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ABSTRACT

Laser spectroscopy at the heavy ion storage ring TSR in Heidelberg
allows for precision experiments testing the limits of the special
theory of relativity. With an optical A type three level system of
7Lit the Doppler shift has been measured by saturation spectroscopy
as a test of the time dilatation factor y = (1-82)-1/2 at an ion velocity
of v = 6.4% c. A precision of Av/,, < 9.10-2 has been obtained, which
sets a second order limit of 1.1-10-6 for any deviation from the time
dilatation factor. The fourth order limit of this deviation is set
below 2.7-10-4 by the present experiment. These limits are given at a
1 o confidence level.
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Abstract

Laser spectroscopy at the heavy ion storage ring TSR in Heidelberg allows for
precision experiments testing the limits of the special theory of relativity. With an
optical A type three level system of "Li* the Doppler shift has been measured by
saturation spectroscopy as a test of the time dilatation factor v = (1 — 8?)~%2 at an
ion velocity of v = 6.4% c. A precision of % < 9-107° has been obtained, which sets
a second order limit of 1.1-107® for any deviation from the time dilatation factor. The
fourth order limit of this deviation is set below 2.7 - 10~* by the present experiment.
These limits are given at a 1 ¢ confidence level.

1 Introduction

Since its formulation at the beginning of this century the special theory of relativity has
had continuous impact on physics and is now ever present up to many body descriptions
of solids and nuclei. The first experimental support was found in the Michelson Morley
experiment showing an isotropic speed of light in a symmetric interferometer roundtrip
[1]. Later on Kennedy and Thorndike showed the isotropy of the length in the null result
of a similar experiment with an unsymmetrical two arm interferometer [2]. These key
experiments have their modern counterparts in laser interferometric tests which set upper
limits for the spatial asymmetry to 5- 107 and 7-10~° [3]. Local Lorentz invariance of
spin and mass dependent interactions has been reported [4].

Beyond these invariance tests of special relativity, the validity of the transverse Doppler
shift was first tested by Ives and Stilwell [5]. The corresponding factor v = (1 — %)7'/2

governing time dilatation, length contraction, relativistic mass increase and related effects
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is apparent in all fields of physics and has been tested meanwhile directly or implicitly
in numerous experiments. These tests may be compared with respect to the velocity
of the test particle relative to the observer’s laboratory, though most of the low velocity
experiments are considering a preferential reference frame comoving at 350 kms ™ with the
universe mass center as seen from the dipole asymmetry of the 3 K background radiation
[7]. At high velocities these tests of v are mostly independent of this cosmic motion.
The significance of tests in special relativity can be described in terms of test theories,
allowing for small deviations from the Lorentz transformation, but conserving the basic
transformation Properties. Most of the analysis refers to the initial work of Mansouri and
Sexl [6] and a modern analysis of Ives Stilwell type experiments is given by [8].

In the present experiment Lithium ions are used as moving clocks with optical frequencies
17 at rest, moving in a well controlled trajectory in the TSR storage ring at a velocity

= % relative to the laboratory . The Doppler shifted frequencies are given by

v = vya(y(L + Beos(8)))™ (1)

with the laboratory angle § between ion beam and direction of observation. In a collinear
saturation spectroscopy with parallel and antiparallel laser beams of frequency v, and v,
respectively ,the relation v, -, = vy -1, is exact within the framework of special relativity
since v*(1 — 8%) = 1.
Any deviation given as ¥ = ysrr(l + 8§08 + 8,8 + .. .) can be tested to second order
by

Ve = 222(1 + 260(B* + 288'cos(12))) (2)

. =
Vp

where (3’ is the velocity of the above mentioned motion relative to the 3 K background
and Q the angle between ion motion and the cosmic motion [9]. The term S? is sensitive
on absolute deviations and the term 88'cos(2) on sidereal modulation of deviations from
special relativity.

Several laser experiments have been reported and analyzed for limits on éc. Three of
them have been performed as two photon spectroscopy on a fast Neon atomic beam at
v = 0.36%c [11) [12], [13] resulting in a precision of 2.3 - 107° [12] with a corresponding
Sa < 1.6-107° ! for an absolute limit and §a < 1.4 - 107° [13] for the limit on sidereal

modulation. The previous version of the present experiment has resulted in §a < 1.5-1073

YThis limit is deduced from table (1) in reference [12] using the analysis of reference [8] and [9]



[14] the limit being mainly due to uncertainties in the angular control of the ion beam
and in the accuracy of the frequency determination. 2
The results from other test experiments including MéBbauer rotor and g-2 experiments

on stored muons and electrons are considered at the end of this paper.

When comparing collinear saturation spectroscopy where the resonance is driven with two indepen-
dent lasers and two photon spectroscopy driven with a single laser, one has to remind that the relation
for testing special relativity %: is equivalent to (1 — 3%)y® = 1 whereas the relation ik is equiv-

alent to +/1— %y = 1. This quadratic relation introduces a factor 2 in equation (2) as compared to
7%7 = (14 af?+ higher orders) for the two photon tests. This apparent discrepancy vanishes when the
limits are related to the frequency errors af? < %1 jov3 + 6V§ for independent and uncorrelated errors

or af® < 3/([6va | + [ 8y [)? for correlated errors. this expression is identical with a3? < 6y, for the
two photon experiments, where v, = 1, = vr. This aspect has not been recognized in [12] where our
pervious experiment has been analyzed incorrectly on the basis of the two photon equations.
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Figure 1: Spectrum of the heliumlike "Li* triplet system. The transitions relevant for the
experiment are indicated by the arrows. The transition frequency of the 235, F= 2
2°P, F’= I has been determined by [15], whereas the hyperfine structure splitting has
been measured by [16]. The F= 3 — F'= ] and the F= } — F’= £ transitions, which
form a closed three level A type system are used for saturation spectroscopy. The errors
correspond to a 3¢ uncertainty.

2 Experimental setup at the storage ring

In the heliumlike spectrum of "Li* the triplet system shows a well resolved and precisely
known fine and hyperfine structure multiplet. The relevant part of the spectrum is the
38 —* P, line at A = 548,6 nm as shown in figure (1). A closed two level system for
beam diagnostics (*S; F = § — 3P, F' = I)is indicated and the transitions (3S; F = 3 —
3P, F' = 2)and (35, F = § — 3P, F' = ) are forming a A system for precision spec-
troscopy. )

At the Max Planck-Institut fiir Kernphysik in Heidelberg the ion beam is first produced
as a L+~ and fed to the MP tandem. At the high voltage terminal singly charged "Li*
ions are formed by stripping in gas collisions. These ions, which are up té 20% excited to
the metastable 35, state, are injected by a multiturn technique to the TSR [17]. Generally
10° ions can be stored in the storage ring consisting of four straight sections, connected

by four pairs of dipole magnets. Twenty quadrupole magnets are used for horizontal and



vertical strong focussing.

Depending on the rest gas collisions this beam can be stored with a 10-40 sec lifetime. Its
energy has been chosen close to maximum magnetic rigidity of 1.4 Tm in order to tune
the Doppler shifted *S; —* P; line in resonance with a co-propagating Ar™ laser beam
at A = 514.5 nm. This resonance occurs at § = 0.064 and thus an antiparallel dye laser
beam is resonant at A = 584.8 nm.

After injection the beam diameter exceeds 1 cm as a result of the transverse betatron
motion. The Coulomb interaction with a comoving electron beam of the electron cooler
[18] in the second section of the TSR reduces the transverse momentum within 6-8 sec
and. thus the beam diameter to 1 mm. Simultaneously the mean ion velocity is synchro-
nized to the electron velocity with a longitudinal momentum spread of %F =3-1075
This momentum spread may be further reduced by laser cooling by almost two orders of
magnitude [19], however the broader electron cooled ion beam has been chosen for the
present experiment in order to minimize light shift perturbations.

In the third, experimental section of the TSR four position pick ups have been mounted
at a distance of 2,4 m [20] and allow to measure horizontal and vertical beam position.
These pick ups were aligned relative to an axis defined by two geodetic targets outside
the storage ring. The alignment accuracy of the pick ups corresponds to an angular un-
certainty of A8 = +240urad.

Laser beams could be sent through the experimental section via quartz windows and ad-
justed parallel to the ion beam. The optical resonances were observed as fluorescence at

right angle by two photomultipliers.

3 The laser frequency control

A single mode Ar* laser stabilized on a '?"I, line, which is a recommended frequency
standard [21], and a Coherent 699/21 ring dye laser were used for saturation spectroscopy
in the storage ring. The Ar™ laser line width was improved by locking the laser cavity
cavity via a piezo driven mirror to a high finesse Fabry Perot interferometer. With an
additional modulation voltage the laser was frequency modulated at 29 kHz with a cor-
responding modulation amplitude of 2 MHz. The P(13)43 ~ 0 a3 hyperfine structure line
in 2’1, was recorded by saturation spectroscopy in an external cell. The first derivative
of the saturation signal was observed by phase synchronous detection and fed to the in-

terferometer for the long term stabilization of the laser.
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Figure 2: Schematic set up for the TSR test experiment. On the right the storage ring is
shown, having a circumference of 55.6 m. On the left a schematic of the laser frequency
measurement is shown. The laser beams are sent through a single mode polarization
preserving fibre to the TSR over a distance of 20 m. The laser experiment is controlled by
a VME bus computer, coupled via the ethernet link to a VAX cluster. For more details
see text.



The dye laser is a commercial laser with some modifications. The dye circulation has
been replaced by a high pressure pump, a temperature stabilized cooler at 8° C and a
sapphire jet nozzle. The resonator has been reinforced by two lateral invar rods. The
laser line width was measured in the beat signal with a Helium Neon laser and a line
width of 1 MHz in the 10 msec average of a RF spectrum analyzer has been observed.
Frequency modulation of the laser has been achieved by adding the modulation voltage
to the driver circuit of the piezo driven mirror at a modulation frequency of 40 kHz and
a f;:orresponding modulation amplitude of 2.5 MHz.

The frequency of the scanning laser was determined by the simultaneous recording of **'I,
HFS resonances of the R(99)15-1 transition and the transmission signals from the Fabry
Perot interferometer serving as frequency reference for the Ar™ laser and an interpolation
relative to the i- component of the R(99)15-1 line [22].

The free spectral range of the cavity has been determined to Av = 606(1.9) MHz by
comparing the transmission peaks of the TEMgg aligned interferometer with the simul-
taneously detected HFS-splitting of **"]; at 543 nm [23]. The error for one free spectral
range is due to nonlinearities in the scan operation of the laser.

The reference cavity for the Ar* laser and the saturation spectroscopy optics have been
mounted on transportable steel bases in acoustically isolated boxes, in order to reduce
influences of temperature changes and of the high noise level inherent in an accelerator
laboratory.

The accuracy of our frequency resolution is given by the uncertainties of the known ¥,
reference lines and the uncertainties of the laser frequency measurementsitself. During the
signal scanning the frequency measurement was limited by the coarse digital registration

of the saturation signals to Av = +0.85 MHz.

4 Experiment and data taking

The experimental set up as described in the preceeding sections is shown in figure (2).
The laser beams with parallel polarization were overlapped and sent through a polariza-
tion preserving single mode fibre over a distance of 20 m to the entrance window of the
experimental section of the TSR. The laser beams emerging from the fibre end entered a
beam expander consisting a microscope objective (x10) and an achromat (f=600 mm),
mounted on a step motorized zy — 8¢ positioning stage. The bichromatic beam at the

beam expander exit showed a 11.6 mm ! diameter and was focussed on a plane back-
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Figure 3: Fluorescence signals from the electron cooled ion beam. In trace 1 only the
dye laser light is sent to the experiment, and the Doppler broadened fluorescence of the
F= 2 — F’ = I transition is visible. The HWHM corresponds to ¢ = 3-107°. In
trace 2 both lasers are sent to the ring, which increases the background due to the stray
light from the Ar* laser. The Ar? laser at resonance with the F=2 — F’= £ transition
optically pumps the resonant ions into the F= % level and the dye laser scan shows the
almost depleted F= 2 level at the F= 2 — F’ = I transition. The resonance F=3 — F’

= 2 yields a strong fluorescence from the simultaneous excitation of the A-system.



reflecting mirror behind the experimental section at 15 m distance. The collinear laser
beams were aligned to the geodetic targets, which also served for the alignment of the
pick up devices, with a resulting accuracy of 2 mm over a distance of 14 m.

The retro reflected laser beams were adjusted for maximum transmission through the
fibre, thereby an angular accuracy of A¢ < *+40urad could be achieved.

The laser powers were adjusted to an almost equal saturation of both transitions of the
A system, and the total power was controlled by an electro optical modulator at the fibre
input. The optical resonances with the ion beam were detected as fluorescence by two
photomultipliers, equipped with interference filters and colour glasses to suppress stray
light. One of them was equipped with an imaging system, consisting of a condensor lens
(f=250 mm, @= 150 mm) and a light guide collecting light from the beam image.

After the alignment of the ion beam to the zero position of the pick ups, spectra were
taken as follows:

The injected ion beam was first electron cooled for 7 sec. During this time the laser beams
were blocked mechanically in order to avoid optical pumping during the longitudinal ve-
locity change associated with the electron cooling.

Then the dye laser was scanned across the A resonance and the photon counting rates
from the fluorescence, the transmission signal of the Fabry Perot interferometer, the corre-
sponding **"I, saturation signals, as well as the dye laser power and the lock signal of the
Ar? laser were recorded in 400 channels each. The parameters were chosen for optimum
counting rate and frequency resolution at the actual beam lifetime of 8.8 sec.Figure (4)
shows a spectrum recorded by this procedure.

The experiment was controlled by a VME-bus computer who sent the data via the eth-
ernet link directly to a VAX cluster, where the data storage and the online analysis was
carried out.

After electron cooling the beam reached a transverse diameter of 1 mm and a longitudinal
velocity distribution of 4% = 3 - 107° as shown in figure (3). The mean velocity could
be adjusted to match the F= 3 — F'= $ or F= 2 — F'= $ resonance with the fixed
frequency Ar* laser by varying the cathode potential and thus the velocity of the electron
beam of the electron cooler. '

These two settings correspond to opposite residual photon recoils in the A resonance .
The result of these measurements are shown in figure (5), and a shift of Av = 0.7 MHz

has been observed.
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Figure 4: Fluorescence signal from a multiple scan of the A resonance. The Ar? laser
was locked to the P(13)43-0 a; component of **"I, and the hyperfine structure of the
R(99)15-1 transition in molecular Iodine is simultaneously recorded. The spectra have
been corrected for the lifetime 7,,, =8.8 sec of the stored ion beam and small drifts of the
dye laser. In the lower trace the '?”], reference lines are shown. The zero of the frequency
scale corresponds to the position of the R(99)15-1 i-component, serving as frequency
reference for the antiparallel dye laser beam.

Small shifts are induced by the AC Stark shift, when the resonance is adjusted to the
wings of the velocity distribution. This shift has been measured and the results are shown
in figure (6). Within the stability of the electron cooler voltage the AC Stark shift is es-
timated to be smaller than Av = +1 MHz.

After a correct setup of the laser frequency, the beam alignment and the velocity adjust-
ment for zero AC Stark shift up to 100 scans have been recorded. A total of 571 single
spectra were finally analyzed for line position, amplitude and line width. Sum spectra
have been generated with individual readjustment for superposition of the **”I, R(99)15-1
i-component reference line. Finally the limited storage lifetime induced an exponential
signal decrease during the scans, which had been corrected after subtraction of the con-

stant background signal. This induced a frequency uncertainty of Ay = +£0.5 MHz for
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Figure 5: By varying the cathode potential of the electron cooler, the mean ion velocity is
changed. The Ar™ laser, initially resonant with the F=2 — F ’= 2 transition is Doppler
shifted to the F=3 — F ’= 2 transition. From equation (2) follows the observed opposite
shift for the dye laser’s Doppler shifted frequency. The frequency shift of the A resonance
is due to residual velocity changes by photon recoil.

formula by 4% = 9;15, where ¢ is the angle between the lasers aligned parallel to the ion
beam and 2% = —(§f3)?, where 6 is the angle between lasers and ion beam. With the align-
ment procedures described above the residual angles of ¢ < +40urad and 6 < £370purad
and frequency uncertainties of Ay = £30 kHz and Av = +285 kHz were achieved. A
summary of all errors contributing to the present experiment is given in table (1).

The largest uncertainty is related to the line width of the A resonance of Avpwra < 60
MHz which exceeds almost twice the line width due to saturation, time of flight and mod-
ulation broadening.

Line broadening by intra beam scattering or space charge effects is ruled out by observ-
ing a constant line width for a change in the ion beam intensity by more than a factor
of 3. The observed line width seems to be mainly due to phasefront perturbations in
the TEM¢o laser beams interacting with fast ions in a broad velocity distribution. A
numerical solution of the optical Bloch equations for a model ion beam interacting with
the TEMgo aligned laser beams shows indeed a line broadening for typical TSR parame-
ters. Moreover an interferometric analysis of the laser beams resulted in the observation
of additional perturbations due to the weak optical quality of one of the TSR entrance

windows. Phaseshifts of 67 over a laser beam diameter of 11 mm have been deduced from



i

—_
1
I

|
—

I

T

Shift of A-resonance [MHz]
o
i
1

_2 I - T I ! T
-1500 —1000 -300 0 500 1000 1500
Detuning of Ar * laser [MHz]

Figure 6: AC Stark shift of the A resonance when detuned from the center of the Doppler
profile of the velocity distribution. The Doppler tuning has been controlled by the cathode
potential of the electron cooler. A setting accuracy of Av = +1 MHz is deduced.

I | Accuracy [MHg] |

interpolation error for frequency offset < 0.85
shift by angle 8 ion/laser < 0.285
shift by residual angle ¢ between lasers < 0.03
AC Stark shift by offset in electron <10
cooler velocity

shift due to photon recoil < 0.7
shifts due to wave front distortion <27
error in lifetime correction < 0.5
fit error - < 0.08

l total ) | <3.l |

Table 1: Systematic errors on the 1 ¢ level for the experimental determination of the
position of the A resonance. Details are given in the text.
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the observed fringes for the corresponding aberrations. Because these phase distortions
are not symmetric with respect to the laser axis, a corresponding frequency uncertainty
of Av = +2.7 MHz has to be taken into account, assuming the estimated accuracy of the

angular beam alignment.
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Transition frequencies %S, F= 53 —°P, F'= 5: v;;g_.7;7= 546466919.9(1.7)
in TLit at rest PF' =3 —? PF' = v = 11775.8(2)
33, F= % =P, F'= Vs/2—s2 = 546455144.1(1.7)
36 F =335 F= v = 19817.673(13)

35, F= 3 %P, F'= Va/zs/2 = 546474961.8(1.7)
Ar™ laser stabilized on az line of P(13)43-0 var = 582490603.370(130)

o talen
't o [Ty

2

hand Special relativity V5/2—5/2 " Vgiz_.s[z/l/‘g,- VSRT = 512667590.2(32)
 Measured frequency VEzp = 512667592.4(3.1)
[ Difference I Av = 2.2(4.5) |

Table 2: Frequencies involved in the test experiment. The absolute transition frequency
of the 3§, F = £ — 3P, F' = I is taken from [15], the "Li* HFS splitting is taken
from [16) and the frequency of the stabilized Ar* laser is taken from [21]. The measured
frequency is the sum of the frequency of the R(99)15-1 i-component in 1277, [22] and the
measured frequency difference between this line and the position of the A resonance. All
errors correspond to the 1 o level.

5 Results and discussion

Relative to the i-component of the *’I, R(99)15-1 resonance line the line positions of
the A resonance in ten corrected sum spectra have been used to determine a weighted
mean value. The result together with its 1o error resulting from table (1) is given as the

measured frequency
VEzp = 512667592.4(3.1)M Hz

in table (2). The product of the frequencies of the F= 2 — F'= £ and F= 3 = F’= 3
transitions in 7Li* at rest divided by the frequency of the Ar' laser locked on the a3

component of the P(13)43-0 **"], line is quoted as the special relativity value
vsrr = 512667590.2(3.2)M Hz.

The frequency difference Av = 2.2 + 4.5 MHz compatible with zero is confirming the
validity of special relativity, and using equation (1) a limit for the test theory value
Sa < 1.1 -107° is deduced for a velocity 8 = 0.064. For similar or higher velocities this
result supersedes our previous result a factor of 14 and is at least two orders of magnitude
more accurate than a Doppler shift experiment on the hydrogen 1s — 5p line at § = 0,84
[24]. Moreover it slightly improves the Neon experiments performed at § = 0.0036 [13]
[12] for testing frequency shift and frequency modulation with sidereal time, assuming

an "ether” frame moving at v* = 350 km/s. A sidereal modulation test by MoSbauer



experiments was announced to give §a < 1077 [10].

Although the expansion of test theories to higher orders in 4% given in [8] is adapted to low
velocity experiments, the higher order components are mainly limited by the experimental
results at high velocities. Following reference [8] the fourth order contribution to the test
theory is given by 2% = 2. §a,B8*. With the limit of §c from the low velocity tests, the
present experiment results in oz < 2.7 - 107*. The high velocity hydrogen experiment
[24] can be analyzed in terms of §a,, and assuming §a < 1077 taken from [10], leads to
50:2 < 1.1-107*, which is still more accurate than the present experiment.

In the (g-2) experiments with relativistic leptons in a magnetic field B the difference of
spin precessic;n w, and cyclotron frequency w, is measured as

e
w'_w'::(%_%EB

where the time dilatation factor v is compared with the factor 4 of special relativity ap-
plied to accelerated systems [25]. The experiment at the CERN muon storage ring [26]
quotes at 8 = 0.9994 and B = 3 - 10*° s™* a invariance limit in accelerated systems of
Z <2710

In the combined analysis of precise electron (g-2) experiments at 8 = 0.57 and at rest
discussed in [25] an invariance limit of ‘5—_.} < 5.3-107% at § = 4-10° 57! is given. These
experiments are independent of 3, except for experimental corrections and are therefore
not suited for a test of ¥*(1 — %) = 1.

The accuracy potential of our Doppler shift experiment can be reached by more accu-
rate values for the "Li* transition frequency at rest relative to the calibrated R(85)26-0
w-component in'?’I, [22] and by the elimination of phasefront perturbation in the A res-
onance interaction zone. Considering moreover a precise velocity control by simultaneous
laser cooling of the 7Li* beam the final accuracy should be determined by the angular
setting of laser and ion beam, which has been quoted as Av < 285kHz in table (1). Com-
pared to the 1 o error in the present experiment of 4.5 MHz the ultimate limit imposed
by imperfections in beam alignment and signal distortions by time of flight effects in the
interaction region should allow a gain by a factor of 15 in testing the special theory of
relativity, resulting in a further improvement in éx by the same amount.

The limits of the "Li* experiment may be reduced considerably in a two-photon exper-
iment on neutral hydrogen prepared from an electron cooled particle beam in a storage
ring. Proton beams can be stored and cooled up to B ~ 0.2 at the TSR ring and to
B ~ 0.72 at the ESR ring at GSI/Darmstadt, and a weak neutralized beam by radiative



electron capture in the 1s state of hydrogen could be extracted from the ring. The highly
monochromatic low emittance atomic beam can be excited to a Rydberg state by two-
photon resonance with counter-propagating and parallel laser beams. By careful matching
the atomic beam emittance and the laser beams in a long interaction section (L< 50 m)
precise angular alignment (§ < 20urad) and small signal broadening could be realized.
For these conditions a state of the art frequency measurement at the ESR of the 1s —
3p resonance driven with an antiparallel aligned frequency doubled Ar* laser running
at 514 nm and the 3p — 8d resonance driven with a parallel aligned frequency doubled
Ti-Sapphire laser running at 761 nm would result in a resolution of 2% < 2.5-107%.
A conespondfng value 6 < 5 - 107" should be reachable, testing the special theory of
relativity over three orders of magnitude more accurately than in the present experiment.
Acknowledgement: The authors thank J.Helmcke and his division at the PTB Braun-
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