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Measurements of 2s 2S1/2– 2p 2P3/2,1/2 transition energies in lithiumlike heavy ions:
Experiments and results for Ni251 and Zn271
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Wavelengths of the fine-structure transitions 2s 2S1/2– 2p 2P3/2 and 2s 2S1/2– 2p 2P1/2 in lithiumlike Ni251

and Zn271 have been measured using beam-foil excitation and grazing-incidence spectroscopy. The respective
transition wavelengths of 142.46160.006 Å and of 216.06160.011 Å for Zn271 have not been measured so
far and present the most precise values in lithiumlike heavy ions measured by beam-foil spectroscopy. The
Ni251 results are in very good agreement with data from grazing-incidence spectroscopy at tokamaks. The
measurement precision for both ions corresponds to less than or equal to 1% of the quantum electrodynamic
contributions to the transition energies. This provides sensitivity to two-photon exchange processes for the
screening of the electron self-energy.@S1050-2947~98!04310-8#

PACS number~s!: 31.30.Jv, 32.30.Jc, 34.50.Fa, 29.40.Gx
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I. INTRODUCTION

Precise experimental 2s-2p transition energies of helium
like and lithiumlike heavy ions are needed for testing t
theory of atomic structure, including electron correlations,
well as relativistic and quantum electrodynamic~QED! con-
tributions. Due to the strongZ dependence of the latter tw
contributions, the intermediate- and high-Z range is of spe-
cial interest. In recent years much progress has been ma
the ab initio calculation of the transition energy in few
electron ions@1–9#. Different achievements are, e.g., the c
culations of two-photon exchange processes in describing
screening effects@8# and the calculation of higher-orde
terms of the Breit interaction@9#.

For lithiumlike ions the most successful methods to c
culate the 2s-2p transition energies are at present the mu
configuration Dirac-Fock method applied by Kimet al. @6#,
the relativistic many-body perturbation theory technique
plied by Johnsonet al. @7# and Blundell@8#, and a large-scale
relativistic configuration-interaction calculation presented
Chenet al. @9#. The earlier calculation of Kimet al. @6# used
the ‘‘r method’’ to calculate the QED contribution to th
transition energy. This is a phenomenological approximat
based on accurately known hydrogenic values. Blundell@8#
and Chenet al. @9# evaluated the QED corrections using
rigorous formalism based on realistic atomic potentials
cluding screening and screening correction effects@8# of the
Lamb shift, which reduces the self-energy contributio
These are the effects that one would like to test system
cally in precise measurements along the isoelectronic se
in the intermediate- and high-Z range.

In the lithiumlike isoelectronic sequence for heavy io
PRA 581050-2947/98/58~5!/3516~8!/$15.00
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such accurate experiments have been performed by obs
tion of solar flares (Z<26) @10–12#, by using plasma spec
troscopy at tokamaks@13–17# (Z<36, Z542!, by spectros-
copy at an electron-beam ion trap~EBIT! @18–20# (Z
583,90,92, 1/2-3/2 transition!, by accelerator-based beam
foil spectroscopy@21# (Z536), and by Doppler tuned spec
troscopy@22# (Z592, 1/2-1/2 transition only!. The measure-
ments have demonstrated that with the relative precisi
less than or equal to 231024 of the 2s-2p transition energy,
the QED contributions for the heaviest ions can be teste
within a few times 1023, which corresponds to a sensitivit
for the Lamb shift screening at the 1% level.

In the heliumlike isoelectronic sequence 2s-2p transi-
tions have not been reported forZ.10 at tokamaks and
EBITs. A recent precision beam-foil wavelength measu
ment for the 1s2s 3S1– 1s2p 3P0,2 fine-structure transitions
in heliumlike Ar161 ions @23# suggested that the calculate
QED contribution to the 1s2s 3S1 state energy should b
reduced by about 1%, corresponding to 0.15(Za)4 a.u.

For few-electron ions, due to the larger relative QED co
tribution to the transition energy, the 2s-2p measurements
provide higher-precision QED tests than 1s-2p measure-
ments@24#. In the hydrogen isoelectronic sequence, 1s-2p
measurements are sensitive to the 1s Lamb shift in heavy
systems such as gold and uranium at the 3% level@25,26#,
whereas 2s-2p measurements achieve an order of magnitu
better QED test of 0.2%@22#.

In the present work we report wavelength measureme
of the 2s 2S1/2– 2p 2P3/2,1/2 transitions in lithiumlike Ni251

and Zn271 ions with precisions less than 131024. In the
case of Ni our result provides a precise beam-foil value
3516 ©1998 The American Physical Society
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comparison with data from tokamak sources@13,15# and it
allows a critical test of our experimental installation for f
ture experiments with heavier heliumlike and lithiumlik
ions. The 2s-2p transition wavelengths for the heavier Z
ion have not been measured so far.

The experiment and the wavelength-scale calibration p
cedure are discussed in detail. A comparison with the pr
ous measurements in lithiumlike Ni at tokamaks and with
above-mentioned calculations is carried out. In another pa
@27# we plan to present further results of an experiment w
Ag441 in connection with a summary of experiments alo
the isoelectronic sequence of lithiumlike ions.

II. EXPERIMENT

A. General description

The Ni and Zn experiments were performed at the hea
ion accelerator UNILAC of the GSI using 5.888-MeV
nucleon and 11.52-MeV/nucleon Ni91 ions and 5.894-MeV/
nucleon Zn101 ions. The ions were excited in 200-mg/cm2

carbon foils. Under these conditions berylliumlike and lith
umlike ions at the lower projectile energy and lithiumlik
and heliumlike ions at the higher energy are most stron
produced by the ion-foil interaction@28#. The light emitted
from the foil excited ions was observed with the GSI 5
grazing-incidence vacuum ultraviolet~vuv! spectrometer
@29# as described in Sec. II B~see also Fig. 1!. The optical
axis was oriented 90° with respect to the ion-beam direct
The measured wavelengths require a Doppler shift cor
tion. The spectrometer is equipped with a 270-lines/m
spherical grating and a two-dimensional position-sensi
microchannel plate~MCP! detector positioned nearly tange
tial to the Rowland circle. A staticin situ spectrometer
wavelength-scale calibration is used. The observable len
of the ion beam is about 200mm. For the lower energy this
corresponds to about a 6-ps time of flight of the ions. T
foil displacement with respect to the optical axis of the sp
trometer was determined by an optical position encoder fi
to the foil target wheel support and was typically 400mm.
This displacement is not crucial because the shortest lifet
observed in these experiments (Zn271 2p 2P3/2! is 129 ps
@30,31#. This lifetime corresponds to a decay length of abo
4 mm for the lower projectile energy. In most of the me
surements we used an entrance slit width of 30mm and kept
the detector and foil position constant. The particle flux w
on the order of about 1011 particles per second. The ion
beam spot was focused on the target using a thin fluores
screen consisting of ceramic material instead of the car
foil. When focused, the ion beam passed through a 3-m
wide central hole in this screen. The ion current was m
sured for normalization in a distant well-shielded Farad
cup.

On the average up to 1 h was spent for recording on
projectile and calibration spectrum. Except for the 1/2-1
transitions in Ni, for each transition about 40–60 spec
were taken. The 1/2-1/2 transition in Ni was measured fi
times with the lower energy, 2–3 h each. In addition, tw
spectra were taken at the higher energy, for 2.5 h wit
30-mm entrance slit and for 5.5 h with a 50-mm entrance slit.

Normally, after measuring several spectra under ident
conditions, some experimental parameters were changed
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that we ensured that such actions did not effect the meas
wavelength. As an example the detector was moved al
the Rowland circle to bring the same spectra to differ
detector positions, which is important in the case of lo
nonlinearities of the detector system. Also the position of
calibration light source was shifted perpendicular to t
beam axis to check for an influence of different illuminatio
of the grating and the detector. The target foil position w
changed to exclude a shadowing of the target wheel.
most important variation was the turning of the spectrome
by 180° around the optical axis. This special feature of
GSI 5-m grazing-incidence vuv spectrometer~as described in
Sec. II B! has not been used so far in our experiments. Tu
ing the spectrometer in this way means that a selected p
on the grating views the ion beam at a different angle wh
the mean angle of observation remains the same. This op
is of special interest for Doppler broadened line shapes
combination with the static wavelength-scale calibration.
an area of the grating is illuminated by Doppler redshift

FIG. 1. Beam-foil spectroscopy setup of the GSI 5-m grazin
incidence spectrometer equipped with a Penning discharge lam
a static wavelength-scale calibration. 2D MCP denotes tw
dimensional microchannel plate.
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3518 PRA 58U. STAUDE et al.
light in one case, in the other case the same area wil
illuminated by blueshifted light. If the response of the gr
ing varies locally a shift of the determined wavelength m
be expected. Averaging the two results allows a partial s
pression of grating response asymmetry.

The production of calibration lines for establishing t
spectrometer wavelength scale is not an easy task, espe
in the ~100–200!-Å range. Our earlier experiments with xe
non and krypton@32,33# used an in-beam calibration base
on calculated energies of Rydberg transitions in hydrog
like and heliumlike ions. The latter depend on the populat
of the l levels, which is not accurately known. As a cons
quence, modeling of thel distributions is necessary and r
sults in calibration lines that are approximately one order
magnitude less accurately known than some reference
from light elements@13#. On the other hand, this procedu
avoids the need for a correction of the Doppler shift.

In the present experiments a powerful Penning discha
lamp @34# was installed for a staticin situ spectrometer
wavelength-scale calibration. The calibration spectrum fr
the Penning discharge lamp is registered simultaneously
continuously with the projectile spectrum, a procedure n
essary to minimize the influence of drifts in the detector s
tem. For this purpose a chopper wheel synchronized with
UNILAC macropulse was installed between the Penning d
charge lamp and the entrance slit of the spectrometer
combination with our position-analysis program@35#, the si-
multaneous accumulation of two different spectra is possi
using the 50-Hz macropulse with~2–4!-ms pulse time as a
gating signal. In addition to the online evaluation, each in
vidual event, including the corresponding gate signal,
stored in a listmode file. Thus, after the beam time a reev
ation can be performed to achieve optimized spectra, for
ample, with regard to a better signal-to-noise ratio and
proved resolution. Examples of simultaneous projectile a
calibration spectra are given in Figs. 2 and 3. The Penn
discharge lamp could be operated continuously for about
Then, due to sputter erosion, the Al cathodes had to be
placed.

B. Apparatus

The GSI 5-m grazing-incidence vuv spectrometer is sc
matically shown in Fig. 1. It is mounted in a cylindrica
vacuum vessel approximately 1.8 m in height and 1 m in
diameter. A mechanical support~‘‘spectrometer beam’’! of
high precision and stability serves as a reference for
Rowland circle~5 m in diameter!. The 270-lines/mm spec
trometer grating, blazed at an angle of 2°, is fixed on t
spectrometer beam, which may be pivoted about the s
trometer entrance slit in order to vary the angle of obser
tion. The detector, which consists of a 40-mm-wide mic
channel plate chevron cascade pair followed by a wed
and-strip anode for position readout, is moved by t
stepper motor driven linear stages and one stepper m
driven goniometric cradle. The adjustment of the detecto
relation to the Rowland circle is performed using two optic
position encoders to determine the distance and angle
tween the detector surface and the spectrometer beam
data accumulation standard nuclear instruments mo
electronic and customized interface hardware and softw
@35–37# are used.
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FIG. 2. The 2s 2S1/2– 2p 2P3/2 line of lithiumlike Ni251 and
Al IV and Al III calibration lines registered simultaneously and co
tinuously using a chopper wheel synchronized with the UNILA
macropulse~with a measurement time of approximately 4 h!.

FIG. 3. The 2s 2S1/2– 2p 2P1/2 line of lithiumlike Zn271 ~and in
addition some lines in Zn261! and NeIII calibration lines registered
simultaneously and continuously~with a measurement time of ap
proximately 1 h!.
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A special feature of the spectrometer is the possibility
turning the complete spectrometer~i.e., the entrance slit, the
grating, and the detector! by 180° around the optical axi
without breaking the vacuum. This advantage of an onl
first-order correction for an observation angle misalignm
has been mentioned in Sec. II A.

The Penning discharge lamp is mounted on the top o
small vacuum chamber, which itself is connected to
hemispherical spectrometer dome. The alignment of the P
ning discharge lamp to the optical axis of the spectromete
performed with anX-Y manipulator. For maintenance th
Penning discharge lamp may be removed without break
the vessel vacuum.

Below the Penning discharge lamp a chopper wheel
ables the synchronization of the calibration spectrum and
projectile spectrum from the pulsed ion beam by perio
shadowing of the light emitted from the calibration sourc
In addition, a 100-mm-wide assisting slit and a foil holder ar
each mounted on a linear micrometer feedthrough. The s
used in the setup procedure for the alignment of the angl
observation to 90°@38#. Using the assisting slit and the en
trance slit, a narrow photon beam from the Penning d
charge lamp can be formed. By pivoting the spectrome
beam about the entrance slit, the grating response as a
tion of the illuminated portion can be studied for select
dispersed wavelengths. The result of such a measureme
given in Fig. 4 for l5160.074 Å, an AlIV line used for
calibration in the Ni experiment. Only a slight linear vari
tion of the local response was observed. A measureme
l5227.5 Å ~a NeIII calibration line! gave the same resul
Figure 4 demonstrates the quality of the grating, which i
master grating ruled by Hyperfine Inc., Boulder, Colorado
a 40-mm-wide area of a 50350 mm2 gold coated blank. We
conclude that the wavelength calibration is not disturbed
grating asymmetries. As a consequence, no systematic
ference between wavelengths from the two spectrometer
sitions was observed.

The foil holder enables the reduction of the light intens
of the Penning discharge lamp, e.g., by use of a 100-mg/cm2

aluminum foil, to match the intensities of the projectile spe
trum and the calibration spectrum. The foil holder and
may be moved out of the optical axis if not used. Along t
ion-beam axis two beam monitor grids~separated by 3.4 m!

FIG. 4. Normalized reflected intensity as a function of the
lected illuminated portion of the grating for an AlIV calibration line
at 160.074 Å.
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are located in front of and behind the spectrometer to de
mine the inclination of the ion-beam axis with respect to
default axis. The beam line is terminated in a shielded Fa
day cup.

C. Measurement procedure

1. Position linearity of the detector

As mentioned in Sec. II B, a position-sensitive detec
based on a wedge-and-strip readout was used. To adju
electronic components, in a first step, test pulses of vari
heights were sent through a capacitor into each of the pre
plifiers; the output numbers of the three analog-to-dig
converter~ADC! units were recorded, while the amplifica
tion and the ADC zero levels were varied. This procedu
was repeated until the same total amplification and zero
set for all three channels of the position read out was
tained, including cross talk contributions. In a second st
the outcome of the electronic adjustment was tested usin
mask with 20 slits 75mm wide and 44 mm long, which wa
fixed on the detector. The accuracy of the slit position is
mm. In the case of Ni, in addition, a 70-mm-wide slit, illu-
minated with light of a helium discharge, was moved in ste
of 0.5 mm across the detector. Test spectra were reco
and the line positions were fitted. A linear least-squares
through the data points shows characteristic and reproduc
deviations from linearity. For the detector used in the
experiment they correspond to an integral nonlinearity o
31023, while for the Zn experiment with a different wedge
and-strip anode 531024 was measured. In the detector tes
as well as in the beam-foil experiments, the single eve
were stored in listmode, enabling a correction procedure
minimizing the residual nonlinearity. A software routine a
lowed a reduction of the final nonlinearity to 531024 in the
case of Ni and 331024 in the case of Zn. The correspondin
error appears in the uncertainty of the wavelength result

2. Wavelength scale

The dispersion of the spectrometer along the flat chan
plate detector has been studied extensively. An analyt
description, taking into account the angle between the de
tor surface and the tangent to the Rowland circle, yield
complex formula. Investigations of this formula showed th
the dispersion on the detector is quadratic for the dete
parameters used in our experiments, with a negligible er
Thereby the staticin situ spectrometer wavelength-scale ca
bration was established by use of three or four well kno
calibration lines emitted by the Penning discharge lamp. D
pending on the wavelength region, spectral lines emit
from aluminum~sputtered cathode material inside the Pe
ning discharge lamp! or helium and neon~gas fed into the
Penning discharge lamp! were used. The lines were produce
in a gas discharge of typically 600 V and 500 mA. Th
calibration spectra were measured simultaneously with th
of the projectiles. The separation of the two kinds of spec
was performed by use of the 50-Hz macrostructure of the
beam and the synchronized chopper wheel. Examples
shown in Figs. 2 and 3.

In the case of the Ni 1/2-3/2 transition~Fig. 2!, isolated
aluminum lines were used. The wavelengths of the t
strong unblended AlIV lines at 160.074 Å and 161.688 Å ar

-
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TABLE I. Summary of individual contributions to the experimental uncertainty of the 2s 2S1/2– 2p 2P1/2

wavelength in lithiumlike Ni251.

Error source

Contribution

~mrad! ~mÅ!

statistical 5
local detector nonlinearity 13
uncertainty of calibration line wavelengths 4
total for Doppler shifted wavelength 14
adjustment of the angle of observation 0.28 7
reproducibility of the angle of observation 0.10 3
determination and stability of the center of the ion beam 0.13 3
ion-beam velocity behind the excitation foil 4
total for Doppler correction 9

Total 17
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known to within 0.004 Å and are suitable as waveleng
references@39#. The wavelengths of the AlIII lines at 169.07
Å and 175.02 Å were determined by Finkenthalet al. @40#
with an accuracy of 0.01 Å. Thus the AlIII lines are less
suitable as reference lines, but at least one of them, pre
able the unblended line at 169.07 Å, must be used fo
determination of the quadratic spectrometer dispersion.

In the case of the Ni 1/2-1/2 transition, unblended NeIII

lines at 231.345 Å, 238.194 Å, and 240.937 Å were us
with an accuracy of 0.001 Å. The identifications are based
the work of Livingstonet al. @41#, while the predicted wave
lengths are based on the precisely established energy le
described by Perssonet al. @42#. Furthermore, one NeIV line
at 234.316 Å@43# was taken into account.

In the case of the Zn 1/2-3/2 transition~measured in sec
ond order of diffraction!, unblended NeIII lines at 282.497
Å, 301.125 Å, 308.568 Å, and 313.058 Å@44# were used. In
addition, one transition in HeII at 303.782 Å@44# was used.

In the case of the Zn 1/2-1/2 transition~Fig. 3!, unblended
Ne III lines at 211.498 Å, 219.564 Å, and 231.345 Å, with
accuracy of 0.001 Å, were used@41#. The other NeIII lines in
Fig. 3 have a multiplet structure that was resolved for a
width of 5 mm.

3. Doppler shift correction

The ion-beam velocity amounts to more than 10% of
speed of light. Thus a correction of the Doppler shift is ne
essary and accordingly the ion-beam velocity and the an
of observation had to be measured. The Doppler shi
wavelengthl8 and the wavelengthl0 in the projectile sys-
tem are related according tol85l0g(12b cosu), whereb
is the ion-beam velocity in units of the speed of light,g is the
relativistic time dilation factor, andu is the angle of obser
vation.

The ion-beam velocity is measured by a time-of-flig
method as a standard procedure for the accelerator@45#. The
energy loss of the ions inside the target foil was estimated
use of the work of Hubertet al. @46# and calculations with
the GSIATIMA code based on@47#. Pivoting the spectromete
beam about the entrance slit, the angle of observation is
cisely set to 90° with relation to the default beam axis by
iterative procedure using an optical beam-splitter cube,
h
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autocollimation telescope, a measuring telescope, and th
sisting slit in the upper part of the spectrometer. A calibra
telescope support serves as a reference for the default b
axis. This setup procedure is performed independently
the two possible positions of the spectrometer separated
180°. The position of the ion beam on the beam moni
grids was measured frequently and deviations were use
the Doppler shift correction. An example of the good stab
ity of the beam center is a mean deviation of61100mm of
the centers of gravity of the beam profile with respect to
mean value for a 55-h period of the Ni beam time at lo
energy. This corresponds to an uncertainty of the angle
observation of 1.7 mrad. Even at an observation angle of
the transverse component of the Doppler shift is observ
Due to the high velocity, the Doppler shift of the wav
lengths is of the order of 1%.

4. Error discussion

A careful analysis of the contributing errors has been c
ried out. The individual contributions are given in Table I f
the case of the 1/2-1/2 transition in Ni as an example. Thi
representative of the other results presented, except th
the case of Zn the uncertainty due to the local detector n
linearity has been reduced to 6 mÅ by use of the new de
tor. The data represent weighted mean values of repe
measurements of beam-foil and calibration spectra. All in
pendent uncertainties were added quadratically.

The uncertainties may be divided into two parts. One p
belongs to the determination of the Doppler shifted wa
length. It includes the statistical uncertainties of the be
and the calibration lines, the uncertainty due to the lo
nonlinearity of the detector, and the uncertainty of the wa
lengths of the calibration lines. The contributions of the ca
bration lines are determined in the following way. Each ca
bration line was varied over the range of its uncertainty~e.g.,
61 mÅ for the uncertainty of the wavelength of a NeIII

line!. An iterative procedure for all used calibration line
taking the two extreme and the mean value of the calibra
wavelengths, yields slightly different Doppler shifted proje
tile wavelengths for each selected spectrum~for example, 27
values for use of three calibration lines or 81 values for u
of four calibration lines!. The standard deviation of thes
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values is treated as the resulting uncertainty for the projec
wavelength.

The second part is connected to the Doppler shift corr
tion. Here the uncertainties of the angle of observation
the velocity of the ions have to be taken into account. T
procedure of setting the angle of observation to 90° bef
the measurements, the agreement with the verification a
the measurements~stability of the angle of observation!, the
determination and the stability of the center of the ion be
on the beam monitor grids, and the uncertainty in the po
tion of the beam monitor grids contribute to the uncertai
of the observation angle. The leading uncertainty of the i
beam velocity results from the energy loss in the excitat
foil. Here the foil thickness uncertainty contributes at t
same order of magnitude as the energy loss itself. The D
pler shift correction produces errors according toDl0 /l0
'Dub1Db/bb2, with Du denoting the uncertainty of th
angle of observation andDb/b the relative uncertainty o
the ion-beam velocity. Fortunately, the influence from t
relative uncertainty of the ion-beam velocity is reduced
the factorb2, which amounts to two orders of magnitude f
the relevant ion-beam velocities ofb'0.1. Also the uncer-
tainty of the angle of observation is reduced by one orde
magnitude going to the relative wavelength uncertainty.

III. RESULTS

The wavelength of the 2s 2S1/2– 2p 2P3/2 transition in
lithiumlike Ni was determined to be 165.40660.015 Å, cor-
responding to 604 573(56) cm21 or 74.958~7! eV. The rela-
tive uncertainty of this result is 931025. The wavelength of
the 2s 2S1/2– 2p 2P1/2 transition in lithiumlike Ni was de-
termined to be 234.16860.017 Å, corresponding to
427 044(32) cm21 or 52.947~4! eV from the measurement
with lower energy. The relative uncertainty of this result
731025. Two measurements with the higher energy, wh
were intended to observe a transition in heliumlike Ni, yie
234.16260.034 Å and 234.19160.040 Å and are in good
agreement with the low-energy value presented here.

The wavelength of the 2s 2S1/2– 2p 2P3/2 transition in
lithiumlike Zn was determined to be 142.46160.006 Å, cor-
responding to 701 946(30)cm21 or 87.030~4! eV. The rela-
tive uncertainty of this result is 431025. The wavelength of
the 2s 2S1/2– 2p 2P1/2 transition in lithiumlike Zn was de-
termined to be 216.06160.011 Å, corresponding to
462 832(24) cm21 or 57.384~3! eV. The relative uncertainty
of this result is 531025.

IV. DISCUSSION

We compare our Ni251 result with previous measuremen
and with calculations in Figs. 5 and 6. The wavelengths
the 1/2-3/2 and 1/2-1/2 transitions were measured rather
cisely at tokamaks by Hinnov and Denne@13# and Sugar
et al. @15#. The present results show very good agreem
with these earlier measurements. Also beam-foil meas
ments are available for comparison, in the case of the 1/2
transition by Bu¨ttneret al. @38# and in the case of the 1/2-1/
transition by Zacariaset al. @48#. A comparison of all data is
given in Table II. The comparison with the older beam-f
result of Büttner et al. @38# manifests the present improve
le
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e-
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l

ment of our technique. A general maintenance of the sp
trometer, a new spectrometer grating, a new detector, and
herein introduced technique of turning the spectrometer
180° about the observation axis yield increased accura
Also moving the spectrometer to another accelerator be
line was advantageous for reduction of the background.
tokamak measurements have slightly smaller error bars
to the negligible Doppler shift correction and to more acc
rately known calibration lines, emittedin situ with the stud-
ied line. Nevertheless, the present results are of compar
accuracy. This is important especially in view of schedu
measurements at higherZ, where the beam-foil method i
more favorable. It is emphasized that an apparent system
difference between wavelengths observed at tokamaks
those using the beam-foil technique@21,49# is not confirmed
by the presented measurements. The QED contribution to
transition energies in Ni is 0.8% (1/2-3/2) and 1.2
(1/2-1/2) @9#. Thus the presented results for Ni are sensit
to 1% and 0.6% of the QED contribution, respectively.

For Zn the relative uncertainty is smaller than in the ca
of Ni. The major reason is an improvement in the detec

FIG. 5. Comparison of our wavelength result for th
2s 2S1/2– 2p 2P3/2 transition in Ni251 with previous measurement
~by Hinnov and Denne@13#, Sugaret al. @15#, and Büttner et al.
@38#! and calculations~by Kim et al. @6#, Blundell @8#, and Chen
et al. @9#!.

FIG. 6. Comparison of our wavelength result for th
2S1/2– 2p 2P1/2 transition in Ni251 with previous measurements~by
Hinnov and Denne@13#, Sugaret al. @15#, and Zacariaset al. @48#!
and calculations~by Kim et al. @6#, Blundell @8#, and Chenet al.
@9#!.
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TABLE II. Experimental results for the wavelengths of the 2s 2S1/2– 2p 2P3/2,1/2 transitions in lithium-
like Ni251 and Zn271 ions ~in angstroms! compared with previous experimental results and with calculatio

Results Ni 1/2–3/2 Ni 1/2–1/2 Zn 1/2–3/2 Zn 1/2–1/2

Experimental
this work 165.406~15! 234.168~17! 142.461~6! 216.061~11!

Hinnov and Denne@13# 165.396~10! 234.155~10!

Sugaret al. @15# 165.400~5! 234.153~5!

Zacariaset al. @48# 234.110~60!

Büttner et al. @38# 165.366~24!

Theory
Kim et al. @6# 165.412 234.159 142.474 216.072
Blundell @8# 165.401 234.149 142.457 216.042
Chenet al. @9# 165.400 234.146 142.459 216.059
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system. The QED contribution to the transition energies
Zn is 0.9% (1/2-3/2) and 1.4% (1/2-1/2)@9#. Thus the
present results for Zn are sensitive to 0.5% and 0.4% of
QED contribution, respectively.

V. COMPARISON WITH CALCULATIONS

Figures 5 and 6 and Table II show also the calculations
Kim et al. @6#, Blundell @8#, and Chenet al. @9#. We obtained
interpolated results forZ528 from Blundell @50# and we
performed a cubic spline interpolation for the values of Ch
et al. @9# for Z528 and 30. As was outlined briefly in th
Introduction, the calculations are based on different meth
and evaluate different higher-order contributions. Among
error bars there is very good agreement between experim
and all three calculations. Within the calculations, Blund
@8# and Chenet al. @9# agree much better with each oth
than with Kim et al. @6#. Nevertheless, when comparing th
single non-QED and QED contributions, Blundell@8# and
Chenet al. @9# differ more than they do in the total transitio
energy. As mentioned by Chenet al. @9#, there are partial
cancellations of different contributions to the total transiti
energy in these calculations. It is evident that at present
periments cannot distinguish between these calculations
additional data along the isoelectronic sequence are nee
An extension of the measurements to higher-Z values is
planned to be reported elsewhere@27#.

VI. CONCLUSIONS

The present measurements belong to a series of ex
ments that test the structure of heavy few-electron ions
re
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hence the theoretical achievements in the calculation of
transition energies. Our results for the lithiumlike 2s-2p
transition energies forZ528 andZ530 provide relative un-
certainties as low as 431025. With this precision, measure
ments become sensitive to the smallest QED contributi
considered so far in the calculations for lithiumlike ions. W
obtained very good agreement with results from spectr
copy at tokamaks. This demonstrates that beam-foil spect
copy is appropriate for measurements up to the largesZ
values for the 2s-2p transitions, which are not accessible
tokamaks. These future measurements will profit from
increase of the relative QED contributions with increasi
values ofZ. Still, efforts should be undertaken to reduce t
experimental errors. This should be possible with detec
of extreme linearity and with even more refined optic
alignment procedures.
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