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Abstract

Collinear laser spectroscopy (CLS) has been combined with the multi-reflection time-of-flight (MR-ToF) technique. To
this end, a photodetection system has been implemented at the drift region of a MR-ToF apparatus and a laser beam
has been sent along the path of the ions that are stored between the two ion-optical mirrors. The main goal of the
present proof-of-principle (PoP) experiments, is the confirmation of the expected increase in sensitivity compared to
conventional fluorescence-based CLS due to the repeated probing of the trapped ion bunches. The novel method will be
used for the precise measurement of nuclear ground- and isomeric-state properties of exotic nuclei with low production
yields at radioactive ion-beam facilities. A significant sensitivity improvement of CLS is expected, depending on the
half-life and mass of the nuclide of interest. The status of the PoP setup and future improvements are discussed.

1. Introduction

Collinear laser spectroscopy (CLS) is a well-established
technique to measure ground- and isomeric-state proper-
ties of radioactive nuclides [1, 2]. From the hyperfine split-
ting (HFS) and isotope shift (IS) of optical transitions for5

different isotopes in an isotopic chain, one can deduce the
electromagnetic moments and mean-square charge-radii dif-
ferences in a nuclear-model-independent way. In conven-
tional, fluorescence-based CLS at radioactive ion-beam (RIB)
facilities such as ISOLDE at CERN [3, 4], beams of ra-10

dioactive isotopes are produced and accelerated to an en-
ergy of several tens of keV. These beams of singly-charged
ions or neutralized atoms are collinearly (or anticollinearly)
overlapped with a narrow-band, continuous-wave laser that
resonantly excites the optical transitions. Usually, the fre-15

quency observed by the atoms or ions is Doppler tuned by
adjusting the ion-bunch acceleration voltage, while keep-
ing the laser-frequency fixed in the lab frame. Fluores-
cence photons emitted by the laser-excited ions or atoms
passing an optical detection region (ODR) are observed by20

use of photomultiplier tubes. After passing the ODR only
once, with an interaction time of only a few microseconds
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[5], the ion bunch is usually sent to a beam dump. How-
ever, ISOL facilities such as ISOLDE deliver radioactive
nuclides with half-lives ranging from about a millisecond25

up to several years or even stable [6]. This causes a large
mismatch between nuclear lifetime and observation time,
which leaves room for improvement of the experimental
sensitivity. Such an improvement is crucial if one wishes
to extend high-resolution CLS measurements to exotic nu-30

clides with very low production yields that are currently
out of reach for conventional CLS.

The development of a Multi Ion Reflection Apparatus
for Collinear Laser Spectroscopy (MIRACLS) at CERN35

aims to increase the sensitivity of conventional CLS by
addressing this mismatch between nuclear lifetime and ob-
servation time. By reflecting the ion bunches back and
forth between the two electrostatic mirrors of a Multi-
Reflection Time-of-Flight (MR-ToF) device [7–16], they40

can be probed by the laser beam during each revolution.
At today’s radioactive ion beam facilities, MR-ToF devices
are mostly used for mass spectrometry or mass separation.
By confining ion bunches for several thousand revolutions,
their time-of-flight (ToF) is increased and even ion species45

with minute mass differences separate over time. MR-ToF
devices reach mass-resolving powers R = m

∆m of several
hundred thousands in less than 30 ms [17–19].

To date, MR-ToF devices usually work at ion energies50

of ≈ 1-2 keV [10, 17, 19, 20]. However, in order to preserve
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the high spectroscopic resolution of conventional CLS, the
final MIRALCS setup will operate at typical CLS-energies
of E ≥ 30 keV. This allows one to approach the natural line
widths, as the Doppler line-width of the atomic transition55

δf scales with the ion-beam energy as δf ∝ δE/
√
E, where

δE represents the ions’ energy spread [21]. In the current,
first stage of the project, a proof-of-principle (PoP) setup
has been assembled by adapting a low-energy MR-ToF de-
vice [22–24] for preliminary CLS tests. This PoP setup will60

be utilized to experimentally demonstrate the MIRACLS
concept, further develop the technique, and benchmark
simulations [25] that are employed to design the future
30-keV apparatus.

2. Proof-of-principle setup65

A schematic of the offline PoP setup is shown in Fig. 1.
An electron-impact ion source (adapted from [26]), floated
to ≈ 250 V, provides a continuous ion beam of stable mag-
nesium. The beam is focused into a helium-filled radio-
frequency quadrupole (RFQ) cooler-buncher, where the70

ions are cooled and accumulated. After being released
from the RFQ, the ion bunch is accelerated by a crown-
shaped acceleration electrode and pulsed drift tube (PDT)
to an energy of ≈ 2 keV, before it is deflected onto the
MR-ToF axis by a 90◦ quadrupole bender. The ions en-75

ter the MR-ToF apparatus, where they are decelerated to
≈ 1.3 keV and captured using the in-trap-lift technique
[27, 28]. During the time the ion bunches are trapped,
they perform multiple revolutions between the two elec-
trostatic mirrors of the MR-ToF device. Each mirror con-80

sists of 4 cylindrical electrodes to which electric potentials
are applied. These are optimized with respect to ion trap-
ping and focusing, while keeping the central drift region
of the instrument free of fringe fields [25]. This central
drift section is fully surrounded by a mesh electrode that85

defines the electrical potential. This mesh electrode has a
locally-adjusted wire-spacing which provides an enhanced
photon transparency near the ODR. As part of the ODR,
an optical lens system [29] and a photomultiplier tube are
mounted above the mesh electrode to detect fluorescence90

photons of laser-excited Mg+ ions. The in-trap lift mech-
anism is also used to eject the ion bunches from the MR-
ToF device [27, 30]. The extracted bunches pass a second
90◦ quadrupole bender and can be recorded on a multi-
channel plate detector (MCP) for monitoring and beam-95

tuning purposes.

The laser beam for photoexcitation enters the setup
through a quartz, Brewster-angled window and is over-
lapped with the axis of the MR-ToF device. When the100

laser frequency is in resonance with a Doppler-shifted op-
tical transition of the 1.3-keV ion bunch fluorescence pho-
tons are detected in the PMT. By scanning the laser fre-
quency and monitoring the photon signal, the hyperfine-
structure resonances of the trapped ions can be recorded.105

Figure 1: Schematic of the MIRACLS proof-of-principle setup. See
text for details.

The improvement with respect to conventional CLS is ob-
vious, as the ion bunches pass the ODR during every rev-
olution in the MR-ToF device, thereby increasing the pho-
ton counts and thus the statistical significance of the data
with every additional passing.110

Stable magnesium ions will be used as an ideal test-
case, since the even-even isotopes, 24,26Mg, have no hy-
perfine splitting of the fine-structure levels due to their
I = 0 nuclear spin and the D1 and D2 transitions at about115

280 nm both form a closed, two-level system. This avoids
that, after several revolutions in the MR-ToF device, the
population is optically pumped towards a hyperfine level
or another fine-structure state which is not probed by the
laser and which would therefore result in a decrease in120

photosignal. Repopulation techniques for more compli-
cated ionic systems will be developed at a later stage of
the project.

One of the major advances in CLS on radioactive ions125

was the introduction of bunched beams to increase the
signal-to-noise ratio [31, 32]. The reduction is due to
the possibility of gating the data acquisition only on the
time when the ion bunch passes the ODR. Besides bunch-
ing of the ion beam, several other measures are taken130

in order to further reduce the influence of background in
MIRACLS’ PoP setup, which, due to its history, was not
designed to minimize sources of laser scattering as other-
wise imperative for efficient CLS. Hence, a Brewster win-
dow and set of three apertures are mounted on either side135

of the setup as optical ports (see Fig. 1). Together with a
stray-light shield painted in photon-absorbing black paint,
placed around the ODR, these modifications reduce the
laser-induced background by more than an order of mag-
nitude, without noticeably affecting the quality of the vac-140

uum. Indeed, a high vacuum better than 10−7 mbar is
preferential to reduce the amount of stray-light scatter-
ing centers and collisional-induced excitation. Moreover,
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collisions with residual gas particles has been identified
as a major reason for ion losses in the setup. The latter145

motivates a series of UHV upgrades foreseen for the near
future, in particular the better separation of the vacuum
section of the MR-ToF device from the buffer-gas filled
cooler-buncher.

3. Laser setup150
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Figure 2: Schematic of the laser setup at MIRACLS PoP experiment.
See text for details.

The laser beam at 280 nm, used to resonantly excite the
D2-like (3 2S1/2 → 3 2P3/2) transition in magnesium ions,
is generated using the setup shown in Fig. 2. A Spec-
tra Physics 20-W Millennia eV laser, produces the 532-nm
laser light used to pump a Sirah MATISSE laser operated155

with Rhodamine 560 dye dissolved in ethylene glycol. The
560-nm output light is coupled into a high-power, large-
mode-area optical fiber (LMA-15 single-mode 15 µm core
fiber). Prior to the fiber coupling, a combination of a λ/2-
plate and a polarizing beam splitter allows for a variable160

laser-beam intensity during the optimization of the fiber
coupling. An optical isolator removes undesirable effects
on the dye-laser locking caused by back reflections from
the fiber coupler.

165

The approximately 25-m long optical fiber transports
the laser light from the laser laboratory to the MR-ToF
lab with a typical efficiency of 50-70%. The laser light
leaving an optical fiber is usually randomly polarized. As
unwanted circular polarization would lead to losses (at a170

second polarizing beam splitter cube further downstream)
a quarter wave plate is installed behind the fiber to re-
move any undesired portion of the polarization. Then,

the second-harmonic at 280 nm is generated in a BBO
crystal by use of a Wavetrain frequency doubler. A mode175

cleaner with a 15-µm pinhole is used to remove side fringes
originating from the second-harmonic generating process
and to obtain a pure Gaussian TEM00 beam profile. This
reduces significantly stray-light caused by spatially more
extended mode contributions. The laser power introduced180

into the MR-ToF vacuum setup can be adjusted with a
beam attenuator in front of the mode cleaner. The power
level is additionally stabilized by guiding the back reflec-
tion of a λ/2-plate onto a power meter. Its output is used
as the process variable of a PI feedback-loop that rotates a185

motor-controlled λ/2-plate in front of the frequency dou-
bler (see Fig. 2).

Finally, the 2-mm diameter laser beam is guided through
a periscope and two irises to the Brewster windows where
it enters the vacuum chamber ( see Fig. 1). The polariza-190

tion is adjusted to minimize reflections from the Brewster
windows using the previously mentioned λ/2-plate behind
the mode cleaner.

To record the hyperfine structure of an isotope, the
laser frequency is scanned across the relevant frequency195

range, while the laser is stabilized to a High-Finesse WSU-
10 wavelength meter. The wavelength meter is regularly
calibrated using a diode laser that is locked to the 87Rb
(S1/2 → P3/2) hyperfine transition at approximately 780 nm.
The option of scanning the laser frequency rather than200

scanning the ion-bunch energy is preferred, since the latter
would also change the ion trajectories inside the MR-ToF
device.

4. First signals

To demonstrate that CLS can be performed within the205

MIRALCS PoP setup, a resonance spectrum of 24Mg+ ions
passing through the ODR once, i.e. in the conventional
collinear laser-spectroscopy mode without MR-ToF oper-
ation, is shown in Fig. 3.

SIMION [33] simulations of the ion transport from the
RFQ to the MR-ToF device show that Doppler broadening
is the main contributing process to the total linewidth of
the measured spectrum at energies of 1.3 keV [25] as the
natural line width is only 42 MHz [34]. A total broad-
ening of ≈ 370 MHz is expected, in accordance with the
experimental observation of about 400 MHz as depicted in
Fig. 3. This spectrum was obtained after tuning of param-
eters for the ion injection into the MR-ToF device and by
working in a regime below the space-charge limit. This
resonance shows a slight tailing at the low-frequency side.
Most probably, this is related to the distribution of an-
gles of the ion trajectories with respect to the optical axis
due to the transversal ion-beam emittance. Each angu-
lar deviation α contributes to additional photon counts on
the lower-energy tail of the observed spectrum due to the
Doppler-shifted laser frequency f in the rest frame of the
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Figure 3: Example of a resonance of 24Mg+ at a kinetic energy
of ∼ 1.55 keV obtained for a single passage through the ODR in
the center of the MR-ToF device. The photon counts of 300 ion
bunches have been added for each probe frequency. The data for this
spectrum was gated on the passage of the ion bunch as described in
section 2.

ions. This frequency f is described as

f = f0

√
1−

(
v
c

)2
1− vx

c

,

where c represents the speed of light, v the total velocity210

of the ions, and vx = v cosα the velocity component along
the MR-ToF axis.
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Figure 4: Photomultiplier count rates as a function of time with trap-
ping, i.e. MR-ToF operation (orange) and without (blue), i.e. single-
pass mode. The laser frequency is tuned to resonance. This provides
a direct comparison between sensitivity in conventional CLS and in
the MIRACLS approach. The photon counts of 300 ion bunches have
been added.

Examples of the resonant fluorescence signal as a func-
tion of time are presented in Fig. 4, once for single-pass

operation (blue line) as in conventional CLS and once for215

MR-ToF operation where the ions are trapped for three
revolutions (orange line) and thus produce three further
fluorescence signals when passing in front of the ODR.
When the laser is detuned, the fluorescence signals disap-
pear and only the background level is left (not shown).220

Hence, the multiple passages of the ions through the ODR
as enabled by the MIRACLS approach substantially in-
crease the number of photon counts and thus the statisti-
cal significance of the collected data.

225

We note in passing that the fluorescence signal fluctu-
ates during the first revolutions in the MR-ToF apparatus.
While this phenomenon is out of the scope of the present
study we have observed a stabilization of the signal at
higher revolution numbers. The signal-height fluctuations230

during the first revolutions after ion injection depend very
strongly on the injection parameters and similar observa-
tions are known from the ion signal as a function of rev-
olution number at other MR-ToF devices [35]. From the
recurrence of the peak intensity it can be deduced that the235

ion beam is not lost, but occasionally merely on a trajec-
tory not overlapping with the laser beam. When the ion
bunch is tuned into the MR-ToF device differently, this
effect can be reduced, as shown for instance in the inset of
Fig. 1, but it is difficult to eliminate this completely. Other240

than just the signal height, the evolution and control of
other signal parameter are being studied as a function of
revolution number in the PoP setup (e.g. signal-width)
[36] .

As conventional MR-ToF operation provides ion trap-245

ping for a few thousand revolutions [17], a significant in-
crease in experimental sensitivity is anticipated for MIRACLS.
It will make it possible to isolate the CLS signal even for
exotic nuclides with low production yields, for which a con-
ventional, i.e. single-pass, signal would be buried in the250

background. This is simulated in Fig. 5, for a case where
single passage through the ODR cannot produce an iden-
tifiable signal (top), but where a signal-to-noise ratio of
about 1 is reached after 100 revolutions (middle). Con-
sequently, a clear signal with good statistics is obtained255

after about 1000 revolutions (bottom).

5. Outlook

The possibilities offered by the MIRACLS technique
will be further explored in the future, first in the offline
PoP setup described above, later in the 30-keV device260

that is currently being designed. Early anticipated ad-
vances include trapping of the ion bunches for several thou-
sands of revolutions to increase the improvement factor
of MIRACLS. The development of the centroid, spectral
linewidth and signal strength with the number of revolu-265

tion periods will be studied for these extended trapping
times. As a first test case, the well-known isotope shifts of
stable magnesium isotopes will be measured and compared
to the literature values to investigate the accuracy that can
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Figure 5: Simulated photon counts for an ion bunch passing the ODR
only once (top) and for 100 and 1000 revolutions in the MR-ToF
device (middle and bottom, respectively). Ion losses from radioactive
decay or trapping in the MR-ToF device are not included in this
representation.

be reached with the PoP apparatus of MIRACLS. It will270

later be extended to other elements. In its first stage, the
technique would be most useful for closed, two-level tran-
sitions. In order to expand towards more general cases,
research on the redistribution of excited states of the ion
ensemble using additional lasers will be performed. An-275

other advance could be the addition of a second laser to
perform simultaneous collinear and anticollinear measure-
ments as was recently demonstrated for beryllium isotopes
[37, 38] and applied at even higher accuracy for barium
isotopes [39]. This removes the uncertainty in the isotope-280

shift measurements induced by the imperfect knowledge
of the ion beam energy. Furthermore, the possibility of
performing mass measurements or mass separation while
simultaneously performing laser spectroscopy will be stud-
ied. It is expected that, besides CLS, also mass separation285

of rare isotopes will benefit from the enhanced, 30-keV
beam energy envisioned in the future setup.

6. Conclusion

For the first time, collinear laser spectroscopy has been
applied in a MR-ToF device. This new technique, under290

development within the MIRACLS project at ISOLDE,
CERN, offers the potential of improving conventional fluorescence-
based CLS significantly by trapping ion bunches for multi-
ple revolutions. While first steps are being taking in a PoP
setup at CERN, simulations and preparations are already295

under way to design a device operating at 30 keV.
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