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1 Introduction

Beams of spin-polarized particles, ions, and atoms are of considerable interest in fundamental and

applied science [1–4]. Polarized electrons, muons, protons, and deuterons can be produced with high

degrees of polarization from thermal to ultrarelativistic energies. The production of polarized heavy

ion beams in storage rings has a huge potential for fundamental tests of the standard model [5–7],

e.g. parity nonconservation (PNC) effects in highly-charged helium-like ions and connected with

the nuclear anapole moment. Despite its potential and several suggested routes for their production,

e.g. in refs. [5, 8, 9], such a polarized beam has not been achieved so far. Contrary, at low energies

of a few 10 keV and for singly charged ions the interaction with circularly polarized laser beams

that are superimposed with the ion beam in a weak longitudinal magnetic guiding field is a well

established technique to produce polarized beams. They are applied to investigate the properties of

short-lived nuclei [10–12], to study local magnetic fields in solid-state physics [13–15], and, most

recently, for bio-NMR studies [16–19]. In these applications, the ion beams are polarized by the

interaction with a circularly polarized resonant laser beam that causes a redistribution of the population

in the magnetic <� or <� states and, thus, introducing electronic and nuclear polarization. An

observation made at the experimental storage ring ESR at the GSI Helmholtz Centre for Heavy Ion

Research has given some indication for a similar behavior [20] in a storage ring. This was surprising

because a fast depolarization of the laser-induced population difference of the magnetic substates

was expected in the large and rapidly varying magnetic fields that the ions experience during a single

revolution. To study state populations and polarization degrees of freedom, we have developed a

dedicated setup at the CRYRING@ESR storage ring [21, 22]. This newly installed storage ring

at GSI has the advantage that it can be operated with lowly charged ions from a local ion source
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diagnostics or experiments. The beam from the local ion source is injected into YR01, bunched and

accelerated through the radio-frequency (RF) system in YR05, and electron-cooled in YR03. The

optical detection region and the infrastructure for laser spectroscopy experiments is located in YR07,

which is also used for beam extraction to material-science experiments. Further in-ring experiments

can be installed in YR09 and beam diagnostic including the Schottky-noise pickup is mounted in YR11.

2.3 Electron cooler

Beam cooling can enhance the ion lifetime in the storage ring and is essential to reduce the transversal

and longitudinal emittances of the stored beam. This leads to a significant reduction of beam diameter

(improved spatial laser-ion beam overlap) and velocity distribution (Doppler broadening). The electron

cooler as installed at GSI has been described recently [23] and only a brief summary is provided

here. The adiabatic expansion technique is a peculiarity realized at the CRYRING@ESR electron

cooler, which leads to low transversal beam temperatures [26]. The electron beam emerges from the

electron gun at high-voltage, embedded in a strong magnetic field �g of a superconducting solenoid.

Two toroid-magnets are used to provide 50◦ bending of the electron beam for superposition with

the ion beam and its subsequent extraction after a cooling section of about 0.8 m, along which a

normal-conducting solenoid provides a homogeneous magnetic flux density �d along the common ion

and electron beam axis in the drift section. The ratio of the magnetic flux density at the electron gun

and the drift section determines the beam expansion factor U = �g/�d, which relates the transversal

electron temperature to the temperature of the electron gun ()⊥ = )g/U). Typical expansion factors

at the CRYRING@ESR electron cooler are 30–100.

In coasting beam operation, the electron energy in the electron cooler defines the kinetic energy

of the revolving ion beam due to the thermalization between the ions and the cold electrons. Thus, it

is of utmost importance for laser spectroscopy to either find a (well known) resonance transition or

to extract an observed and unknown transition frequency by taking into account the large Doppler

shift of the laser frequency in the ion’s rest frame

a0/2 = a0 W (1 ∓ V) (2.1)

for a copropagating (collinear) a2 and counterpropagating (anticollinear) a0 laser beam, respectively.

In terms of the speed of light, the mean electron velocity V — under good cooling conditions equivalent

to the ion storage velocity — is determined from the electron acceleration voltage *eff according to

V =

√

1 −
(
1 + @*eff

<e22

)−2

, (2.2)

with the relativistic time-dilation factor W = 1/
√

1 − V2. It should be noted that the space-charge

potential *sc of the electron beam as well as possible contact potentials *contact need to be considered

in *eff . Electron beam energies for laser spectroscopy of Mg+ are about 90 eV. A voltage of

*cooler . 102 V is applied to the electron cooler high-voltage (HV) terminal and is monitored using

a high-precision HV divider (‘G35’). It is a variant of the 35 kV precision divider designed for

the KATRIN experiment [27] and, together with a readout of the divider output voltage using a

8.5-digit precision digital multimeter (DMM, type Keysight 3458A), allows to determine the input

voltage with an accuracy of <10 ppm [28].
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Figure 3. Overview of the laser system for the spectroscopy on Mg+. Figure not to scale. Details see text.

2.4 Laser system and beam transport

The rest-frame wavelengths of the 2B1/2 → 2?1/2,3/2 transitions in Mg+ are about 280 nm. At V = 0.019

the wavelength in the laboratory frame is shifted to 285 nm for anticollinear and 275 nm for collinear

excitation. An overview of the laser system is depicted in figure 3. Both UV wavelengths are produced

by second-harmonic generation in a Wavetrain® frequency doubler using beta-barium-borate (BBO)

crystals. The fundamental for the anticollinear excitation (570 nm) is generated with a single-mode

continuous-wave (cw) ring dye-laser (Matisse DS®, Sirah Lasertechnik) operated with a 0.75 g/l
Rhodamine-6G solution in ethylene glycol. It is pumped by 5–8 W of a frequency-doubled cw multi-

mode Nd:YVO4 laser (Millennia® eV 20, Spectra Physics). The fundamental wavelength for collinear

excitation is produced by sum-frequency mixing of the 852 nm output of a single-mode cw ring titanium-

sapphire (Ti:Sa, Matisse TS®) laser and an ultra-stable fiber laser locked at a wavelength of 1550.12 nm

in a periodically poled crystal (Mixtrain®). The Ti:Sa is pumped by a second cw Millennia® eV laser

with a power of 15 W. The frequencies of both ring lasers are stabilized to a precision wavelength meter

(WSU10, High Finesse), and their set-wavelengths can be controlled by the data acquisition system

(DAQ). The frequency of the light obtained from mixing with the fiber laser is directly measured with

the WSU10, such that the Ti:Sa frequency is adapted to accommodate also drifts of the fiber laser.

A laser power controller from Brockton Electrooptics is installed between the Mixtrain and

the Wavetrain to compensate for laser power fluctuations and to compensate the power fluctuations

of the Mixtrain when scanning the Ti:Sa laser frequency. This laser beam is afterwards chopped

by an acousto-optical modulator (AOM) operated at a frequency of 5AOM = 200 MHz to realize

pump-and-probe experiments. Both UV-laser beams (275 nm and 285 nm) are independently cleaned
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soon as the scraper blade interacts with the ion beam, the signal decreases more rapidly. Due to the

betatron oscillations, the ion beam is completely lost once the scraper reaches the ion beam center. To

extract the ion beam profile from the data, the procedure presented for the scraper measurement at the

cryogenic storage ring (CSR) [32] was adapted. The blue curve represents a fit of the function

� (Gs) =




�0 e−
Gs−G0
Es ·g Erf

(
Gs−Gion√

2cf

)
Gs − Gion ≥ 0

0 Gs − Gion < 0
(2.3)

to the recorded data points, where G0 and Es are the (known) start position and drive velocity of the

scraper, respectively, Gion the unknown center of the ion beam, i.e., the point at which the ion current

vanishes, and g is the ion lifetime in the storage ring. Assuming a Gaussian ion beam profile, the

intensity distribution can also be modeled as shown in blue in figure 5.

Utilizing the visual control of the laser beam position with respect to the scraper positions

allows to superimpose the ion and the laser beam with an estimated maximum displacement of

ΔG = ΔH = 2 mm between both beams for the horizontal and vertical direction. In the worst case,

the displacements at the two scraper-positions have opposite signs, resulting in a maximum angular

misalignment between laser and ion beam of about 2 mrad.

2.7 Data acquisition

Laser spectroscopy at a storage ring requires the reliable combination of laser and accelerator control

and readout with high timing stability. The data acquisition (DAQ) system must record all relevant

parameters of the CRYRING@ESR operation, control the laser frequency, and collect information on

the photomultiplier events. The DAQ needs to be synchronized to the operation of the storage ring.

Therefore, the triggers that control the individual steps of the ion beam preparation, which are

• ion creation and injection,

• acceleration up to the designated energy,

• electron cooling

• measurement gate (with continuous electron cooling),

• extraction of the beam,

are fed into the DAQ. The measurement gate defines the fraction of the storage ring cycle in which

laser spectroscopy can be performed. It starts when ions have reached their equilibrium temperature

through electron cooling and lasts as long as a sufficient number of ions is stored in the ring. We note

here that in other parts of the ion beam preparation cycle, laser spectroscopy can serve as a tool to

obtain information about the ion dynamics in the storage ring, but this is beyond the scope of this

work. A brief description of the implementation of the most important parameters to perform and

analyze laser spectroscopy is provided in the next paragraphs.

Light (/ & 3) singly charged slow ions have short lifetimes of a few seconds in CRYRING@ESR,

and the corresponding fraction of the complete accelerator cycle for laser spectroscopy is relatively

small. To improve the duty cycle, accelerator cycles of 7–10 s are typically applied of which 1–3 s

are used for spectroscopy. The laser frequency is typically changed once the extraction trigger is
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received to record a spectrum. This provides sufficient time to set the next laser frequency before

the next prepared ion beam is delivered by the ring. The whole storage time is used to determine

the fluorescence signal at the set laser frequency.

Photomultiplier signals are processed in the FPGA (NI PXI-7852R) to obtain the count rate and

the photon’s arrival time. All arrival times are recorded relative to a fixed phase of the ion revolution.

Therefore, the discriminated bunching frequency obtained from the ring RF system is divided by

the harmonic number and used as the trigger input.

The bunch-pickup signal mentioned above provides ion-current information and is used to

normalize the fluorescence signal (see below). The bunch-pickup system consists of four conductive

plates in YR11, also used for Schottky analysis of coasting, highly-charged ion beams. Induced

voltages are fast-amplified and subsequently Fourier-transformed by a real-time spectrum analyzer

(RSA, type Tektronix N9020B MXA Signal Analyzer). For bunched beam operation, the dominating

frequency component is given by the bunching frequency, i.e., the revolution frequency (for Mg+

under the usual conditions about 100 kHz) times the number of bunches. The signal of this dominant

frequency component, taken from the analog output of the RSA, is fed into a voltage-to-frequency

converter with a conversion ratio of 1 MHz/V. The resulting frequency is recorded by the real-time

DAQ to provide a relative ion current measurement.

The platform voltage and the electron current at the electron cooler are continuously published via

the open-source event streaming system Apache Kafka®, which is integrated into the CRYRING@ESR

data acquisition. From here, the information can be read from any device and stored for analysis

of the electron velocity V according to eq. (2.2).

3 First results

We present spectra of Mg+ ions obtained at CRYRING@ESR with the above-described setup under

several experimental conditions.

3.1 Doppler-limited spectroscopy

Figure 6 shows resonance signals of a bunched (left-hand side) and a coasting beam (right-hand

side). The laser was scanned across the resonance position, and the photomultiplier signals were

recorded using the laser frequency. Due to the short lifetime of the ions in the ring of only a few

seconds, the spectra are taken with a single fixed laser frequency for each ring filling. The laser is

tuned to the next frequency, while the ions of the next injection are prepared and cooled. The photon’s

arrival time related to an arbitrary but fixed phase of the revolution frequency was also recorded.

The color-coded signal intensity in the upper part of the figure shows the result, where the G-axis is

the laser frequency while the H-axis represents the photon arrival time. The 18th harmonic of the

revolution frequency was applied at the RF-cavity. Three out of the 18 revolving bunches are visible

in the fluorescence spectrum. The lower frame shows the extracted resonance signal before (red) and

after (black) normalization. The red one is obtained by simply projecting the number of counts to the

G-axis. However, the intervals in which ions are not present in the detection region were disregarded

to reduce the laser-induced background. The obtained signal was recorded in anticollinear geometry

without the laser power controller and exhibits a clear asymmetry with a falling baseline. It turned

out that this is largely caused by laser intensity fluctuations and shot-to-shot ion intensity variations

while recording the spectra. Normalization to the laser intensity was performed by integrating the
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4 Conclusion and outlook

We have established a setup to perform collinear laser spectroscopy at CRYRING@ESR. Collinear

and anticollinear excitation was performed and simultaneous operation in both directions has been

demonstrated for using Λ-spectroscopy. Lineshapes have been studied with and without electron

cooling and for both modes of operation, i.e., bunched-beam and coasting-beam operation. Linewidths

between 1 GHz and 7 GHz have been observed. They were further reduced to about 200 MHz with

the application of Λ-spectroscopy. With these installations, we have established laser spectroscopy

as a versatile tool at CRYRING@ESR and will use it, e.g., to continue studying the application of

optical pumping in magnetic storage rings. At CRYRING@ESR we plan to exploit excitation schemes,

which ensure that the same velocity class is addressed over many revolutions. A vanishing or at least a

reduced fluorescence signal would be observable for a possible polarization build-up. However, such a

signal has to be carefully distinguished from other side effects like synchrotron (only during bunched

beam operation) or betatron motion, which vary the resonance condition with time. The presented

Λ-scheme applied to 25Mg+ can be used to investigate state population, and polarization dynamics

when the laser beams are circularly polarized. Restricting the interactions to every =-th revolution

will provide insight into the temporal evolution and quantify the competitive processes due to the ion

dynamics. In a further step the excitation region can be separated from the optical detection region,

i.e., at the electron cooler section. This would have the advantage of providing a magnetic guide field

and would allow using pulsed laser systems with a spectral width that ideally matches the width of the

ion velocity distribution, resulting in optical pumping for all velocity classes simultaneously.
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