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Abstrat

We present a measurement of K-shell transitions in H-like gold (Au

78+
)

using speially developed transmission type rystal spetrometers ombined

with Ge(i) miro-strip detetors. The experiment has been arried out at

the Experimental Storage Ring (ESR) at GSI in Darmstadt. This is a �rst

high-resolution wavelength-dispersive measurement of a K-shell transition in

a high-Z H-like ion, thus representing an important milestone in this �eld.

Ideas on possible future improvements are disussed as well.
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1 INTRODUCTION

Preise measurements of atomi struture and transitions have provided throughout many years a driving fore for

developing the fundamental theories in physis. In partiular, the disovery of the Lamb shift in hydrogen has played

a major role in the development of the quantum eletrodynamis (QED). Nowadays, the measurements on hydrogen

and light atoms ahieve an extraordinary preision of up to 10

−15
whih is often mathed by the QED alulations

emphasizing its impressive prediting power [13, 28, 18, 24, 12, 23℄.

The situation is quite di�erent in the realm of heavy hydrogen-like systems, i.e. heavy ions with only one eletron.

Here, both experimental and theoretial preision are still orders of magnitude lower than those available for light

atoms. On the theoretial side, the main hallenge is related to the fat that sine the parameter αZ ∼ 1 one an

not use perturbative methods (as for light atoms) and one has to perform all-order numerial alulations in the

relativisti framework. On the experiment side, the hallenges are: �rstly, the prodution of the heavy H-like ions in

su�ient quantities and then storing them with proper quality for preise measurements. Furthermore, the binding

energies of suh heavy H-like ions are of the order of several 10s of keV up to 100 keV. Therefore, instead of the

laser spetrosopy tehniques used for the light systems, here x-ray spetrosopy has been used throughout the years

[11, 10, 9, 25, 4, 6℄, exept for hyper�ne transitions [20, 21, 27℄.

Heavy-ion aelerators and storage rings as well as new generation ion traps have been the failities where H-,

He- and Li-like ions with highest nulear harges up to Z = 92 have been made available for preision experiments

[8, 22, 2, 7, 26, 16, 1℄.

For the ase of the ground state Lamb shift in high-Z H-like systems, where the strongest Coulomb �elds an

be obtained and thus QED e�ets are strongest, the spetrosopy was until reently onduted with solid state

Ge(i) detetors ensuring a high detetion e�ieny. The �rst-order QED ontributions (the self energy and vauum

polarization) have been tested at the level of 1%. However, the urrent experimental preision is still not enough

to test the higher-order QED e�ets, whose evaluations have been reently ompleted after many years of extensive

theoretial work (see [29℄ and referenes therein). In order to gain the sensitivity to the higher-order QED e�ets, the

experimental unertainty of the 1s Lamb shift has to be redued below 1 eV. One of the main limitations here is due

to the energy resolution of the onventional semiondutor detetors used in these experiments. To irumvent this

problem, dediated rystal spetrometers together with miro-strip Ge(i) detetors have been developed, optimized

for hard x-ray spetrosopy at storage rings. In this work, we present the �rst high-statistis measurement using this

instrument at the Experimental Storage Ring (ESR) at GSI in Darmstadt. The measurement was arried out for

H-like gold (Au

78+
).

2 THE EXPERIMENT

The detailed desription of the experiment an be found in [5, 14℄. Brie�y, up to 10

8
of fully ionized gold ions (Au

79+
)

with an initial kineti energy of about 300 MeV/u were injeted into the ESR. Here, they were stored, ooled, and

deelerated to �nal veloity of β = vion/c = 0.47136(10). The ooled ion beam was then olliding with a supersoni

gasjet of Krypton atoms having an areal density of ∼ 1012 atoms/m

2
. Some of the ollisions lead to the apture of

the target eletron into an exited state of the projetile ion, thus forming the H-like gold. These exited states then

deay to the ground-state leading (among others) to the emission of the Lyman-α radiation whih is measured by

our spetrometers.

For the measurement of the Ly-α1 transition wavelength, two twin spetrometers operated in the foussing om-

pensated Laue (FOCAL) geometry have been used [5℄. The shematis of the FOCAL setup at the gasjet target of

the ESR is shown in Fig. 1.

One of the main hallenges for preision spetrosopy of relativisti ions is the Doppler e�et. In the urrent

experiment, the two idential rystal spetrometer arms are aligned perpendiular with respet to the ion beam at

‡Deeased 16.12.2016
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Motivation

Lamb shift in H-like Gold

FIGURE 1 Shemati view of the FOCAL setup at the gasjet target of the ESR. The two spetrometer arms with

lead shielding are shown in blue as well as the re�eted x-ray path in red impinging on the Ge(i) miro-strip detetor.

both sides of the interation hamber on one ommon line of sight. In this speial geometry rest-frame transition

wavelength λ0 an be derived via

λ
1

+ λ
2

= 2 γ λ
0

, (1)

where λ1,2 are the wavelengths measured by the two rystal spetrometer arms and γ is Lorentz fator . In this

way, the unertainty due to the observation angle stemming from the possible misalignment of the beam is anelled.

The wavelengths λ1,2 are measured with respet to a well known 63120.44(4) eV γ transition from an isotope

enrihed

169
Yb soure. The ion-beam veloity has been hosen suh (β = 0.47136(10)), that the Doppler-shifted lab-

frame energy of the Ly-α1 transition approximately oinides with this alibration energy thus avoiding systemati

unertainties due to large extrapolations.

3 RESULTS

Our experimental value for the Lyman-α1 transition energy in H-like gold is Eexp
Lyα1

= 71531.5(15.0) eV [14℄. The

unertainty of 15 eV inludes all the statistial and systemati unertainties (added quadratially). The experimental

value for the 1s Lamb shift is obtained by subtrating our value for the Lyman-α1 transition energy from the

theoretial value for the 2p3/2 binding energy, whih is su�iently well known [29℄. In Table 1, our experimental result

for the ground-state Lamb shift in H-like gold is presented together with the experimental value obtained with a

Ge(i) detetor in an early experiment at the ESR eletron ooler [3℄ and the result obtained with a miroalorimeter

detetor in the same beam time [19℄. In the last entry of the table, the theoretial value of Yerokhin and Shabaev [29℄

is given. Our present value of the Lamb shift is higher than the theoretial value and the other experimental results

by about 2.5 standard deviations of the estimated experimental unertainty.
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TABLE 1 The 1s Lamb shift of Au

78+
in eV.

Our result 244.1(15.0)

Beyer et al. 1995 [3℄ 202.3(7.9)

Kraft-Bermuth et al. 2017 [19℄ 211(42)

Theory, Yerokhin and Shabaev 2015 [29℄ 205.2(2)

TABLE 2 Di�erent ontributions to the total uertainty of the Lyman-α1 transition energy.

Soure Value (eV)

Statistis 2.2

Temporal Drift 2.8

Gas-Target Position 13.0

Ion-Beam Veloity 4.3

Detetor-Crystal Position 5.1

Total 15.0

4 EXPERIMENTAL UNCERTAINTIES AND POSSIBLE FUTURE IMPROVEMENTS

In table 2, various soures of unertainties for our measured value of the transition energy are presented. The ahieved

statistial unertainty of 2.2 eV is already quite impressive, espeially for a rystal spetrometer operated in the region

of hard x rays of H-like high-Z ions. However, it is still at least fator of 2 higher than what is needed to test the

higher-order QED e�ets. Furthermore, the systemati unertainties due to the target and detetor rystal positions

as well as those due to beam veloity and the temporal drift of the whole setup are unaeptably high.

In the following, we brie�y present few ideas on how to redue these unertainties.

Statistis: here, a further inrease of the stored beam intensity in the ESR ould be possible. In addition, four

detetors, instead of the two used in the present measurement and with bigger areas overing fully all the

re�exes of the FOCAL spetrometer would lead to signi�ant inrease in the statistis.

Temporal drift: here, by using a rigid support struture (with steel and granite) mounted several months before

the measurement along with temperature ontrols, we ould expet a signi�ant improvement.

Beam veloity: the ion-beam veloity an already be determined with a muh higher auray using a high-voltage

divider from the Physikalish-Tehnishe Bundesanstalt (PTB) in the eletron-ooler terminal, whih will estab-

lish an absolutely alibrated veloity standard [17℄. Here, we expet a relative unertainty in the measurement

of the ooler voltage well below 10

−4
and thus the resulting ontribution to the error budget of less than 1 eV.

Target and rystal positions: these represent urrently the biggest ontribution to the systemati unertainty and

probably most hallenging to redue to the needed level. In the urrent experiment, those positions have been

measured separately with a telesope and speial alignment devies [15, 14℄. Here, one of the ideas is to use a

modi�ed assembly making it possible to measure the gas target position relative to the detetor rystal in situ,

whih would eliminate the need of using the telesope and thus would redue the unertainty to lose to 1 eV.

Another possibility would be to use the two spetrometers tilted by 90 degrees with respet to eah other, thus

resulting in the perpendiular dispersion planes of the two spetrometer arms. This arrangement together with

using four detetors instead of two has a potential of reduing this systemati unertainty to the level of 0.1

eV. However, here more studies and simulations are needed whih are urrently ongoing. Here, we would like to

add that this topi has also been intensively disussed reently by international experts at the so-alled EMMI

Rapid Reation Task Fore whih took plae in September 2018 (https://indio.gsi.de/event/7662/overview).

The results of these disussions and of the ongoing work will be the subjet of the forthoming publiation.
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