Equation (5) shows the advantage of the merged-beams setup regarding low target energies: for |eUy|< Ecool, Very
low collision energies can be set with great precision and accuracy. For example, at E.o0 = 5 keV (equivalent to
E;/A~9 MeV/u), an easily and precisely measurable value of Uy = —2 V results in E, ~ 0.2 meV.

In a DR experiment, the electron cooler has to fulfil its roles as beam cooling device and internal electron-
target quasi-simultaneously. At CRYRINGQESR, this is achieved by rapidly alternating the electron energy (on
timescales of few ms) between the ‘cooling’ condition (defined by FEc.oo1) and a set of ‘probing’ energies yielding
the desired range of target energies E.,, according to Eq. (3) [23, 24, 28]. The technique exploits the fact that
there is some inertia in the response of the cooled ion beam to a sudden change in electron velocity. While the
interleaved ‘probing’ energy phases do reduce the time-averaged electron cooling rate somewhat, low longitudinal
and transverse ion emittances can be maintained overall during the DR measurement.

Tons capturing an electron in the target (e.g. through DR) initially maintain their trajectory and velocity, as
the momentum transfer related to the recombination process is negligible compared to their forward momentum
in the laboratory frame. However, because of their charge state, now decremented by one, their magnetic rigidity
differs from that of the stored ions, and the product beam separates from the storage orbit at the bending dipole
magnet following the cooler section. Thereafter, the product ions can be intercepted by a single-particle detector
[23], and their production rate R(E.y,) measured by a data acquisition system synchronised with the fast energy
modulation of the electron beam. After suitable background subtraction and normalisation (see Sect. 3), this yields
the experimental merged-beams rate coefficient (MBRC) a(Eey) of the observed process [28].

2.3 Energy resolution

The energy resolution that can practically be achieved in the MBRC is limited by the spread of electron—ion
collision velocities in the electron cooler. Generally, a resonance feature in collision velocity space that can be
described by a cross-section &(v) is convolved with the collision velocity distribution f(¥, vye1) to the observable
MBRC

a(Vpel) = /&(v)’uf(ﬁ, Urel ) d3v (6)

with ¢ being the electron—ion collision velocity, and with the definitions v = |0] and v = ¢(1 — 7;312)1/ 2. Yeel
being connected to F.p, via Eq. (3). Eem now denotes the collision energy set-point corresponding to a certain
acceleration voltage detuning Uy of the electron beam. In an idealised merged-beams configuration, the velocity
distribution is defined solely by the thermal velocity spread of the electrons, which, after electron cooling is much
larger than that of the ions. In this approximation, one usually assumes the collision velocity distribution to be
described by a Gaussian density function in the frame of the colliding beams [15]:

15 ) Me me Y2 . mev?  Mme(v) — rel)? o
U, Vrel) = xp| — - .
P el = onk T, \ 27T P\ 2k, 2KT),

Therein, the collision velocity is expressed in cylindrical coordinates as ¥ = (v, ¢, v), with v, and v being the
radial and axial coordinates with respect to the beam direction, and ¢ the azimuth angle. Along the transverse
and longitudinal directions, the distribution is centred at v, = 0 and v = vyel, respectively. The velocity spreads
are defined by the electron temperatures as given by Egs. (1) and (2). Because kT} < kT'. the distribution is
flattened in the direction of the beams. It is implicitly made use of the facts that m. < m; and that E., < me.c?.

If, in terms of the collision energy E = m.v?/2, a resonance ¢ is narrow compared to the energy resolution of the
setup, it can be approximated by a delta function o(E) = Syesd(F — Fres) With resonance strength S,es and energy
Eyes. With f(T, vpe1) from Eq. (7), B = vy dv; dvjd¢, and by substituting, non-relativistically, v = (2E/m.)'/?
and vye] = (2Ecm/ me)l/ 2 Eq. (6) can then be solved analytically, yielding the MBRC line profile
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TETLE\ 2me T,

erf<\/Eres + \/Ecm/é) . erf<¢Eres - ¢Ecm/52>] ®)
VET /€ VET /€ ’

with § = (1 =T /T )Y/? [14, 29]. This electron-temperature-related line broadening is asymmetric around the
resonance energy Fi.s and characterised by a full width at half maximum of [30]

Srcs Ercs 12 Ercs - Ecm 2
as(Eem) ( > exp <k‘/£)

X

AEem = [(KT1 n2)? + 16 Eep kT In 2] /2 . 9)

Resonances with F,.s < kT'| are practically unresolvable, as the transverse velocity spread stretches their line
profiles all the way down to Ee, = 0 eV. For Eyes > (kT)?/(kT)), the right-hand term in Eq. (9) dominates and
the resolution is defined by the longitudinal velocity spread.

In reality, several other effects can broaden the true collision velocity spread beyond that of the pure thermal
electron distribution as described by Eq. (7):

1. Because of the space charge of the electrons, their kinetic energies are defined by a repulsive potential Uy,
in addition to the acceleration voltage Uy: E, = —e(Uy — Us.) [28]. The value of Uy, depends on the radial
distance to the electron beam axis. Any angular misalignment between the electron and ion beams thus results
in a virtual broadening of the longitudinal velocity spread [15].

2. Inhomogeneities of the magnetic guiding field in the cooler section have a similar effect on the transverse
collision velocities. As any residual curvature of the magnetic field is followed by the electrons, but not by the
ions, it appears like a virtual broadening of the transverse electron velocity distribution as an ion travels along
the cooler [6]. Curvature of the field in the toroidal sections cannot be fully avoided and must be accounted
for in data analysis [31], as will be discussed in Sect. 4.

3. Lacking control of the detuning component of the acceleration voltage (Uy in Eq. (5)) leads to instability of
the target energy Eem, blurring the experimental energy resolution [28]. Technical sources of such instability
can be high-voltage (HV) supply ripple, or suboptimal step-response of the HV systems to the rapid sequence
of ‘cooling’ and ‘probing’ set-points [32]. Due to the finite length of the drift tubes used to apply the detuning
voltage Uy, the latter may vary along the beam-overlap region. Also this effect must be carefully taken into
account during data analysis [31]. Another source of E.,, instability can be trapping of ionised residual gas in
the electron beam, leading to partial cancellation of the electron space charge [15].

4. Finally, operation of the cooler as a target means to temporarily give up beam cooling. As soon as the electron
velocity is detuned from that of the ion beam, the latter starts to accelerate under the effect of the electron
drag force, and its velocity distribution starts to broaden by intra-beam scattering. Both effects can limit
the achievable DR resolution, and minimising them requires careful optimisation of the time structure of the
alternating ‘cooling’ and ‘probing’ set-points applied to the electron beam energy [31].

Most of these additional contributions to the longitudinal and transverse collision velocity spreads are non-thermal
in nature. However, their effects on MBRC line-broadening are often indiscernible from an overall wider thermal
velocity distribution, so that they mimic larger values of T} and 7', in Egs. (8) and (9).

2.4 Fast electron energy control

The rapid alternation of the electron beam energy between the ‘cooling’ and ‘probing’ set-points is realised by
adding the output of a fast HV amplifier U, to the base acceleration voltage provided by the electron cooler’s
main HV supply (Up). Usually, the highly stabilised voltage Uy is set so that with Uy = 0 V, the electron energy
on axis of the beam corresponds to the cooling energy: Ecoo = —e(Up — Usc(0)).

After electron cooling is complete, a rapid (~ 1 ms) detuning to some value Uy # 0 V temporarily leads to a
changed electron energy F, = —e(Up + Uy — Use(Uyg)). Because the response of the ion velocity to the electron
cooler set-point is slow, one can compute the collision energy E.p, from Eq. (3)! with v; = 14 Ecoo1/(mec?). After
typically ~ 10 ms, another fast jump of the HV amplifier back to U; = 0 V is performed, so that beam cooling is
maintained.

!Note that the approximative formula (5), while useful for quick estimates, among other things also neglects the fact
that Usc(0) # Usc(Uq) and is thus not suited for precision data analysis.
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Fig. 2 The recently installed drift-tube/BPM setup of the CRYRING@ESR electron cooler. a Simplified wiring diagram
(not to scale) illustrating definition of the overall acceleration potential by combination of the base HV supply (Up) and the
fast HV amplifier (Uq). The drift and pickup electrodes all have individual vacuum feedthroughs (dots) so that, alternatively,
only a subset can be biased to Us. b 3D CAD model and photograph of the drift-tube/BPM insert. ¢ Response of the
drift-tube voltage to rapid falling and rising changes of the set-point (all electrodes connected)

In previous implementation of the technique at CRYRING@ESR, the base HV supply and the fast HV amplifier
were connected in series, so that, together, they biased the electron-emitting cathode to a total negative potential
difference of Uy + Uy with respect to ground [23, 24, 28]. This mode of operation limits the slew rate of the fast
voltage modulation Uy, as the full capacity of the cooler HV terminal must be charged and discharged. Also,
instability of the sum acceleration voltage has often been observed, which was attributed to interference between
the fast HV amplifier and the voltage regulation circuit of the base HV supply [32].

Recently, the electron cooler has therefore been upgraded with a set of HV-capable drift-tube electrodes in the
merged-beams section, as depicted in Fig. 2a and b. The newly added drift tubes complement preexisting sets
of horizontal and vertical beam position monitors (BPMs) at both ends of the cooler solenoid which have been
modified to now support bias voltages up to several kV [32]. The resulting drift-electrode structure covers the
entire length (1.1 m) of the central cooler solenoid. By connecting the output of the fast detuning voltage Uy to
all or a subset of the drift electrodes, the ‘probing’ electron energy E. = —e(Uy — Ug — Use(Ug)) can be created
locally in the interaction section, while keeping the voltage applied to the cathode statically at Uy. Note that, to
obtain values E. > Fcool, the polarity of U; now needs to be reversed with respect to that of Uy (see Fig. 2a).

Separation of electron acceleration into two independent systems avoids technical interference between the two
HV supplies, so that the highly stabilised Uy supply can be used to its full level of precision (relative ripple < 107°).
To take advantage of the lower capacity of the new energy-modulation system, the formerly used KEPCO BOP-
1000M HV amplifier has been replaced by a higher bandwidth HiVolt HA2B5-S (£2000 V). The step-response
of the new system is displayed in Fig. 2c. In both directions, the measured slew rate is 2.4 kV/ms with all drift
electrodes connected, and the drift-tube voltage Uy settles at a new value in < 1 ms, even for large steps.

2.5 Electron cooler vacuum systems

Good vacuum in the electron cooler section is mandatory for effective use as electron target for DR experiments.
Capture of electrons from residual-gas atoms or molecules by the low-energy ions not only limits their storage
lifetime in the ring [23], but also is not easily distinguishable from recombination with free electrons in the cooler
beam. The product rates from residual-gas charge exchange thus appear as detector background that must be
subtracted to obtain the true MBRC. If background rates are exceedingly high, their statistical fluctuations mask
detector counts from weak DR resonances, thus imposing a lower limit on the cross-sections that can practically
be measured in the experiment.

Additionally, residual-gas particles can accumulate in the negative space charge potential of the cooler beam if
ionised by electron impact. Besides the background problem in DR measurements, these trapped ions can partly
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neutralise the electron space charge, leading to unstable values of Ug. and the aforementioned adverse effect on
the longitudinal velocity spread.

Generally, creating good vacuum conditions (~ 107! mbar) in an electron cooler is challenging as, both, the
heat from the hot cathode and the power of the electron beam itself cause desorption from exposed surfaces. Also,
critical parts of the vacuum vessel are almost fully surrounded by the electron-guiding solenoid and toroid magnets
(see Fig. 1), which prevents maintenance access. In case of the CRYRING@ESR cooler, the vacuum conditions had
been severely compromised after the bake-out heater of the merged-beams vacuum pipe had failed in 2020, shortly
after commissioning. While the resulting bad vacuum pressure did not prevent successful operation altogether,
the associated detector background in electron-target experiments has been noted as a limiting factor, especially
regarding DR measurements [20, 23, 28].

Normally inaccessible because of the surrounding magnet structure, the defective heater could only be replaced
in 2023, when a long maintenance break of GSI/FAIR provided the opportunity to fully disassemble the electron
cooler. In the process, most of the vacuum pumps were replaced by more modern systems, and new extremely high
vacuum gauges were installed up- and downstream from the interaction section. To compensate for the greater
surface area of the new drift-tube/BPM insert—installed at the same time—the central beam pipe (but not the
electrode structure itself) was coated with non-evaporable getter (NEG) material.

In an effort to suppress residual-gas ion trapping in the electron beam, a pair of clearing electrodes have been
installed at the entrance to the Faraday cup section of the cooler. They create an electric field transverse to the
electron beam, allowing trapped ions to escape from the space charge well. Alternatively, a pair of the upgraded
BPM electrodes in the merged-beams section can be used for the same purpose.

By establishing new bake-out procedures, with higher activation temperatures applied to the internal NEG
pumps, the vacuum pressure in the electron cooler was improved by a factor 2 6, and was again on-par with the
neighbouring sections of CRYRING@QESR during the 2025 GSI/FAIR experimental run. During the experiment
described below, an Hy equivalent pressure of ~ 1 x 10~'' mbar was measured during electron beam operation at
FEcool = 5 keV and 20 mA of emission current.

3 Experiment

To determine optimal settings of the electron cooler for use as internal target in electron—ion collision experiments,
and to verify the good working condition of the technical upgrades introduced above, we conducted an experiment
on DR of lithium-like ?F6*. Theoretically well understood, the MBRC of that process has become a popular
benchmark for quantifying the experimental resolution of a DR setup, and has been measured at several electron
coolers, including the one at CRYRING before its transfer from MSL to GSI/FAIR [33-36].

DR of F%* proceeds via a set of doubly excited, auto-ionising levels (F5+)** of the product ion F>+:

FoHde= (FP) 7 S B 4+ ;. (10)
J

Only the F°* daughter beam is detected in our setup [23], while the spectrum of de-excitation photons Zj ~; is
not observed. At collision energies E., < 0.6 ¢V, DR leads to a prominent array of resonances, all occurring from
capture of the electron into the n = 6 shell of F°* [34]. Especially the (2p3/2 6p1/2)2 level of F°* is associated
with a strong, well-isolated DR resonance at E.,, =~ 10 meV. Its predicted natural line-width of 100 eV is of the
same order as k7| at even the lowest temperature electron coolers. Its profile, as appearing in the MBRC, is thus
strongly defined by the longitudinal and transverse collision velocity spreads, much similar to Eq. (8).

In our experiment, we extracted a beam of WF%t from the electron cyclotron resonance ion source of
CRYRING@ESR. The ions were pre-accelerated to a kinetic energy of 300 keV /u in the radio-frequency quadrupole
linac of the local injector branch. After multi-turn injection into the ring, the ions were synchrotron-accelerated
to energies of either 9 MeV/u or 4 MeV/u.

During the experiment, the F6* ions were then stored at constant energy under coasting-beam conditions, i.e.
with phase-focussing via the radio-frequency (rf) acceleration gaps of the ring switched off. The ions were electron-
cooled for 2s, after which the energy of the electron beam was quickly cycled through the set of ‘probing’ and
‘cooling’ energies, as described above. The F?* product ions were counted by a YAP:Ce scintillator detector [23]
with practically 100 % efficiency. For background subtraction, the ‘probing’ energies also contained a repeating sub-
set of ‘reference’ F.,, values, where no significant contribution of DR to the measured MBRC was expected. After
~ 30 s, a new injection cycle was started to compensate for the loss of stored ions through electron recombination
and residual-gas collisions.

The data acquisition and analysis have been described in detail by Brandau et al. [28]. With the background-
subtracted DR product rate denoted by R(FEcn), the experimental MBRC «(F.,) is obtained by normalisation to
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Fig. 3 Example of a measured recombination rate coefficient for F6+ + ¢ — F5F at lowest energies. Negative or positive
values of E.., represent electron—ion collisions with S < B; or 8. > (i, respectively. The labels indicate expected DR
resonance energies as per Tokman et al., 2002 [34], and Lestinsky, 2007 [35]

the electron density n. and the number of stored ions NV; [29]:

(Bep) = ———— X =X ——————— . (11)

R(Eew) _C 1
ne( em) IV; L

The additional factor C'/L is the ratio between the length of the stored-ion orbit in the ring (C' = 54.2 m) and
the length L along the cooler section where, within the experimental resolution, electron—ion collision energies
correspond to the set E.,, value. In previous experiments, L = 0.9 m has been found to be a good approximation
[28] and we also adopt it for initial analysis of our FO* experiment. This assumption will be discussed in detail in
Sect. 4. The last factor in Eq. (11) is a relativistic correction, always close to 1 for CRYRINGQESR.

The electron density n.(Femn) can be calculated from the cooler electron current measured at the Faraday cup,
the known diameter of the electron beam, and 3. [28]. For a given F.,, set-point, it is assumed to be constant
over the target length L. Values of n, &~ 2.4 x 10° ecm ™ and n, =~ 3.2 x 10° cm ™3 were used for the 9-MeV /u and
4-MeV /u ion energies, respectively.

For highly charged heavy ions, IV; is usually obtained from the directly measured current of the stored beam
in the ring [28]. For our low-charged and relatively low-intensity F®* beam, the associated dc-transformer proved
not sufficiently precise. CRYRINGQESR features more sensitive beam diagnostics for rf-bunched beams, which
are however unsuitable for DR experiments as their momentum spread is enlarged by synchrotron oscillation. In
dedicated accelerator cycles with rf-bunching enabled, we thus calibrated the average count-rate of an ionisation
beam-profile monitor (IPM) against an integrating bunch-current transformer. Subsequently, we could use the
IPM count-rate as proxy for NN; also for the coasting beams used in the experiment. Typically, 5...7 x 106 ions
were stored directly after acceleration.

A 900-mm-long subset of the drift-tube structure was used for applying the fast modulation of E.y. The true
drift-tube voltage Uy applied at given set-point of the fast HV amplifier was calibrated off-line against a precision
voltage divider of < 107° relative accuracy (named FC-20 [24, 28]), connected to the drift-tube subset. In the
experiment, data taking started only 0.9 ms after stepping to a new FE.,, set-value in order to account for the time
needed for the voltage Uy to actually settle (see Sect. 2.4). Real-time readout of the FC-20 divider in-sync with
the fast energy modulation is under development, but was not yet available during the F+ experiment.

Any one value of F., can physically be obtained in two different ways: by setting the electron velocity either
higher or lower than that of the ions. Conventionally, we map conditions with 8. < 3; to negative values of E.y,.
During the experiment, we repeatedly scanned the region —0.2eV < Ep < 0.7eV. Including a range of negative
FE¢nm values in the scan is beneficial, as the symmetry of the low-energy DR spectrum around FE., = 0 €V, as
illustrated in Fig. 3, then allows very precise determination of E..o (and thus §;) during data analysis [20]. The
central peak at F., = 0 eV is due to (non-resonant) radiative recombination of F¢* in the cooler electron beam.
After typically 2 to 3 h of data accumulation, the statistical quality of the measured DR spectra was sufficient to
unambiguously determine the width of the prominent (2ps,, 6p1/2)2 line.

The measurements were repeated every few hours, while varying the experimental parameters and monitoring
the line-width of the (2ps/2 6p; /2)2 resonance. Using the latter as benchmark for the resolving power of the setup,
the resolution-limiting effects listed in Sect. 2.3 could be studied and iteratively minimised.

The greatest improvements were obtained by optimising the axial alignment between electron and ion beams as
well as the time structure of the sequence of ‘cooling’ and ‘probing’ acceleration voltages. The former was achieved
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Fig. 4 Experimental DR MBRC for F®" + ¢ — F°t measured at ion energies of 9 MeV/u (left) and 4 MeV/u (right),
respectively. The low ion energy case allows for a different configuration of the electron gun, as depicted in the insets and
discussed in the text. The solid blue curves are fitted model DR spectra convolved with the given longitudinal and transverse
thermal electron energy spreads. The red parts of the curves indicate the fit regions-of-interest

through steerer coils allowing adjustment of the transverse positions and angles of the electron beam in the merged-
beams section. For the latter, it was found that increasing the dwell time at a ‘cooling’ step from initially 10 ms
to 15 ms, thus increasing the time-averaged electron cooling force, improved the resolution at low E.,,. With the
‘probing’ voltage additionally alternating between the fixed reference value and the actual DR measurement scan,
this resulted in a repeating cooling-reference-measurement pattern of (15 + 10 + 10) ms duration.

Some experimental parameters were also found to have little to no effect on the resolution. The newly installed
clearing electrodes (see Sect. 2.5) were powered, but no effect on the spectral resolution or on the stability of the
cooled beam could be observed. Correction coils in the central solenoid, specifically installed for improving the
homogeneity of the magnetic field [6], apparently could only worsen the experimental resolution. The final settings
for their currents, found through systematic variation, were so close to 0 A that their effect on the field geometry
is believed to have been negligible in the measurements discussed below.

The electron gun always operated at magnetic expansion x = 100, so the true transverse electron temperature
T, from Eq. (2) is expected to have been the same throughout the experiment. The reason for the two different ion
energies, 9 MeV/u and 4 MeV /u, is that the corresponding E..o values of & 5.0 keV and ~ 2.2 keV, respectively,
allowed us to test two different modes of beam acceleration in the electron gun. Because of technical limitations,
the second, tube-shaped anode of the gun, as described in Sect. 2.1, cannot be biased by more than ~ 2.5 kV with
respect to the surrounding vacuum chamber. When high values of Uy are applied to the cooler HV terminal, this
anode is thus usually grounded. As a consequence, the electrons are then accelerated to Ecoo) in a single ~ 1 cm
short gap, resulting in a large coefficient K in Eq. (1) and a correspondingly high value of k7). For low-voltage
operation of the cooler, the two gun anodes can instead be connected in parallel, and biased just high enough
with respect to the cathode potential to extract the desired electron current (= 500 V for the 18 mA used in this
experiment). The resulting two-step acceleration of the electron beam is expected to lead to lower values of kT,

as described in Sect. 2.1 [26].

4 Results and discussion

Figure 4 shows the measured low-energy DR MBRC for the two different ion energies and electron gun config-
urations, after optimisation of all other parameters of the experimental setup, as described above. To quantify
the spectral resolution achieved, we fitted the data with a theoretical spectrum of all n = 6 DR resonances of
F%t numerically convolved with the longitudinal and transverse electron temperatures. Resonance energies as well
as line intensities and natural widths are mostly taken from Tokman et al., 2002 [34]. For the low-energy levels
(2p3/2 6p1/2)2 to (2p1/26ds5/2)2, we refined the theory spectrum by empirical data, adopting line positions and
strengths measured by Lestinsky using the high-resolution Electron Target at the Heidelberg TSR storage ring
[35]. Besides KT} and kT'|, a global amplitude scaling and a tilted background level are free parameters in the fit.
The latter allow the model to adapt to potential systematic errors in background subtraction and normalisation
of the data.
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The fit results are shown in Fig. 4. The temperature-convolved model spectrum is represented by the solid
blue/red curves. Only the (2p3/2 6p1/2)2 resonance at ~ 10 meV displays a clear asymmetry due to k7', > kTj. To
obtain a meaningful value for kT , only the lowest energy part of the spectrum (FE., < 0.09 eV), as highlighted
in red, was considered as region-of-interest (ROI) in the fit routine. The best-fit values of kT) and kT, are quite
strongly correlated with those for the (potentially tilted) background level. The uncertainties given in Fig. 4 reflect
that correlation in addition to the asymptotic error bars.

In both cases of Fig. 4, the fit curves needed to be scaled-down by a factor &~ 0.67 in amplitude to match our
data, indicating a 33% deviation in normalisation compared to the Heidelberg experiment [35]. This can mostly
be explained by the fact that our usual target length L = 0.9 m, adopted in Eq. (11) for this initial analysis, is no
longer valid at the very low FE.y, here discussed.

As mentioned in Sect. 2.3, the ideal merged-beams configuration, with perfectly coaxial electron and ion beams,
can be strictly achieved only at centre of the cooler section. Especially since the correction coils of the main cooler
solenoid could not be used effectively (see Sect. 3), the curvature of the magnetic guiding field from the toroidal
sections of the cooler reached well into the straight solenoid region [6]. The resulting vertical bend of the electron
beam and the average electron—ion collision angle # are shown in Fig. 5 as functions of the longitudinal coordinate
along the cooler. A parametric expression for the beam geometry has been given by Brandau et al. [28]. With a
diameter of the electron-emitting cathode of 4 mm (cf. Fig. 6) and x = 100, the expanded electron beam is 40 mm
wide, and quite large values of 6 occur before overlap between electrons and the ion beam (assumed at y = 0 mm)
is lost. In addition, 8. changes along the overlap region. Besides the obvious effect of the detuning voltage Uy,
applied only to the central 900 mm of the drift-tube structure, the radial dependence of the electron space charge
Usc(y) must be accounted for as the dislocation y between the two beams increases towards the edge of the overlap
region.

The collective effect of the electron beam and drift-tube geometries on the actual value of E.,, as a function
of the longitudinal coordinate is displayed in the lowermost panel of Fig. 5. The red curves, corresponding to
four different set-values of E., at the cooler centre, illustrate how the target length L effectively depends on
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Fig. 5 Effect of the merged-beams geometry on the collision energy E.m along the cooler section. Top: vertical dislocation
of the electron beam with respect to the ion axis (at ¥y = 0 mm). The shaded blue region indicates the electron beam
diameter. Middle: angle 6 between the electron and ion beams. Bottom: resulting dependence of Fc¢m on the longitudinal
coordinate along the ion beam for different detuning voltages Uy at Ecoo1 = 5.0 keV, corresponding to Ec.m values of
9 meV, 110 meV, 2.3 eV, and 11.7 eV at the cooler centre. The dashed vertical lines delimit the interval where electron—ion
interaction is possible. The dotted vertical lines indicate the total length of the drift tubes used for energy modulation
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Fig. 6 The BaO dispenser
cathode of the
CRYRING@ESR cooler as
seen through the viewer of
a pyrometer measuring the
temperature of the
electron-emitting surface.
The diameter of the
cathode is 4 mm
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those energies of interest: At higher collision energies F., 2 1 eV, the length of the active drift-tube structure of
0.9 m might indeed have been a viable approximation for L. For low energies, however, the bend of the electron
beam creates relatively large deviations of E.,, well into the drift-tube region. Especially near the 10 meV of the
(2p3/2 6p1/2)2 resonance, Ecn, deviations greater than the line-width occur already at a distance of ~ 300 mm from
the cooler centre, i.e. a value L =~ 0.6 m would seem more appropriate here.

One way of dealing with the situation is to use the known dependence of E., on the longitudinal position,
as illustrated in Fig. 5, to numerically deconvolve the geometry effects out of the data. The procedure relies on
iterative correction of a(F.y,) based on the true distribution of collision energies at given set-value of E.,, and has
been described, e.g. by Hoffknecht et al. [31]. It is particularly well suited for the new energy-modulation system,
where the voltage Uy is applied to the drift-tube structure of the cooler. In this case, the very high collision
energies occurring in the toroidal sections of the cooler are independent of the E.,, set-point (see Fig. 5). Thus,
these regions contribute only a constant background to the experimental DR spectrum, which is easily handled
in data analysis even though the measured «(E.;,)—as used in the deconvolution procedure—does not extend to
these very high energies.

Figure 7 again shows the low-energy DR resonance spectra measured at high and low ion energy, now deconvolved
with regard to the effects of beam and drift-tube geometries. The deconvolution introduces numerical noise resulting
in somewhat greater scatter of the data. The error bars, originally representing only the counting statistics, have
been scaled accordingly. The same model DR spectrum as in Fig. 4 is fitted to the data. The fit ROI could be
extended up to 0.2 eV as the model can now match the profiles and amplitudes of all lines simultaneously. The
global amplitude scaling required to fit the data is reduced to ~ 0.95. The remaining 5% deviation in normalisation
is within the accuracy of our measurement of IV;.

As the deconvolution essentially corrects for the residual curvature of the magnetic field, the best-fit values
for kT) are unaffected, while those for kT, are significantly improved. A pyrometer-based measurement of the
temperature of the electron-emitting surface of the cathode yielded a value T,atn, = 1140 £ 60 K (cf. Fig. 6). With
the electron gun operating at y = 100, one thus expects k7| ~ 1.0 meV from Eq. (2), in excellent agreement with
the values obtained from the fits in Fig. 7.

Keeping in mind that the theoretically predicted natural line-width of the (2ps3/2 6p;/2)2 resonance amounts to
100 peV, we can compare the fit results for T} from Figs. 4 and 7 to the values expected according to Eq. (1).

In case of the 9-MeV /u measurement, we have n. , = 2.4 x 108 em ™3 before beam expansion. Assuming K ~ 1,
as suggested by molecular dynamics calculations [26], Eq. (1) yields k7 =~ 90 peV, in good agreement with the
experiment. Under the same assumptions, Eq. (1) would evaluate to 7} ~ 100 peV for the 4-MeV /u measurement,
owing to the greater electron density of n. 4 ~ 3.2 x 108 cm™2. That the measured value of KT is an approximate
factor of 2 lower in this case suggests that two-step acceleration of the electrons leads to a reduced value of K = 0.5,
in fair agreement with numerical simulations [26].

It is worth noting that, even without geometry deconvolution, the transverse, and to lesser extent also longitudi-
nal, electron temperatures found in this work are significantly lower than those reported in equivalent experiments
on F% DR conducted with CRYRING in operation at MSL. In those studies, values of KT = 100...120 peV
and kT, = 3.0 £ 0.5 meV had been obtained, using essentially the same methodology as we employed here [33,
34]. Especially regarding the unexpectedly large value of kT, possible misalignments of the cooler beam have
been discussed [26]. In MSL experiments on low-energy DR of Pb®3* | indications of lower values k7| = 1...2 meV
and kT) ~ 80 eV had been found around the same time [37], in much better agreement with our results. With
regard to kT, a difference between the previous and present DR setups lies in the fact that, in the Stockholm
experiments, no attempt was made to maintain electron cooling during the E.,, scan. While resulting changes of
the average f3; during the measurement were monitored and corrected for in data analysis [33], the increase in
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Fig. 7 Experimental DR MBRC for F®* +e — F°* as in Fig. 4, but numerically deconvolved such as to remove the effects
of the merged-beams and drift-tube geometry. Other curves and labels are equivalent to those of Fig. 4

transverse and longitudinal ion emittance in the absence of cooling may have resulted in a broader distribution of
collision energies.

5 Conclusion

We have presented the CRYRING@ESR electron cooler as a platform for experiments on low-energy electron—ion
collisions. The setup is especially well suited for precision studies of electron recombination of atomic ions. We have
described recently introduced technical upgrades of the cooler aimed specifically at improving its performance in
this electron-target mode of operation.

As benchmark for the resolution that can be achieved in such collision experiments, we have re-measured the
well-known low-energy DR resonance spectrum of Fé*. The measurements show excellent agreement with previous
theoretical and empirical work. The energy resolution at lowest energy is equivalent to a transverse electron
temperature k7] ~ 1.5 meV, assuming perfectly coaxial beams. This exceeds previously reported performance in
similar experiments. The fact that, after deconvolution of the data for effects of a realistic target beam geometry,
an even lower value of k7", ~ 1.0 meV is observed, suggests that the true transverse electron temperature is in fact
in agreement with the directly measured temperature of the electron source, considering the magnetic expansion
factor of xy = 100. It also suggests that even better resolution at low energy could be obtained if the residual
curvature of the magnetic field in the interaction region could be reduced. In that context, further studies are
required to clarify why the field correction coils, installed specifically for this purpose, could not be used effectively
in this experiment.

At higher collision energies, the resolution is defined by the longitudinal electron temperature. A value of
KT ~ 45 peV is observed under optimum conditions, in reasonable agreement with theoretical predictions. At
present, the improvement of k7T by two-step acceleration of the electron beam can technically be realised only
at relatively low ion energies. By wiring the second gun anode to a dedicated HV supply, this feature could—at
least to some degree—be made available also at higher values of E..o. Ideally, a future, revised design of the gun
electrodes could allow adiabatic electron acceleration at all energies.
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