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Improved Test of Time Dilation in Special Relativity
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An improved test of time dilation in special relativity has been performed using laser spectroscopy
on fast ions at the heavy-ion storage-ring TSR in Heidelberg. The Doppler-shifted frequencies of a two-

level transition in Li™

ions at v = 0.064¢ have been measured in the forward and backward direction

to an accuracy of Av/v =1 X 1072 using collinear saturation spectroscopy. The result confirms the
relativistic Doppler formula and sets a new limit of 2.2 X 1077 for deviations from the time dilation

factor ygg = (1 — v2/c?)"1/2,
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The core of special relativity (SR) as a theory of local
spacetime is Lorentz invariance, which is one of the most
fundamental symmetries of all modern descriptions of
nature. Because of this fundamental role there is much
interest in experimental tests of SR, in particular, as
violations of this symmetry have been considered in
unification theories combining the standard model of
particle physics with gravity [1].

Any deviation from SR would violate the Einstein
relativity principle causing effects, which are dependent
on the choice of the reference frame. Following Robertson
[2], Mansouri and Sexl (MS) [3] developed a kinematical
test theory assuming generalized Lorentz transforma-
tions between a hypothetical preferred-frame (T, X)
and a frame S(z, X) moving at a velocity 1% along X relative
to 2, which read, using Einstein synchronization,

t Vx
T=T 1
(a bc2>’ M
X = F(i-i-g);
b a

with ' = (1 — V2/¢2)~1/2 and ¢ being the speed of light
in 3. This model, which is commonly used to quantify
the sensitivity of an experiment to violations of SR,
contains three velocity-dependent test functions a(V?),
b(v?), and d(V?), which modify time dilation as well as
Lorentz contraction in longitudinal and transverse direc-
tion. For SR, they reduce to a(V?) = b(V?) = d(V?) = 1.
Expanding these functions in powers of V2/c?, ie.,
&(vz) =[1+av*/+0(c™], bV =[1+BVv?/
2+ O(c™)], and d(V?) =[1 + SVZ/C + O(c™)], one
is left with three test parameters & ,8 and &. The experi-
ments which allow one to fix these parameters are the
Ives-Stilwell (IS) experiment [4], which measures &, the
Michelson-Morley (MM) experiment [5] measuring
the parameter combination | ,8 5|, and the Kennedy—
Thorndike (KT) experiment [6] sensitive to |& — fI.
Modern versions of the MM [7] and the KT experi-
ment [8], where the preferred frame 2 is identified
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with the CMB system, in which the 3 K cosmic micro-
wave background is isotropic and in which the Earth-
bound laboratory system Sy, is moving with a velocity of
Viap = 350 km/s, have recently led to improved limits
of |[B—8l=15%10"° [9] and |& — B| = 6.9 X 1077
[10], rendering, at present, the IS test of & the least
accurate.

In the original IS experiment [4] hydrogen atoms in
canal rays are used as clocks moving at a velocity 8 =
v/c = 0.005 with respect to S),,. Time dilation is tested
by measuring the Doppler-shifted frequencies v, and v,
of the H@ line in parallel (9, = 0) and antiparallel (J, =
) direction with respect to 8. Within SR the respective
Doppler shifts are given by the relativistic Doppler for-
mula, vy = ysr(B*)(1 — Bcosd,,)v,,, where vy is the
transition frequency in the system S, in which the
hydrogen atom is at rest. Multiplication of these equations
yields the velocity-independent relation v,v, = v3, since
the SR time dilation factor y3z(8%) obeys y2z(B?) X
(1 —B%) =1. A detailed analysis of the experiment
within the MS test theory has been carried out in [11]
and shows that a nonvanishing test parameter & would
modify the outcome of the IS experiment as

T=1t2a(B 2B A O,
0
with ,BIab Vlab /c. Note that the result is 1ndependent of
the actual synchronization procedure as well as on B and
5; moreover, the B2 term allows one to determine &
absolutely without having to rely on the precise knowl-
edge of B, (at least as long as S is larger than S),
while the 2,§lab . B term gives access to & via sidereal
modulations. The original IS experiment provided an
absolute upper bound of & < 1 X 1072, Later, significant
improvements have been achieved using laser techniques
instead of conventional spectrometers [12]; two-photon
spectroscopy on a 8 = 0.0036 neon atomic beam has
set an absolute bound of & < 2.3 X 107° [13] and even
& < 1.4 X 1079 [14] from the limit on sidereal variations.
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A further improvement of this limit has been made
possible by the development of heavy-ion storage rings
like the TSR in Heidelberg [15], which provide high-
quality particle beams at a considerably higher velocity.
The present experiment uses 'Li* ions stored in the TSR
at a velocity of 8 = 0.064 (13.3 MeV). The triplet spec-
trum of the heliumlike ’Li™ has a convenient optical
transition 2s3S, — 2p3P, at 548.5 nm with a well re-
solved and precisely known fine and hyperfine structure
multiplet. A first version of this experiment employed
collinear optical-optical double resonance spectroscopy
on a A-type three-level system and has set the hitherto
best absolute bound of & <8 X 1077 [16]. Experi-
mentally, the technique was limited by the large observed
linewidth of the A resonance of almost 60 MHz, com-
pared to a natural width of 3.8 MHz. Time-resolved
studies of the A system during the present experiment
have now revealed that most of this broadening is caused
by velocity changes between subsequent excitations of
the two transitions of the A system. The underlying
reason is that A spectroscopy does not require a simulta-
neous interaction of both lasers with an ion.

To avoid this problem, the present experiment uses col-
linear saturation spectroscopy on the closed two-level
system of rest frame frequency v, formed by the 3SI(F =
5/2) — 3P,(F = 7/2) transition in "Li*. The laboratory
frequencies v, and v, of the parallel and antiparallel laser
beams must obey relation (2) for resonance, which is in-
dicated by a Lamb dip in the fluorescence spectrum. In
contrast to the previous measurement, saturation spec-
troscopy requires the simultaneous interaction of both
lasers with an individual ion, the simultaneity being de-
fined by the spontaneous decay time of the excited state
of 43 ns. This time is much shorter than any time scale
connected with velocity-changing processes in the ring.

The 13.3 MeV ion beam is provided by a tandem Van de
Graaff accelerator. Starting with negative Li ions, about
10% of the ions emerge from the gas stripper in the
metastable 3S, state. Typically 10® ions are injected into
the TSR and kept on a closed orbit of 55.4 m circum-
ference, the lifetime of the metastable fraction of the ion
beam being about 13 s. To prepare a high-quality ion
beam, electron cooling is applied to the beam after in-
jection. At equilibrium, which is reached after about 5 s
of cooling, the ion beam in the ion-laser interaction
region (see Fig. 1) has a o width of = 250 um, a o
divergence of =~ 50 urad, and a longitudinal momentum
spread of o,/p=3.5X107°. The latter leads to a
Doppler width of the transition of about 2.5 GHz
(FWHM), which is much smaller than the hyperfine
(hfs) splittings of the involved levels [16]. Moreover, the
ion beam is moderately bunched with the 3rd harmonic of
the average revolution frequency. By controlling the
bunching frequency, the mean ion velocity can be fine
adjusted such that the two-level transition is tuned into
resonance with a copropagating Ar* laser beam at A, =

P
514.7 nm exactly for ions in the center of the velocity
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FIG. 1. Setup of the experiment at the ion storage ring TSR.

distribution. The corresponding resonance wavelength of
the counterpropagating light is A, = 584.7 nm and is
provided by a single-mode dye laser.

The Ar* laser (Lexel 85-1) is first locked to a high-
finesse Fabry-Perot interferometer (Tec Optics, SA300)
via a piezo-driven mirror in order to compensate for
short-term fluctuations. The laser is frequency modulated
at 29 kHz with a modulation amplitude of 2 MHz, and
saturation spectroscopy in I, is performed in an external
cell stabilized at a temperature of 6 = 0.1 °C. 1st har-
monic lock-in detection is used to lock the FPI to the aj
hfs component of the P(13)43-0 line. The frequency un-
certainty of the Ar™ laser is composed of the uncertainty
of the a; component [17] (1.5 kHz), residual Doppler
background due to a small angle between saturation and
probe beam (50 kHz), and the deviation of the iodine
cell temperature from the recommended temperature of
—5°C (35 kHz); the uncertainty amounts in total to
61 kHz.

The dye laser (Coherent 699-21) has a linewidth of
below 1 MHz and is scanned across the “Li™ resonance,
typically over a range of 200 MHz. In order to determine
the frequency of the scanning laser, a suitable '*’I, hfs
line is recorded simultaneously by saturation spectros-
copy in a second external cell stabilized to 6 = 0.3 °C.
The laser is frequency modulated at 36 kHz with a
modulation amplitude of 2 MHz and the iodine line is
detected with the Ist harmonic lock-in technique. The
closest iodine line, the a component of P(10)14-1, is
60 MHz lower in frequency than the expected position
of the Lamb dip. To minimize the error in the frequency
calibration, the dye as well as the Ar* laser beam going
into the TSR are passed through acousto-optic frequency
shifters in order to shift the Lamb dip very close to the
frequency of the I, line, which has been calibrated to the
acousto-optically shifted i component of R(99)15-1
known from a previous calibration run [18].

The two laser beams are merged with a dichroic
mirror and guided to the TSR by a single-mode

190403-2



VOLUME 91, NUMBER 19

PHYSICAL REVIEW LETTERS

week ending
7 NOVEMBER 2003

polarization-maintaining fiber. The bichromatic laser
beam is then directed via an achromatic telescope
through the experimental section of the TSR and retro-
reflected by a flat mirror behind the experimental section
with the laser foci placed close to the mirror. First the dye
laser beam is merged with the ion beam using step-
motorized translation and rotation stages. To monitor
the overlap, the Ar™ laser is blocked, and the dye laser
is tuned into resonance for ions in the center of the velo-
city distribution. The laser beam is then precisely shifted
in parallel horizontally as well as vertically, and the
fluorescence rates are recorded by three photomulipliers
located at different positions along the experimental
section (see Fig. 1). By observing the simultaneous oc-
currence of the maxima of the fluorescence signals in the
three photomultipliers as a function of the horizontal and
vertical displacement, the parallelity of the laser to the
ion beam could be assured and frequently checked during
the experiment to better than 70 urad. Then the Ar™ laser
beam is overlapped with the dye laser by placing an
aperture around the bichromatic laser beam in front of
the TSR entrance window and centering the reflected
beam back through this aperture, thus achieving also a
radial laser-laser angle accuracy of better than 70 urad.

The measurement then proceeds as follows: After an
injection the ion beam is first electron-cooled for 5 s be-
fore the lasers are turned on and the fluorescence rate is
recorded as a function of the dye laser frequency. Figure 2
shows a run reflecting 82 laser scans, each spanning
200 MHz in steps of 1 MHz. To eliminate slow frequency
drifts of the dye laser, the zero point of the frequency
scale of each laser scan is individually adjusted by a fit to
the iodine line before the scans are added up. Moreover, as
the limited lifetime of the metastable ions in the TSR
leads to a decrease of the fluorescence background during
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FIG. 2. Fluorescence signal observed with PMT3 for a mul-
tiple scan of the Lamb dip. Spectrum (b) is taken with both
lasers interacting with the ions simultaneously. Spectrum
(a), plotted with an offset for clarity, is the sum of the spectra
taken with the lasers applied separately and reflects the Doppler
background. The pure Lamb dip spectrum (c) is obtained by
subtracting (a) from (b). The zero of the frequency scale
corresponds to the position of the P(10)14-1 a component.
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a laser scan, the laser scan cycles, each consisting of 200
laser steps of 100 ms, are decoupled from the ion injec-
tion cycles by injecting a new beam after 46 consecutive
laser steps; by adding up a sufficiently large number of
scans the ion beam decay thus averages out. At each laser
step the fluorescence rate is measured at three different
laser beam configurations and stored in three seperate
spectra. One, taken with both lasers interacting with the
ions simultaneously, contains the Doppler background
together with the Lamb dip [curve () in Fig. 2]. Two
additional spectra are recorded with the two lasers ap-
plied separately, the sum of which reflects the Doppler-
background alone [curve (a)] and, subtracted from (b),
leads to the pure Lamb dip spectrum (c). To record the
three fluorescence rates quasisimultaneously, the acousto-
optic modulators are switched such that the laser beam
configurations are changed every 200 us.

A series of Lamb dips was recorded at different total
laser intensities in order to investigate possible intensity-
dependent frequency shifts, matching carefully the in-
tensities of the two lasers to balance the laser forces on the
ions. The Lamb dip center frequency 6v with respect to
the iodine line and its width are determined by a fit of the
pure Lamb dip spectra with a Lorentzian line shape,
which represents the measured dips very well. An ex-
trapolation of the measured saturation-broadened line-
widths to zero intensity gives =~ 11 MHz (FWHM),
which is 7 MHz in excess of the natural width. This
excess can be attributed to the modulation of the two
lasers and, to a lesser degree, to the Zeeman effect caused
by residual magnetic fields in the experimental section,
which — as we use linearly polarized light —is expected
to cause only a broadening but no net shift. In Fig. 3 the
Lamb dip center frequency év of the Lamb dip is plotted
versus the sum intensity, which is varied over 1 order of
magnitude. A slight dependence of about 3 MHz over the
whole intensity range is found, which we attribute to local
changes in the velocity distribution caused by the laser
forces. These changes modify the Doppler background
and lead to distortions of the Lamb dip. As we subtract
the Doppler background measured alternatively with the
signal at 5 kHz, distortions of the Lamb dip occurring on
this time scale should cancel in the difference spectrum.
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FIG. 3. Frequency offset of the Lamb dip from the I, refer-
ence line as a function of the total laser intensity.
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TABLE 1.  Accuracy budget of the saturation spectroscopy.
Frequency 1o error
(kHz) (kHz)
Experimental result:
lodine reference line v;-comp 512 671 028 023 152
AOM shift (dye laser) 6v4QM 414000  negl.
Lamb dip offset to reference vy, 1550 460
Wave front corr. (dye laser) 81/3’;6 —665 160
Laser-laser angle 40
Laser-ion angle 10
Ton beam divergence 50
Frequency calibration 50
Total v5® 512 671442908 517

Prediction from SR:

Table I) reads vi® = 512671442908 + 517 kHz. This
has to be compared to the prediction from SR »3R = 3/
(var + 8VAOM + 5%1) = 512671443 186 = 755 kHz. The
difference between these values A = 3 * — SR = —278 +
915kHz is compatible with zero within the 1 o error and
results in an improved absolute upper limit for & of

a<22x1077 3)

assuming S > B, Note, that the present accuracy of
the rest frequency v, which enters Eq. (2) in quadrature,
dominates the overall accuracy and needs to be improved
for further progress. But already now the storage-ring
method improves the absolute (i.e., preferred-frame in-
dependent) limit for deviations of the time dilation factor
from SR by one order of magnitude compared to other

Ar™ laser frequency v, 582 490 603 442 61

AOM shift (Ar* laser) §¥4OM —400000 negl.
Wave front corr. (Ar* laser) v}t +179 70
7Li* rest frequency v, [20] 546466918 790 400

Total v§R 512671443186 755

However, a locally distorted velocity distribution also
influences the frequency of the resonance through the
ac-Stark shift [19], and this effect is not canceled by
the subtraction scheme. While the ac-Stark shift scales
linearly with intensity for a given velocity distribution,
the latter is also intensity dependent. We therefore ex-
trapolate the resonance frequency to zero intensity by
fitting 6v = Sy + ml* with m, k, and dv as fit pa-
rameters, yielding an almost linear dependence (k =
0.93) with a frequency offset at intensity zero of dv| =
1550 = 460 kHz.

Deviations of the laser-ion angles 1, and 99, from 0 and
7 cause frequency shifts. Assuming plane-wave light, we
find Av,/v, = —B93/2(1 — B) in the case of one mis-
aligned laser (9, = 7, 9, # 0), and Av,/v, = —928?
for both lasers mutually aligned, but tilted against the ion
beam (9, = m — 9, # 0). Alignment uncertainties of
70 prad for both the laser-ion and laser-laser angles result
in frequency uncertainties of Ay, = 10 kHz and Ay, =
40 kHz, respectively. The frequency error due to the di-
vergence of the electron-cooled ion beam amounts to less
than 50 kHz. On the other hand, a Gaussian laser beam
profile has a phase deviation £(z) = arctanz/zg from a
plane wave in the direction of the optical axis z, where zg
denotes the Rayleigh range and z = 0 the focal point. For
a particle traveling along z with velocity v, this phase
change results in a frequency shift of v = vdé(z)/dz.
From the measured position of the foci and the Rayleigh
ranges of both lasers, the shifts are estimated by a Monte-
Carlo simulation to §vy, = (=665 = 160) kHz for the
dye laser and v} = (179 = 70) kHz for the Ar™ laser.

Taking all systematic errors into account, the result
of the frequency measurement of the Lamb dip (see
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