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1s Lamb Shift in Hydrogenlike Uranium Measured
on Cooled, Decelerated Ion Beams

Th. Stohlker,!> P.H. Mokler,' F. Bosch,! R. W. Dunford,? F. Franzke,' O. Klepper,' C. Kozhuharov,' T. Ludziejewski,"*
F. Nolden,' H. Reich,! P. Rymuza,® Z. Stachura,® M. Steck,! P. Swiat,® and A. Warczak®

Gesellschaft fiir Schwerionenforschung, D-64291 Darmstadt, Germany
2Institut fiir Kernphysik, University of Frankfurt, D-60486 Frankfurt, Germany
3Chemistry Division, Argonne National Laboratory, Argonne, Illinois 60439
Institute for Nuclear Studies, PL-05-400 Swierk, Poland
SInstitute of Nuclear Physics, PL-31-342, Cracow, Poland
SInstitute of Physics, Jagiellonian University, PL-30-059 Cracow, Poland
(Received 9 June 2000)

The Lyman-« transitions of hydrogenlike uranium associated with electron capture were measured
in collisions of stored bare U%>" ions with gaseous targets at the storage ring ESR. By applying the
deceleration technique, the experiment was performed at slow collision energies in order to reduce the
uncertainties associated with Doppler corrections. From the measured centroid energies, a ground state
Lamb shift of 468 eV = 13 eV is deduced which gives the most precise test of quantum electrodynamics
for a single electron system in the strong field regime. In particular, the technique applied paves the way

towards the 1 eV precision regime.

PACS numbers: 31.30.Jv, 32.30.Rj

One of the frontiers of quantum electrodynamics (QED)
is the study of electrons in intense electromagnetic fields.
An important experiment is the measurement of the 1s
Lamb shift in the most highly charged, one-electron ion
available in the laboratory, U°!*. This is a highly rela-
tivistic system containing high momentum components,
and the electric field strength begins to approach the criti-
cal value for the spontaneous emission of electron-positron
pairs. All of this makes it ideal for testing the limits of our
understanding of bound state QED. Although QED has had
tremendous success in describing electrons in weak fields
[1,2], recent calculations of the two-loop self-energy cor-
rections [3—5] give surprisingly large values and indicate
the convergence of the usual series expansion in powers
of Za (o = 1/137) may be poor. Initially these results
were in disagreement with experiments done in singly ion-
ized helium, but the most recent measurement shows good
agreement [5,6]. For hydrogen, the situation is clouded by
a disagreement between two measurements of the charge
radius of the proton. Laser experiments at intermediate
Z (P'%" and S'") [6] confirm the new two-loop binding
corrections at the 2 standard deviation level, but clearly a
more definitive test is needed and, since the new correc-
tions increase rapidly with nuclear charge, an experiment
in hydrogenlike uranium is particularly important. Here,
and in contrast to the low-Z regime, a perturbative treat-
ment of the QED corrections in terms of Za is not appro-
priate and QED calculations must be complete in all orders
of Za. Whereas this has been accomplished recently for
the one-loop corrections, i.e., the one-photon self-energy
and vacuum polarization, the calculations of the two-loop
contributions must be regarded as still incomplete for the
high-Z regime. Note that the calculations published re-
cently by different theory groups for the two-loop self-
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energy contributions differ markedly from each other at
low and intermediate Z [7,8]. For uranium these correc-
tions are expected to approach a size of 1 eV; thus the chal-
lenging experimental goal is to reach here a precision of
1 eV or better. Note that the theoretical uncertainty from
the finite nuclear size correction for uranium (about 0.1 eV
[9,10]) is insignificant at this level of precision.

Recent progress in production and cooling of intense
beams of fully stripped uranium at the synchrotron stor-
age ring facility SIS/ESR at GSI, Darmstadt, allows un-
precedented precision in the spectroscopy of these ions.
Experiments at the gas jet target [11] and at the electron
cooler [12] of the storage ring ESR provide measurements
of the energies of the Lyman-« (Ly-«) lines resulting from
electron capture by bare ions. These measurements deter-
mine the 1s Lamb shift which is defined as the deviation of
the experimental value for the ground state binding energy
from that predicted by the Dirac theory for a point nucleus.
The high circulating currents of cooled ions available in the
storage ring provide the optimum conditions for precision
spectroscopy. The main limitation in existing experiments
is the uncertainty in the correction for the Doppler shift,
given by

Eproj
Ewn(0) =~ g ) (1)
where Eyy, and Ej denote the photon energy in the labo-
ratory and in the emission frame, 6 is the observation angle
in the laboratory, B is the projectile velocity in units of
speed of light, and vy is the Lorentz factor. This correction
is large because the ions are stripped at relatively high en-
ergy (e.g., 360 MeV/u, 8 = 0.69) in order to obtain the
bare charge state. A significant reduction in the Doppler
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correction is possible if the ions are decelerated after strip-
ping. In addition to reducing the Doppler effect at the
lowest energy used, the measurements can be performed at
several different energies. Here we report the first Lamb
shift measurement utilizing the deceleration capability of
the ESR storage ring. The experiment was done at the
gas jet target and achieved an accuracy of 13 eV. This
is a modest improvement over previous measurements of
the 1s Lamb shift in uranium but the significance of this
measurement is that it demonstrates a procedure for han-
dling the Doppler problem via active deceleration which
will ultimately allow experiments with a precision at the
1 eV level.

For the experiment, bare uranium ions were injected at
the initial energy of 358 MeV /u into the ring [13]. In the
electron cooler device, the ions were cooled by an elec-
tron beam of 200 mA providing U%?>" ions with a longi-
tudinal momentum spread of about 5 X 1073, Up to 10®
bare uranium ions were stored and cooled, forming a beam
with a diameter (full width half maximum) of 2 mm. Af-
ter the initial accumulation and cooling of the stored ions,
the ions were decelerated to the final beam energies of
68 and 49 MeV /u. For this purpose, the electron cooler
was switched off and the coasting beam was rebunched
and decelerated by synchronized ramping of the magnetic
field of the ring magnets and of the frequency of the rf
system. At the final stage of beam handling the electron
cooler was switched on again at the energy which corre-
sponds to the energy of the decelerated ions. The beam
current was measured by means of a calibrated current
transformer, while the revolution frequency and momen-
tum spread of the stored ions were monitored by means
of Schottky noise analysis. At the two lowest beam en-
ergies, the electron cooler current was kept at the rela-
tively low values of 50 mA at 68 MeV /u and of 20 mA at
49 MeV /u. Finally, after finishing the deceleration proce-
dure, a N, supersonic jet target with an effective area den-
sity of =10'? particles/cm? and with a diameter of 5 mm
(FWHM) was switched on. By local closed orbit correc-
tions around the target, the overlap between ion beam and
jet target was optimized (for details see Ref. [14]).

Because of the geometrical constraints, the experimental
technique applied at the gas target area of the ESR is based
on a highly redundant x-ray detection setup. This allows
for an intrinsic control of the beam/target/x-ray detector
geometry by the simultaneous use of various x-ray detector
devices at different observation angles. The experimental
setup for the measurements of the Lyman-« radiation at the
gas jet target is illustrated in Fig. 1. The figure shows the
reaction area which is surrounded by four Ge(i) detectors
mounted at observation angles of 48°, 90°, and 132° with
respect to the center of the chamber (i.e., assumed position
of the jet target). By using stainless steel guide tubes at the
viewport positions, the detectors were mechanically fixed
to the jet chamber and viewed the beam-target interaction
volume through 125 pum thick Be x-ray windows (at 90° a
50 pm thick stainless steel window was used). Since the
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two detectors at 48° are installed symmetrically on oppo-
site sides of the interaction chamber, the chosen geome-
try exhibits a forward left/right symmetry. A forward/
backward symmetry was established by the detectors in-
stalled at 48° and 132°. At 48°, one of the detectors
is a conventional solid state detector equipped with an
x-ray collimator in order to confine the angular accep-
tance, thus reducing the Doppler broadening. The other
detector consists of seven equidistant, parallel segments
(strip width 3.5 mm) each furnished with a separate read-
out and with a very precise relative geometry (0.1 mm).
They deliver seven independent x-ray spectra. At 90°
a similar segmented detector is used, whereas at 132°
a conventional Ge(i) detector was installed. For all de-
tectors, the distance to the beam/target interaction zone
amounts to =350 mm defining the geometrical solid angle
to be AQ /47 =~ 10~*. Downstream from the reaction re-
gion, behind the first dipole magnet, a fast plastic scintil-
lator was installed. It registered uranium ions having cap-
tured one electron so producing the characteristic radiation
of H-like uranium [13]. All x-ray spectra of the various de-
tectors were recorded in coincidence with the downcharged
U°!" jons. A sample coincident x-ray spectrum of the Ly-
man ground state transitions in U°!™ is displayed in Fig. 2
which was recorded by one strip of the segmented detector
at 48° at a beam energy of 68 MeV/u. In the spectrum,
the Ly-a; + M1 and the Ly-«; transitions are the most
prominent features with almost equal intensities (Ly-a;:
2pijp — 1s; M1: 251 — 1s; Ly-ay: 2p3p — 1s). Be-
cause of the intrinsic resolution of the detectors used (be-
tween 500 and 650 eV at 122 keV) the M1 line blend of
the Ly-a» decay cannot be resolved experimentally since
the 2512 — 2p1/2 line spacing amounts to 70 eV (classi-
cal Lamb shift). Note, because of the moderately low col-
lision velocity, Doppler broadening is of minor relevance
(200 eV at 122 keV for the strip detector at 48°).
Knowing precisely the relative angles between all the
detectors the individual position of each x-ray detector can
be determined via Eq. (1) by assuming that the origin of the
radiation is the same for all detectors used. This procedure
is required, as the absolute position of the gas jet/beam
interaction zone is not precisely known. Therefore, the
whole detector arrangement, i.e., the detector positions
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FIG. 1. Sketch of the experimental setup used in the

experiment.
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FIG. 2. Sample x-ray spectrum of the Lyman ground state tran-
sitions observed by one strip of the segmented Ge(i) at 48°. The
spectrum was recorded in coincidence with electron capture at
68 MeV/u.

relative to each other, were measured within a Cartesian
coordinate system by applying laser assisted trigonometry.
This measurement was conducted just before and directly
after the experiment. From a comparison of both measure-
ments, a mean angular stability of the setup of =0.015°
was deduced. The angular information of the individual
detectors with respect to the ideal ion optical axis is given
in Table 1. As can be seen from the table, the measured de-
tector angles show pronounced deviations from the origi-
nally assumed values. Besides the mechanical stability,
the control over possible electronic drifts was most impor-
tant. For this purpose, all detectors were calibrated fre-
quently during the experiment by using '®*Yb and '®2Ta
standard calibration lines. In total 30 calibration runs were
conducted during a total beam time of 15 days. For the
final data analysis, the collected coincident x-ray spectra
were subdivided into six groups for the data collected at
68 MeV /u and five groups for data obtained at 49 MeV /u.
All data bins were evaluated separately. Finally, the cen-
troid energies of the ground state transition lines of each

TABLE 1. Detector angles relative to the ion-optical axis as
obtained by laser assisted measurement of the detector setup
(for the detector assignment compare Fig. 1).

Assumed Measured Deviation
Detector  Angle [deg] Angle [deg] [deg]
48L(7) 48 47.596 = 0.014 —0.404 = 0.014
48R 48 48.868 = 0.018 0.868 = 0.018
90(7) 90 89.995 + 0.004 —0.005 = 0.004
132 132 133.493 = 0.005 1.493 = 0.005

detector were fitted with Gaussian distributions (germa-
nium detector response functions [15]). Since the line
shapes might be influenced by the Doppler effect, the ap-
propriateness of the applied fit procedure was checked by
Monte Carlo simulations [16]. Typically, an accuracy for
the determination of the centroid energies of 10 to 20 eV
was achieved. The latter turned out to be limited by cali-
bration uncertainties rather than by counting statistics.
The centroids of the Ly-« transitions in the projectile
frame were determined separately for the two beam ener-
gies of 68 and 49 MeV /u. For this purpose an uncertainty
minimizing procedure based on Eq. (1) was applied,
by considering the known positions of each detector/
detector segment. Within this procedure, the origin (x,y
coordinates) of the ion-beam/target interaction point was
spectroscopically determined by considering all Lyman-«
centroid energies of the individual segments at the various
observation angles. As a result the spectroscopically
determined observation angles are all within 20 of the
angles defined by the chamber geometry. This is illus-
trated in Fig. 3, where the centroid energies of the Ly-a
transitions observed by the 48° detectors are compared. In
the figure (left side: 68 MeV /u; right side: 49 MeV /u),
the open symbols refer to the segmented detector, whereas
the solid symbols depict the result of the single Ge(i)
(square: Ly-a; circle: Ly-a, + M1). As can be ob-
served, both detectors show a quite symmetric alignment
with respect to 48°, in contrast to values given in Table I.
From the fitting procedure we deduce that the y coordinate
of the beam/target interaction point shows, depending
on the beam energy, a displacement of —1 to —2 mm.
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FIG. 3. Centroid energies of the Ly-« transitions observed by
the 48° detectors are compared (left side: 68 MeV /u; right side:
49 MeV /u). The open symbols refer to the segmented detector,
whereas the solid symbols depict the result of the single Ge(i)
(square: Ly-ay; circle: Ly-a, + M1).
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TABLE II. Result for the Ly-@; transition energy in U°'*
(compare text). All values are given in eV.
AE AE AE
(B) (fit) (geometry) Ly-a;
49 MeV/u =*3 *+13.2 +8 102162 = 15.7
68 MeV/u *23 =*14.3 +9 102179 = 17.0
Result *2.6 *9.7 *8.5 102170.7 £ 13.2

Indeed, this was confirmed months after the experiment
by a new adjustment of the whole ESR storage ring where
a displacement of the whole target chamber by 2 mm was
observed. Also, the uncertainty in the knowledge of the
absolute beam velocity has to be considered. As estab-
lished recently, the latter is caused by a systematic uncer-
tainty in the cooler voltage of 10 V. For the decelerated
ions used in our experiment where low-cooler voltages
of 32277 V (at 68 MeV /u) and 26822 V (at 49 MeV /u)
were applied, this assumption is quite conservative [17].
However, the latter only slightly affects the overall
accuracy of the experimental results (see Table II) and
leads to AB/B = *1.7 X 107* at 49 MeV/u and
AB/B =12+ 10"* at 68 MeV/u. Note that for the
determination of the absolute beam velocity (8 = 0.3624
at 68 MeV/u and B8 = 0.3119 at 49 MeV/u) the space
charge correction introduced by the cooler current also
had to be considered. The latter was deduced via the
Schottky beam diagnostics by measuring the revolution
frequency as a function of the cooler current.

In Table II, the final experimental result for the Ly-a
transition energy as deduced from the fitting procedure is
given. Only the Lyman-«, centroid energy allows a direct
comparison with the ground state Lamb shift prediction
since here only the transition steaming from the decay of
the 2 p3/, state contributes to the observed line. In addition,
the various sources of uncertainty are given separately.
Here, column AE (geometry) refers to the error introduced
by the geometrical stability, whereas AE () gives the un-
certainty caused by the imprecisely known cooler voltage.
Finally, AE (fit) reflects the accuracy of the applied fit
procedure. In order to combine from the individual re-
sults the final value for the Ly-a transition energy, we as-
sume that the contribution of AE (geometry) and AE (B)
can be deduced from the mean value of the correspond-
ing numbers quoted for the two beam energies since both
are pure systematic sources of uncertainties. In contrast,
we assumed for AE (fit) a statistical error propagation. To
estimate the final accuracy, the various uncertainties are
added quadratically giving =13 eV. Moreover, assum-
ing that the 2p3/, binding energy of —29640.99 eV [18]
is known exactly from theory (it includes a Lamb shift
correction of 8.8 eV) we deduce a total 1s ground state
binding energy of —131812 eV. By comparison with the
Dirac eigenvalue for the 1s state of —132279.96 eV [9] the
experimental value of 468 = 13 eV follows for the ground
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state Lamb shift in H-like uranium. This result agrees well
with the most recent theoretical prediction of 465.8 [9] and
with a former experiment conducted at the electron cooler
device which gave a result of 470 eV with an absolute pre-
cision of =16 eV [12].

In conclusion, a 1s Lamb shift experiment has been con-
ducted at the ESR by using cooled and decelerated bare
uranium ions. The result obtained gives the most precise
test of QED for a single electron system in the strong field
region and is now at the threshold of a meaningful test
of higher-order QED contributions. By using decelerated
beams, further progress towards an absolute accuracy of
1 eV may be anticipated. The deceleration mode not only
reduces the uncertainties in the Doppler corrections but, in
particular, it provides a very efficient production of char-
acteristic projectile radiation. The current experiment was
mainly limited by systematic errors introduced by the x-ray
detector setup used along with the limited energy resolu-
tion. In order to obtain a significantly improved precision,
future experiments will also use a highly redundant setup
at the jet target and will focus in addition on decelerated
ions combined with the application of high-resolution de-
vices such as crystal spectrometers or bolometers which
presently are under construction.
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