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We demonstrate sub-Doppler laser spectroscopy with a beam of 7Li+ ions stored at 33.8% of the speed of
light in the experimental storage ring at GSI. Using two lasers, the one copropagating and the other counter-
propagating, with respect to the ion beam, a fluorescence line is observed via optical-optical double-resonance
spectroscopy on a �-type level configuration. A linewidth of �114 MHz is found, which is 12 times narrower
than the Doppler broadening due to the momentum spread of the ion beam. Interpreted as a test of Lorentz
invariance, we find ��̂2��1.2�10−5, a 25� tighter limit on O(�v /c�4) deviations from time dilation than any
other experiment.
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I. INTRODUCTION

Renewed interest in experimental tests of special relativ-
ity �SR�, i.e., of the underlying space-time symmetry of local
Lorentz invariance, has come from one of the most salient
open questions of fundamental physics—the unification of
gravity with the standard model �1�. Several approaches to-
ward quantum gravity, such as string theory �2�, doubly spe-
cial relativity �3�, or loop quantum gravity �4� allow for
small Lorentz violations. Such violations would thus provide
strong experimental signatures for physics beyond the
standard model.

Over the past 3 decades, laser techniques have become the
method of choice for precise tests of SR. Modern implemen-
tations of the Michelson-Morley �5� and Kennedy-Thorndike
�6� experiments, measuring the isotropy and velocity inde-
pendence of the speed of light, make use of ultrastable lasers
and optical cavities �7�. Modern Ives-Stilwell experiments
�8�, measuring time dilation via the Doppler shift for light
emitted or absorbed from moving ions, apply high-resolution
laser spectroscopy to brilliant ion beams. As first discussed
by Robertson �9�, these three types of experiments can be
considered as the fundamental experimental corner stones of
SR.

While the interferometric Michelson-Morley and
Kennedy-Thorndike tests have to utilize the velocity of the
earth with respect to a potential preferred frame ��T ,X� �
�usually identified with the cosmic microwave background
�CMB� rest frame with VCMB�350 km /s�c�, the sensitiv-
ity of Ives-Stilwell experiments to deviations from SR can be
enhanced by a large boost between the laboratory frame and
the rest frame of the ion, the challenge being to maintain the
precision of the measurement as the boost is increased. Us-
ing high-quality ion beams prepared in the Heidelberg test
storage ring �TSR�, we have recently succeeded in bringing
high-precision laser spectroscopy with an absolute frequency

accuracy at the 10−10 level to the domain of moderately fast
ion beams �6.4% of the speed of light c� and to perform the
most stringent test of time dilation so far �10�. With the work
reported here, we now investigate the near-relativistic regime
�v=0.338c� at the experimental storage ring �ESR� in Darm-
stadt and demonstrate that the quality of sub-Doppler spec-
troscopy on such beams can be on par with spectroscopy on
slower beams. With the advent of advanced storage ring fa-
cilities �such as Facility for Antiproton and Ion Research
�FAIR� at GSI�, these methods will be important tools to
further push time dilation tests to higher sensitivities, and at
the same time they provide an experimental basis to propos-
als such as atomic parity violation in heavy ions at ultrarela-
tivistic energies �11�. The current measurement at v
=0.338c, although not yet in its final stage, puts already
stringent limits on deviations of the time dilation relation
from SR proportional to �v /c�4.

II. IVES-STILWELL EXPERIMENTS

In order to drive a transition of frequency � in an ion
moving at a velocity 	=v /c with copropagating parallel �p�
or counterpropagating antiparallel �a� light, the frequencies
�p,a must obey the relativistic Doppler formula

� = �p
�1 − 	�, � = �a
�1 + 	� , �1�

where 
= �1−	2�−1/2 accounts for time dilation �12�. When
simultaneously driving two transitions �1 ,�2 in the same ion,
with a copropagating and counterpropagating laser beam, we
find, independent of the ion velocity,

��p�a

�1�2
=

1


�1 − 	2�1/2 = 1. �2�

The velocity independence of this relation is therefore a di-
rect consequence of the unique form of the time dilation
factor 
�	2� in special relativity.
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As Eq. �2� has to be valid for 	=0, any conceivable de-
viation of its left-hand side from unity due to a violation of
Lorentz invariance must be a function of the velocity of the
ions. Moreover, as in our experiments the direction of 	� is
fixed in an earth-bound laboratory and we average over the
course of a day, such a deviation cannot depend on the di-
rection of 	� and has to be an even function in 	. We can thus
describe possible modifications to Eq. �2� due to Lorentz
violation by

��p�a

�1�2
= 1 + ��	2� , �3�

with � being a function of 	2 only. For 	2�1, we may fur-
thermore expand ��	2� into a power series in 	2 with expan-
sion parameters �̂i,

��	2� = �̂	2 + �̂2	4 + O�	6� . �4�

Scenarios for the violation of Lorentz invariance are usually
discussed in terms of test theories that allow for Lorentz
violation but contain Lorentz symmetry as a special case.
The most frequently used kinematical example of such a test
model was developed by Robertson �9� and Mansouri and
Sexl �RMS� �13�. Here Einstein’s postulates are abolished
and generalized Lorentz transformations between a hypo-
thetical preferred reference frame ��T ,X� � and a frame S�t ,x��
moving at a velocity V� =�� ·c along X relative to � are con-
sidered, assuming an isotropic speed of light c only for �.
These generalized transformations lead to modified length
contraction and time dilation factors. The latter can be writ-
ten as �
RMS�−1= �1−�2�1/2â��2�, where the only constraints
on the function â are: �i� it is a function of �2 for symmetry
reasons and �ii� that â��2�→1 for �→0. Of course, â��2�
�1 if SR holds. Following Kretzschmar �14� and Will �15�,
who analyzed Ives-Stilwell-type experiments within the
RMS test theory, we find instead of Eq. �2�,

��p�a

�1�2
= â�	2� , �5�

assuming 	
��=VCMB /c�, that is,

��	2� = â�	2� − 1. �6�

Within the framework of the RMS test theory, Ives-Stilwell
experiments are thus sensitive to the function â modifying
the time dilation relation of Special Relativity.

The most prominent dynamical test theory of Lorentz vio-
lation is the standard model extension �SME� �16�. Here the
standard model Lagrangian is extended by Lorentz-violating
terms leading to a set of test parameters for every standard
model particle field. This model has triggered a wealth of
Lorentz violation tests �17�. To the order O�	2�, Doppler
shift experiments have been analyzed in the SME and
showed to be sensitive to parameter combinations in the par-
ticle sector �18� as well as in the photon sector �19�. In par-
ticular, it has been shown that within the photon sector of the
SME �20�, the O�	2� parameter �̂ determined in Ives-
Stilwell experiments is identical to the parameter �̃Tr �19�,
which could so far only be accessed indirectly �21,22�. It

describes isotropic Lorentz violations which most other ex-
periments performed in the photon sector are not sensitive to
as they search for sidereal variations along with the compa-
rably small velocity of the earth through a sun-centered ref-
erence frame �7�. As this is also true for most other Lorentz
tests, such as the extraordinarily sensitive clock-comparison
experiments �23�, the SME has only been worked out to the
lowest order in 	2 so far. In the present work, we perform an
Ives-Stilwell experiment at a considerably higher velocity to
take a step beyond this low-velocity limit, which will hope-
fully also trigger a detailed analysis of higher-order terms of
��	2� in the SME.

III. EXPERIMENTAL SETUP

In order to avoid Doppler broadening of the resonances
due to the width of the ions’ velocity distribution, two spec-
troscopy techniques have been investigated in previous Ives-
Stilwell measurements at the TSR: saturation spectroscopy
�10,24� and � spectroscopy �25,26�. In saturation spectros-
copy, simultaneous resonance of two lasers with a transition
is indicated by a Lamb dip �27� in the fluorescence spectrum.
In �-type optical-optical double-resonance spectroscopy,
two transitions within a closed three-level � system �see Fig.
1� are driven. With a fixed-frequency laser resonant with one
of the legs of the � while scanning a second laser over the
second leg, fluorescence is observed only when both lasers
are resonant with the same velocity subensemble. Otherwise,
the ions are pumped dark and fluorescence is suppressed. In
both methods, a narrow velocity group is selected and the
resulting widths of the Lamb dip or of the � resonance are
free of Doppler broadening.

The moving clocks in our experiment are 7Li+ ions, stored
at a velocity of 0.338c in the ESR at GSI in Darmstadt. This
He-like ion exhibits a strong optical 2 3S1⇔2 3P2 transition
at 548.5 nm in its metastable triplet spectrum, which is well
suited for our purposes. Although the lifetime of the 2 3S1
state of 50 s is quenched by collisions with the residual gas
to 10–40 s, depending on the background pressure, these
effective lifetimes are still long enough for beam preparation.
The lifetime of the upper 2 3P state of 43 ns leads to a
natural linewidth of 3.7 MHz, sufficiently narrow for preci-
sion spectroscopy. Moreover, this transition can be excited
with “standard” lasers aligned parallel and antiparallel to the
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FIG. 1. Left: level scheme of the metastable 7Li+ ion containing
a closed two-level �dashed line� and three-level ��� system �solid
lines�. Right: scan across the two-level transition with the counter-
propagating laser beam at �a	780 nm.
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ion beam despite of the large Doppler shifts of the transition
wavelength to 386 nm and 780 nm, respectively. Finally, the
selected 7Li+ line contains in its hyperfine structure a closed
two-level transition 2 3S1�F=5 /2�⇔2 3P2�F=7 /2� and a
closed three-level � system 2 3S1�F=5 /2�⇔2 3P2�F=5 /2�,
2 3S1�F=3 /2�⇔2 3P2�F=5 /2�, allowing for saturation and
� spectroscopy, respectively �see Fig. 1�.

The 7Li+ ions produced from LiF in an electron cyclotron
resonance ion source are accelerated and injected into the
ESR at their final energy of 58.6 MeV/u �0.338c�. By mini-
mizing the beam emittance and its longitudinal velocity
spread through constant electron cooling �28�, a narrow
stream of clocks moving parallel at a well-defined velocity is
provided. Moreover, the ion velocity can be tuned by varying
the electron energy. To compensate for small energy fluctua-
tions of the electron cooler, a weak rf signal at the tenth
harmonic of the revolution frequency of the ions is applied to
a pair of parallel plates. This superimposes a bunching po-
tential copropagating with the ions that keeps them precisely
at an average velocity defined by the rf frequency.

The laser setup is shown in Fig. 2. The antiparallel exci-
tation of the ions is accomplished by a laser diode �Toptica
DL100/LD-0780-P250-1� at 780 nm. Its frequency is cali-
brated with respect to the 5 S1/2�F=2�⇔5 P3/2�F=3� line of
87Rb, which is known to 5.5 kHz �29�, in a setup similar as
described in Ref. �30�. The blueshifted light for parallel ex-
citation is generated by a titanium sapphire laser �Coherent
899-21� pumped by a Coherent Verdi V18 at 532 nm; its
output at 772 nm is frequency doubled in a commercial SHG
unit �Tekhnoscan JS� to provide up to 280 mW at 386 nm.
Alternatively, the Ti:sapphire laser can also be scanned
around 780 nm to generate a second beam for antiparallel
excitation. Its frequency is measured to �100 MHz with a
commercial wave meter �Atos�, which was frequently cali-
brated against the 87Rb line. The redshifted and blueshifted
laser beams are chopped by acousto-optic modulators and
guided to the ESR through a polarization maintaining single
mode fiber �Fibercore, HB750� and a photonic crystal fiber
�Crystal Fibre, LMA-PM 5�, respectively.

Two alignment towers near the windows of the ESR ex-
perimental section equipped with motorized translation and
rotation mirrors, as well as optical lenses, are used to align
the laser beams. To optimize their �anti�parallel overlap with
the ion beam, two scrapers allow to measure the positions of
the ion and laser beams on both ends of the straight experi-
mental section. Three photomultipliers �PMT� are installed
along the beam tube to record the fluorescence of the excited
Li+ ions around 90°. The PMTs are equipped with BG39
color glasses to block scattered light from the redshifted la-
ser. Laminated long-pass filters �KV408� are added when the
blueshifted laser is applied. After optimizing the spatial over-
lap, the ion-beam energy is fine tuned for resonance of one of
the legs of the � transition with the fixed-frequency blue-
shifted laser by adjusting the electron cooler voltage and the
bunching frequency.

IV. RESULTS

The right panel of Fig. 1 shows the result of a scan of the
counterpropagating laser across the closed two-level transi-
tion revealing the velocity distribution of the ion beam. The
observed Doppler-broadened full width at half maximum on
the order of 1 GHz reflects a well-cooled beam with �	 /	
�10−5, but the line intensity reveals that less than 0.1% of
the ions are in the metastable 2 3S1 state. This is more than
100 times smaller than the fraction of metastables observed
at the TSR �10�, where the fraction of metastable ions was
increased by a stripping process in the accelerator. Note that
the measured linewidth corresponds to 1.4 GHz in the rest
frame of the ion, which is still a factor of 	10 smaller than
the energy difference between the hyperfine levels �31�, and
sufficient to ensure closed two- and three-level systems, re-
spectively.

When shining in the blueshifted laser light, a strong in-
crease in background counts in the photomultiplier could not
be avoided despite of additional filters. Nevertheless, the re-
sulting signal-to-noise ratio was sufficient for � spectros-
copy. To investigate its shape, we first recorded the � reso-
nance with two lasers at 	780 nm, both counterpropagating
with respect to the ion beam—thereby avoiding the addi-
tional background. By scanning only one laser and keeping
the other one’s frequency fixed, we recorded a clear sub-
Doppler � resonance as shown in Fig. 3�a�. From a Lorent-
zian fit, a linewidth of approximately 80 MHz is obtained,
corresponding to 114 MHz in the ions’ rest frame. This is
comparable to the linewidths observed at the TSR for �
spectroscopy �26�, but still broader than typical Lamb dips
observed in saturation spectroscopy. The additional broaden-
ing of the � resonance is mainly caused by a memory effect
of the revolving ions; velocity-changing collisions of ions
that were previously pumped dark can bring them back into
resonance even if the lasers are detuned from resonance.
These velocity changes, which occur over many roundtrips
of the ions in the storage ring, may also lead to a net fre-
quency shift, if they are asymmetric with respect to the de-
sign velocity 	0, e.g., for an ion beam that is gradually
slowed down during the scan. In our experiment, however,
the mean ion velocity is fixed by ion-beam bunching, which
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FIG. 2. �Color online� Schematic view of the experimental setup
at the ESR. The laser light is provided by a laser diode �LD� and a
frequency-doubled titanium sapphire laser; it is guided via fibers to
the storage ring �FPI: Fabry-Perot-Interferometer; PD: photodiode;
SHG: second-harmonic generation; EOM: electro-optic modulator;
AOM: acousto-optic modulator�.
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forces the ions into synchrotron oscillations around 	0. Since
the true resonance position must be within the frequency
range, where a � fluorescence signal is observed, we conser-
vatively estimate the frequency uncertainty due to the veloc-
ity changes as smaller than the linewidth, which corresponds
to �40 MHz in the present case. In future experiments, a
main part of the contribution of the memory effect to the �
signal will be measured and subtracted with a method devel-
oped at the TSR �26�. This will significantly reduce the in-
fluence of velocity-changing collisions on the � resonance
width.

A sensitive test of time dilation requires copropagating
and counterpropagating laser beams. The corresponding �
resonance obtained with a fixed-frequency blueshifted laser
and a scanning redshifted laser is plotted versus the fre-
quency detuning from the 87Rb line in Fig. 3�b�. The signal-
to-noise ratio is sufficient to determine the center �a of the �
resonance to an accuracy of 48 MHz, which includes the fit
uncertainty of 11 MHz, 40 MHz from the memory effect,
and 25 MHz due to systematic uncertainties caused by the
alignment of the laser beams, their Gaussian phase structure,
and ion-beam properties. The 100 MHz accuracy of the wave
meter limits the accuracy of the blueshifted laser frequency
�p to 200 MHz. A further systematic uncertainty may be
caused by the magnetic fields in the ESR experimental sec-
tion. Despite the use of linearly polarized light, the Zeeman
effect might not only cause symmetric broadening but also a
net frequency shift when the ion beam becomes polarized by
optical pumping �10�. However, for the fields present near
the photomultiplier, this shift is estimated to be below 5 MHz
and can be neglected at the present level of accuracy. A
summary of the relevant frequencies is given in Table I. The
measured Doppler shifts are consistent with SR; applying

Eq. �3� we find an upper bound for possible deviations from
SR at 	=0.338 of

���	2�� � 1.5 � 10−7. �7�

V. DISCUSSION AND OUTLOOK

Due to the high ion velocity, the result is a significant step
to further limit the function ��	2�. The TSR experiments
were performed at two velocities �	1=0.03 and 	2=0.064�
and interpreted by considering only the order O�	2� term in
the expansion of ��	2� �see Eq. �4�� to be relevant, implying
the tacit assumption usually made in this field that “reason-
able” higher-order expansion parameters �̂i are only on the
order of �̂ or less. This analysis resulted in �10� ��̂��8.4
�10−8 �dashed line in Fig. 4�.

Allowing also �̂2�0 without any ad hoc assumptions
about its size, the TSR experiments alone led to an upper
limit for ���	2�� as indicated by the dotted line in Fig. 4.
Combining the TSR and the ESR results, one obtains a new
limit for ���	2�� as shown by the thick solid line in Fig. 4: an
up to 25� improvement over the previous restriction. The
allowed parameter space for �̂ and �̂2 is shown in the inset
of Fig. 4 and implies
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FIG. 3. � resonances versus detuning of the scanning diode
laser observed �a� with both lasers counterpropagating and �b� with
one copropagating and one counterpropagating laser with respect to
the ion beam. The solid lines represent Lorentz fits.

TABLE I. Rest-frame frequencies �1 and �2 of the � transition
and corresponding Doppler-shifted frequencies �a and �p observed
with counterpropagating laser beams �in MHz�.

�1 �F=5 /2⇔F=5 /2� a 546455144.8�0.4

�2 �F=3 /2⇔F=5 /2� a 546474962.7�0.4

�p 777204676�200

�a 384228270�48

aReference �32�.

FIG. 4. Upper limits for deviations of high velocity Ives-Stilwell
experiments from the prediction of SR as a function of 	2. The solid
dots are limits for ���	2�� deduced in previous experiments at the
TSR �10,24� and in the present investigation at the ESR. The dashed
and dotted curves are limits obtained from previous results when
including terms of up to the order O�	2� and O�	4�, respectively, in
the expansion of ��	2� �see Eq. �4��. The thick solid line is the limit
implied by combining the TSR result with the result of the present
measurement; the resulting restriction for the expansion parameters
�̂ and �̂2 are shown in the inset. The limits marked by H and � are
obtained from a Doppler shift experiment on H �33� and a lifetime
measurement of the muon �34� when interpreting ��	2� within the
RMS test theory.
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��̂2� � 1.2 � 10−5.

Interpreting the Ives-Stilwell experiments within the frame-
work of the RMS test theory, ��	2� is connected to the func-
tion â�	2�, modifying the SR time dilation by Eq. �6�. Within
this framework, the present result can also be compared to
upper limits for â�	2� deduced from a Doppler shift mea-
surement on hydrogen at 	=0.84 �33� and from a measure-
ment of the muon lifetime �34� at 	=0.9994. As shown in
Fig. 4, the present limit on �̂2 is up to almost two orders of
magnitude more stringent than those implied by these previ-
ous ultrahigh velocity experiments.

In summary, the present investigation demonstrates that
sub-Doppler spectroscopy can be performed with relativistic
ion beams using the Ives-Stilwell geometry. For � spectros-
copy, linewidths have been reached, which are comparable to
those observed at lower velocities at the TSR �26�, and we

are confident that in saturation spectroscopy, linewidths on
the order of the natural linewidths �	10 MHz� can be
achieved as in previous TSR experiments �10� once the back-
ground problem caused by the blueshifted laser has been
solved. The latter is presently under detailed investigation.
Together with a more precise frequency determination of the
blueshifted laser, we expect to be able to further improve the
present limit for ���	2�� at 	=0.338 by up to two orders of
magnitude.
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