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High-precision laser-assisted absolute determination of x-ray

diffraction angles

K. Kubiéek,? J. Braun, H. Bruhns, J. R. Crespo Lépez-Urrutia, P. H. Mokler, and J. Ullrich
Max-Planck-Institute for Nuclear Physics, D-69117 Heidelberg, Germany

(Received 4 July 2011; accepted 29 October 2011; published online 4 January 2012)

A novel technique for absolute wavelength determination in high-precision crystal x-ray spectroscopy
recently introduced has been upgraded reaching unprecedented accuracies. The method combines vis-
ible laser beams with the Bond method, where Bragg angles (6 and —6) are determined without any x-
ray reference lines. Using flat crystals this technique makes absolute x-ray wavelength measurements
feasible even at low x-ray fluxes. The upgraded spectrometer has been used in combination with first
experiments on the 1s2p'P; — 152 'S, w-line in He-like argon. By resolving a minute curvature
of the x-ray lines the accuracy reaches there the best ever reported value of 1.5 ppm. The result is
sensitive to predicted second-order QED contributions at the level of two-electron screening and two-
photon radiative diagrams and will allow for the first time to benchmark predicted binding energies for
He-like ions at this level of precision. © 2012 American Institute of Physics. [doi:10.1063/1.3662412]

. INTRODUCTION

The precise knowledge of x-ray transition energies is
the basis for a deep understanding of the structure of atoms
and ions."> The accuracy which can be achieved in high-
precision crystal x-ray spectroscopy depends on the properties
of the radiation source, the diffraction device and the detec-
tion system.? For the absolute calibration of wavelengths two
techniques can be taken: either wavelengths are measured rel-
atively with respect to an absolutely known reference line or
absolutely by geometrical means alone.

Among radiation sources, electron beam ion traps
(EBITs) (Refs. 4-7) provide a very convenient technique
to produce few-electron ions for high-precision wavelength
measurements. In contrast to x-ray spectra obtained using
the recoil-ion technique,®* the deceleration and electron cap-
ture method,'? or tokamak plasmas,'! EBIT spectra are rather
pure, in so far as coronal excitation conditions prevail, and
therefore the lines are symmetric and satellite-free.!> Con-
versely, it is also possible to prepare the otherwise disturbing
satellite transitions also in a targeted way, using well-defined,
monoenergetic excitation conditions.'*'* Moreover, EBIT
spectral line positions are not affected by Doppler shifts on the
level of accuracy achieved in x-ray crystal spectroscopy'>'
at accelerators.

In principle, several methods are available for precise x-
ray wavelength determination: crystal spectroscopy, resonant
laser spectroscopy, and bolometry. In general, resonant laser
excitation, which in the optical region'*?! reaches extreme
accuracies, would be the ideal spectroscopic tool. Unfortu-
nately, throughout the last decades application of this method
in the x-ray region suffered from the lack of appropriate laser
sources. Only now, with x-ray free electron lasers (XFELs)
being developed and starting operation at several places??
resonant laser fluorescence spectroscopy both in the vacuum

®Electronic mail: kubicek @mpi-hd.mpg.de.
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ultraviolet>® and the x-ray region®* up to photon energies of

~10keV (Refs. 25-27) will become feasible.

Apart from that x-ray bolometers exhibit today a reso-
lution near that of crystal spectrometers.zg‘32 Here, however,
wavelengths can be measured relatively only.

Crystal spectrometers using curved®~—7 or flat crystals
are still used for high-resolution measurements of x-ray tran-
sition energies. The Bragg angle 0 is typically determined
with fractional uncertainties A8/ in the tens of ppm region
relative to those of x-ray reference lines, e.g., K, transition
lines of copper, molybdenum, and tungsten,*® by fixing the
direction of incoming x-rays by collimating slits,>> which un-
fortunately also reduces the x-ray flux. To avoid error con-
tributions caused by the asymmetric reference lines, tech-
niques without them were developed. Such methods include,
for example, using a monolithic crystal, where two reflecting
surfaces are separated by an accurately measured distance,*’
or the Bond method,*! where x-ray reflections at the Bragg
angles 6 and —0 are determined to eliminate errors due to
a zero offset of the angular scale (double sided measuring
technique).

Combining the Bond technique with a laser-assisted ref-
erence method for the precise directional determination of the
incoming x-rays > we have introduced a novel spectrometer
type which we tested at the Heidelberg EBITs. Here laser
beams are used as reference spots — called fiducials — instead
of collimation slits.

In this review we report on a substantial upgrade of that
combined concept, explicitly resolving curvatures of the x-ray
lines on the two-dimensional detectors which previously were
determined indirectly only. This improved the absolute accu-
racy by more than a factor of 10. In this new configuration the
wavelength of the w-transition*? (1s2p 'P; — 152 'Sp) in He-
like argon could be determined with an uncertainty of 1.5 ppm
only. This result is the most precise value for a wavelength
of any He-like ion reported so far, what makes it sensitive to
binding energy QED contributions at the level of two-electron
and two-photon radiative diagrams. Since various predictions

© 2012 American Institute of Physics
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FIG. 1. (Color online) Schematic drawing of the x-ray spectrometer arrangement coupled to the Heidelberg EBIT. X-ray source: EBIT in parallel (shown) or
perpendicular (head on) arrangement with respect to the crystal rotation axis. Fiducial light source (generation of light fiducials): (a) denotes the laser source,
(b) a pinhole on top of a slit, (c) the grating and (d) a micrometer screw allowing for adjustment of the light assembly in y direction (see Sec. III B). Merging
and manipulation chamber: (e) represents the linear manipulator for changing optical bandpass filter and Be x-ray window, (f) the pellicle beam merger and (g)
and (h) the first and second retractable optical lenses, respectively. Bond x-ray spectrometer: (i) is the first detector and (j) the second one, (k) the crystal, and (1)

a glass window for optical alignment.

differ on the level of 2 ppm, our measurements provide bench-
marks for these calculations.

We describe the laser-assisted Bond technique, i. e., the
combination of the light fiducials with the Bond method in de-
tail, giving special emphasis to the estimate of the accuracies
achievable and to the discussion of remaining error contribu-
tions.

Il. SPECTROMETER ARRANGEMENT

An overview on the measuring setup and its principle is
sketched in Fig. 1. The central unit is a Bond precision flat
crystal x-ray spectrometer, for details see Fig. 2, designed
to measure mirrored Bragg angles 6 and —6 determined by
means of two opposed two-dimensional detectors (i) and (j)
viewing alternatively the diffracting side of the crystal (k).
The detectors (i, j) are simultaneously used also for determin-
ing the position of the light fiducidals. They can be rotated
by £30° by two opposing stepper motor driven flexible bel-
lows. The rotation angles are measured with an uncertainty
of ~1073¢.

One crystal (k) can be mounted on the stepper motor
driven crystal holder which can be rotated using a vacuum
rotation platform. Its rotation angle £ is measured with an ab-
solute precision of 5 x 1073° by means of a incremental an-
gular encoder. For our experiments, this crystal holder was
balanced by supporting it from one side to reduce excentric
forces acting on the angular encoder. The holder allows for
rotation of the crystal around its surface normal, in order to
align ¢, the pivot angle between the crystal surface and the
crystal lattice planes, perpendicular to the diffraction plane.
Thus, differences in the reference planes for the reflection an-
gles of the x-rays and the light fiducials have been effectively
reduced.

The crystal receives simultaneously photons, both from
an x-ray source (EBIT) and an angular fiducial visible light
source where this source (a) utilizes a well-defined interfer-
ence pattern from a transmission grating (c) diffracted laser
beam (635 nm) for relative angular calibration. Both photon
beams are overlayed in a merger and manipulation chamber

L = distance source - detector

movable CCD 2

fiducial 2

movable CCD 1

FIG. 2. (Color online) Unification of the light fiducial method and the Bond
technique. Here, o and B , are the angles between the direction from the
source to the rotation axis of the crystal and the x-ray, respectively the light
fiducial beams, &1 («) and &>(«) the crystal angles determined for (a/b);(«)
= (alb),(«) = (alb)(«), where a and b are the distances from the light fidu-
cials to the x-ray line, € the offset angle of the crystal angular measurement,
y = &1(a) — £2(a), ¢ an arbitrary crystal rotation and 2¢ the corresponding
detector rotation angle. Ax and Ay characterize shifts in the grating and the
ion cloud position. Notice that the order of light fiducials on the CCD detec-
tor planes is reversed. The function of the pinhole is described in detail in
Sec. III B 2.
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TABLE I. Properties of the main components used; three single-crystals were employed. The pivot angles &
and the orientations of the crystal lattice planes with respect to the crystal rectangular shape long axis (lattice

orientation) were measured by the Forster group (Ref. 43).

Device Model

Properties

Be foil (e)

Beam merger (f)

Detector (i, j) Andor (model: CCD42-40)

Detector angle Heidenhain ERA 880C

Crystals (k)

RP100M Vacuum Generators
Heidenhain RON 905

Crystal rotation
Crystal angle

Thickness: 25 um

Transmission efficiency > 70% (Ex_ray=2-8 keV)
2 pm nitrocellulose foil

X-ray transmission: ~92%

Light reflectivity: ~8%

Back-illuminated, Peltier cooled CCDs

Pixel size 13.5 um?

Detection area 2048 x 2048 pixels

Quantum efficiency ~100 % (Ex—ray = 0.3-6keV)
Detector angle ® with A® < 1073°

Si-111, Si-220 and quartz 31-40

Pivot angles ® (Ref. 43) 0.0585°, 0.026°,

and 0.103° (£0.002°)

Lattice orientation (Ref. 43) 23.3 £ 2°, 40 +£ 4°,
and 15.7 £ 1°

0.05° divisions with Vernier (0° to 360°)

Crystal angle £ with A& < 5 x 1075°

by a light reflecting but x-ray transmitting thin membrane,
the pellicle beam merger (f). Within this chamber additionally
a manipulator allows for rapid exchange of a bandpass filter
(440nm) and a beryllium foil (e). The Be foil is needed for
the x-ray measurements whereas the bandpass filter is used
for optical adjustment of the fiducial light source. Both filter
and window are compulsory for respective background reduc-
tion. At the exit of the merger chamber two retractable lenses
(g,h) can be inserted into the beamline in order to focus vis-
ible light to the detector plane (see Sec. IV). The character-
istic details of the components for our setup can be found in
Table I.

The x-ray spectrometer axis, i.e., the rotation axis of the
crystal, was mounted parallel (shown in Fig. 1) or perpendic-
ular, i.e., head on, to the electron beam - line or point source,
respectively (UHV vacuum 10~° mbar). The distance L be-
tween EBIT and spectrometer represents a compromise be-
tween photon flux and resolution A/AA.

lll. MEASUREMENT PRINCIPLE

The laser-assisted Bond technique relies on a precise
knowledge of the geometrical parameters of the flat crystal
x-ray spectrometer and exploiting light fiducials is crucial.
X-rays and laser beams are reflected by the same rotatable
flat crystal (k) according to Bragg’s law, respectively to the
specular optical reflection law, in direction of the CCDs (i, j)
(Fig. 2). As discussed in detail in Ref. 3 the incoming direc-
tions, « for the x-rays and S , for the light fiducials, and
finally the Bragg angles of the x-rays are then determined by
measuring the ratio a/b(«) of the distances a(«) and b(«) from
the light fiducial positions to the x-ray line position on the de-
tector plane as a function of the crystal rotation angle &(«).
Here, the same ratio a/b(«) indicates the same direction for
incoming x-rays of different energy. Furthermore, since the
theorem on intersecting lines can be applied, the ratio a/b(o)

and, thus, the method are both widely insensitive to changes
in the crystal or detector positions, as long as the origin of the
x-rays and the laser light overlap.’

A. Geometry of the light fiducial setup

As illustrated in Fig. 2, a crystal rotation by y = 180°
— 20 = & () — & () leads for x-rays of identical incoming
directions to be reflected to the respective other detector with
equal ratios a/b(o) measured on both CCDs. Here, 6 is the
Bragg angle of the line of interest and & («), £»(«) the crystal
angles corresponding to the start and end positions of the crys-
tal rotation, respectively. The ratios a/b(«) are determined as
a function of the crystal angle £(«), and the resulting curves
alb(€) are then used to calculate 6 by means of the differ-
ence in the crystal angles 8 = (180° — &(x) + &2(w))/2.
Here, & (o) and &, () have to be obtained under the constraint
that (a/b),(a) = (a/b),(x), (a/b);(x) being the ratio a/b(«) of
one detector, and vice versa. Advantageously, while applying
this method only the differences in the crystal angles &;(«)
— &, () are considered in the data analysis and, consequently,
a possible offset angle € has no influence on the measured
Bragg angle.

B. Alignment of the origin of the light fiducials

In order to achieve a wavelength determination with a to-
tal uncertainty of AA/A ~ 1 ppm the method described above
requires (virtual) spatial overlap of the positions of the ad-
justable grating, i.e., the origin of the light fiducials, and the
ion cloud, i.e., the origin of the x-rays, within certain bound-
aries Ax and Ay (see Fig. 2).

Using the geometrical relation

a _ S-tan(B))+ Ay - M
E(f) S -tan(By) — Ay+ M 0

Downloaded 14 Jun 2012 to 134.76.223.56. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions
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FIG. 3. (Color online) Alignment of the transmission grating. The y positions
of the slit, grating and ion cloud are measured by imaging onto the detector
plane and projecting their images on the wavelength dispersive detector axis.
Overlap is achieved by moving slit and grating correspondingly.

for the ratio a/b in dependence of Ax and Ay, and the def-
initions f = («, B1, B2, Ax, Ay, L), S = (L — Ax) and M
= L - tan (), the former two were calculated to Ax < 5mm
and Ay < 0.5 mm. Here, L refers to the distance between the
x-ray source and the detector, « is the angle of the incoming
direction for the diffracted x-rays and 8; + B, is the sepa-
ration angle between the light fiducials, respectively. As ex-
pected, alignment in the x direction is less crucial than in the
y direction and can be met comparatively easily by carefully
mounting the grating. In contrast, for the lateral y direction, a
determination of the positions of the ion cloud and the trans-
mission grating and a subsequent sophisticated adjustment of
the position of the grating are required.

1. Adjustment in y direction

The position of the cloud is measured by imaging it onto
the detector plane. Boron-like argon is produced and trapped
in our EBIT. Its 2s?2p3» — 2s%2pi» forbidden transition
is excited by electron impact, and as depicted in Fig. 3 the
~440 nm light emitted passes the bandpass filter suppressing
stray light and is reflected by the crystal toward the detec-
tors. To measure the position of the grating which is mounted
underneath a slit (see also (b) in Fig. 1), this slit is illumi-
nated by a light emitting diode at 440 nm, the light is coupled
into the beam path of the x-rays by the pellicle beam merger
and reflected by the crystal on the detector plane. During both
measurements focussing onto the CCD plane is achieved by
two achromatic lenses. The y position of the slit and grating
is adjusted to the cloud position by comparing the fitted peak
positions of the projections of their images on the wavelength
dispersive detector axis and by moving the slit correspond-
ingly using the micrometer screw (d) in Fig. 1. In this way, an
overlap in the y position is achieved within +~25 um.

2. Corrections for the extended source

The influence of a possible misalignment Az of the x-ray
spectrometer in axial direction, i.e., with respect to a geome-
try where the centers of the x-ray source, the crystal and the
detectors, and the crystal lattice normal lie inside the diffrac-

Rev. Sci. Instrum. 83, 013102 (2012)

tion plane, was calculated taking into account that all x-ray
lines exhibit a minute curvature in the detector plane (perpen-
dicular to the dispersion plane). Consequently, projecting raw
data x-ray peak positions are shifted by an assumed factor K
compared to those of ideal straight lines. For the light fidu-
cial method this implies that at equal incoming direction of
the x-rays the ratios a/b for both detectors show a reversed
behaviour, a/b(a) = (a/b);(x) = (a/b),(«) being changed to
(a/b)1(¢) = (@ + K)/(b — K) for the first detector and to
(alb),(a) = (a — K)/(b + K) for the second one. The correc-
tion angle ¢ between the measured Bragg angle 6’ determined
by projecting curved x-ray lines, and the real Bragg angle 6
can be estimated for a misalignment Az via the relation

(19 +a (5 +¥a2

3020g tan(@) | . 2)

¢ ~ arctan

Here, L denotes again the distance between the x-ray source
and the detector, and ¢ and [ are the dimensions of the source
and the detector in z direction, respectively. For L = 1886 mm,
=23 mm, Az =0, and ¢ = 40 mm (¢ = 1 mm) correspond-
ing to a configuration where the x-ray spectrometer axis is
mounted parallel (line source) (perpendicular, i.e., head on,
(point source)) to the EBIT electron beam the correction an-
gles ¢ are on the order of ~1073° (~107*°). To verify these
results, a Monte-Carlo-ray-tracing-simulation which includes
all beamline components has been developed. Figure 4 shows
the results of this simulation along with the calculated (see
Eq. (2)) x-ray reflex for the w-transition in Ar'®* including
all points along the line source. The graph shows the excel-
lent agreement between this calculation and the simulation.

source 1 source 2 source 3

source 1 source 3
3139,5
source 2
3139,4
=
2
>
<
2 3139,3
L
3139,2

0 400 800 1200 1600 2000
Non-dispersive detector axis (pixel)

FIG. 4. (Color online) (Top) Image of the ion cloud x-ray source taken with
a pinhole camera. (Bottom) Simulated (Monte-Carlo-ray-tracing-simulation)
and calculated (see Eq. (2)) x-ray reflex for the w-transition in Ar'®+. The
x-ray spectrometer was oriented parallel to the EBIT electron beam (line
source). While the ray-tracing-simulation includes all point sources (see 2D
intensity plot), for the calculation three point sources (see three lines) with y
=0 (see Fig. 2) are depicted exemplarily. Sources 1 and 3 represent the point
sources at the edges (Az = maximal) of the line source while 2 denotes the
central point source (Az = 0).
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Disregarding the correction angles ¢ an unacceptable system-
atic error of AA/AL ~ 25 ppm (AA/A ~ 5 ppm) is induced
in the wavelength determination. Accordingly, in our earlier
publication'? taking this effect only partially into account we
stated a larger error of 20 ppm.

3. Adjustment in z direction

To improve the alignment in z direction two approaches
have been followed: reducing the line curvature and determin-
ing its magnitude experimentally. Minimizing the curvature
while at the same time preserving the x-ray flux (which would
imply using a point source), requires very good alignment.
The z positions of the center of the ion cloud, the crystal and
the detectors, as well as of the origin of the light fiducials,
have to be measured on an absolute scale with respect to the
crystal surface normal and the position of the spectrometer
has to be adjusted correspondingly, such that all these points
lie inside the diffraction plane, and Az = 0.

® The position of the crystal center is determined cou-
pling a He-Ne-laser that is adjustable in the z direction
from the back side into the spectrometer main chamber
through an UHV window (1 in Fig. 1) opposite of the
EBIT port. Its back-reflection from the crystal is mon-
itored as a function of z. This allows to align the beam
parallely to the crystal surface normal and to determine
the z position of the crystal center.

¢ The z positions of the CCD centers are measured rela-
tively to the surface normal and the crystal center. The
laser is adjusted to the crystal center and the crystal is
rotated reflecting the He-Ne-laser on either one of the
two CCDs. The z position of the laser spot recorded
is compared to the z position of the crystal center. A
difference in the two positions is taken into account in
the data analysis.

® The z position of the cloud center is measured accord-
ing to the procedure described for the alignment in
Sec. III B 1.

® The z position of the origin of the light fiducials is de-
termined with respect to the diffraction plane and the
cloud center. The crystal is rotated in a way that al-
lows for the aligned laser beam to enter the spectrome-
ter beamline. It is reflected by the pellicle beam merger
onto the pinhole of the fiducial light source (b in Figs. 1
and 2) whose z position is changed until the laser beam
is aligned with it. The laser is switched off and the two
retractable lenses are inserted into the beamline. An
image of the pinhole, its z position and the trajectories
of the diffraction plane at the distance between source
and detector L are determined by illuminating the pin-
hole with 440 nm photons of the light emitting diode
and focussing the light on the detector plane. The pin-
hole is removed after establishing alignment.

The difference in the z position of the crystal and the ion
cloud center relative to the diffraction plane is corrected for
by shifting the spectrometer correspondingly. The z position
of the origin of the light fiducials is changed by adjusting the
laser beam generating the light fiducials to the z position of

Rev. Sci. Instrum. 83, 013102 (2012)

lens1  lens 2

|
P

]
Ay A
.  laserg y' z
slit & grating -g)- iAX
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pellicle
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fiducial 2 \

rotatable CCD \

x-ray line

FIG. 5. (Color online) Generation of the light fiducials. Their separation an-
gles of B1 2 ~ 0.15° can be changed to 8; = 8, by rotating the light fiducial
assembly in the x-y-plane.

the pinhole. We estimate that the remaining deviation from the
ideal spectrometer configuration together with the fact that the
setup was adjusted to the crystal surface rather than to the lat-
tice normal, both lead to a maximum uncertainty of ~0.3 ppm
in the determination of the x-ray transition energy. This error
contribution is denoted as “fiducials ” in Sec. IV B.

After alignment in Ax, Ay, and Az directions, the lenses
are retracted for the remaining measurement period, and the
light fiducials are generated (see Fig. 5). Their incoming an-
gles of B ~ 0.15°, corresponding to a grating constant of
g = 0.2 mm, can be adjusted to §; = B, by rotating the light
fiducial assembly in the x-y-plane. The slit is placed at the
center of rotation, thus preserving the established alignment.

4. X-ray line profiles

Moreover the x-ray line curvature was observed experi-
mentally. X-ray sum spectra (see Fig. 6) were carefully ana-
lyzed, determining the position of the x-ray peak on the wave-
length dispersive axis as a function of the position on the
non-dispersive axis (slices). The results are depicted in Fig. 7
for the w-transition in Ar'®* measured with the x-ray spec-
trometer rotation axis oriented parallel to the electron beam
(line source). Excellent agreement between this observations
and a simulated curvature calculated using the Monte-Carlo-
ray-tracing-simulation described above is found. The magni-
tude of the curvature could be obtained with an uncertainty
of about ~6.5 x 107>° corresponding to an error contribution
on the order of ~1.3 ppm in the wavelength determination,
which is listed as “curvature” in Sec. IV B. As a result and
compared to our earlier measurements'? the contribution of
the line curvature on the detectors to the total absolute error
budget has been reduced by more than a factor 10 for this
spectrometer configuration.

IV. DATA ANALYSIS AND RESULTS

A detailed description of the EBIT settings, measurement
procedure, data aquisition and analysis can be found in Ref. 3.
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FIG. 6. (Color online) Experimental sum spectrum (black dots) of the w
(Is2p 1Py — 15218p), x (1s2p3Py — 152 1Sp) and y (1s2p3 Py — 152 18y)
transitions in Ar'®* with Voigt fit (red line) and residuum (light green trian-
gles) at the bottom.
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FIG. 7. (Color online) (Top) X-ray sum spectrum for the w-transition in
Ar'®+ . (Bottom) Measured x-ray energy as a function of the position on
the non-dispersive axis (slices). The latter is binned 32 times. X-ray ener-
gies were calculated by determining the peak maxima through Voigt fits on
the experimental (dots) and simulated (Monte-Carlo-ray-tracing-simulation;
triangles) line profiles. These were obtained by projecting the x-ray sum spec-
trum on the dispersive axis. The whole process was automated and only data
points which could be fitted by the program in a reasonable number of iter-
ations are displayed. The x-ray sum spectrum was measured with the x-ray
spectrometer axis mounted parallel to the EBIT electron beam.
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Here, we want to discuss mainly crucial changes in the data
analysis, sources of systematic errors, and their influence on
the total uncertainty of wavelength measurements while using
the laser-assisted Bond method as well as the results of our
latest experiments on the w-transition in Ar' *.

A. Determination of the Bragg angle and
the wavelength of the w-transition

The ratios a/b(«) for the w-line are plotted for both detec-
tors as a function of the measured crystal angle £. Both curves
are fitted according to the procedure described in Ref. 3. The
two detector crystal angles &£ (o) and &,(«) are obtained at
equal ratios a/b(a) of the x-ray line. The Bragg angle 6’ is
calculated via the relation 8’ = (180° — & («) + &2(x))/2 (see
Sec. IIT A). However, the effect of the x-ray line curvature
on the measured Bragg angle 6’ has to be considered. There-
fore, two approaches are followed. In a first ansatz, the cor-
rection angle ¢ (see Sec. ITI B 2) is determined by calculating
the average value of the absolute peak positions of the fits
to the curved x-ray line profiles for all positions on the non-
dispersive axis (see Fig. 7). The real Bragg angles 6 are then
obtained correcting the measured Bragg angles 6’according to
the relation ¢ = 6’ — 6. In a second approach, the experimen-
tal data is fitted using the equation for the shift of the peak
position on the wavelength dispersive axis as a function of
the position on the non-dispersive axis. The curved x-ray line
is transformed into an ideal straight line shifting each row of
the non-dispersive axis corresponding to the fit results paral-
lel to the dispersive axis. Both approaches yielded consistent
results for the real Bragg angle 6. This angle is converted into
wavelength via the relation

_ . &
A = 2d sin(0) <1 sin(9)2> s 3)

with §; being the refractive index of the Si-111 crystal at
the wavelength A and d its lattice constant. The former is
taken from the Center for X-Ray Optics** while the latter is
determined to be 2d = 6.271219(3) A using the values 2d
= 6.27120246(16) A and 2.60 x 10°° K! temperature for
the Si-111 lattice constant and the linear temperature coeffi-
cient of expansion of silicon, respectively, as recommended
for vacuum conditions and 22.5°C by CODATA.* Finally,
the transition energy is calculated from the wavelength deter-
mined to be 3949.068(6) mA for the w-line in He-like Ar'®+
setting the wavelength-to-energy conversion factor to hc
= 1239841875 x 107% eV m yielding a transition energy
of 3139.581(5) eV.

B. Error budget

Table II shows the remaining error contributions for
the w-transition wavelength in Ar'®* after alignment and
temperature stabilization of the spectrometer setup. Here,
“fiducials” refer to the error caused by the remaining
uncertainty in the position of the origin of the light fiducials
after alignment to the origin of the x-rays. “ Curvature ” takes
into account the uncertainty of about 6.5 x 107°° in the deter-
mination of the correction angle ¢ for a configuration where
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TABLE II. Total error budget of our energy determination on the w-
transition in Ar'®*. The spectrometer main axis was oriented parallel to the
EBIT electron beam.

Error source Abs. uncertainty (meV) Rel. uncertainty (ppm)

Statistics ~0.5 ~0.2
Lattice ~2.5 ~0.8
Curvature ~4.0 ~1.3
Fiducials ~1.0 ~0.3
Total ~4.8 ~1.5

the x-ray spectrometer rotation main axis is oriented parallel
to the EBIT electron beam. “Lattice ™ is related to the contri-
bution induced by minor fluctuations AT < 0.3 K in the tem-
perature of the experimental area which lead to variations of
about 3 x 107® A in the crystal lattice constant and, thus,
to an uncertainty of about 3 x 107>° in the determination of
the Bragg angles. Finally, “statistics” accounts for the lim-
ited counting statistics. It can be seen that the total error of
the wavelength measurement on the w-transition in Ar'®* is
dominated by the £2.5 meV and 4+4.0 meV contribution of
the uncertainty in the lattice constant and in the curvature of
the x-ray lines, respectively. However, in recent experimen-
tal tests the latter contribution could be reduced additionally
by up to a factor of ~25 mounting the spectrometer axis per-
pendicular to the EBIT electron beam axis by looking head
on to the ion cloud through the electron collector aperture
(x-ray point source). This minimizes the dimension g of the
x-ray source in z direction and, consequently, the line cur-
vature (Eq. (2)). Apart from that, in future measurements
the contribution “lattice” will be diminished further if the
temperature of the spectrometer setup can be stabilized to
AT«0.3°K.

C. Results and discussion

Our measurements on the w-line in Ar'®+ yields a transi-

tion energy of 3139.581(5) eV or a wavelength of 3949.068(6)
mA with an error of 1.5 ppm only. Figure 8 compares this
result with former experimental values>®!? and theoretical
predictions.*>*7 Regarding the experimental results it has to
be emphasized that in our 2005, 2007,'? and the Deslattes
et al.’ experiment the wavelength of the w-line was deter-
mined relatively to the Lyman-« lines of Ar!” * with only the
present experimental values being obtained through absolute
wavelength measurements. Besides, an important point is that
for our first high-precision measurement on this line in 2005
the origin of the light fiducials was not aligned in x and y di-
rection with the origin of the x-rays. Unfortunately, this was
not considered in the error analysis such that the total un-
certainty for the 2005 result is underestimated. We want to
indicate as well that in our 2007 experiment'? a final uncer-
tainty of the absolute wavelength measurements of roughly
20 ppm could not be excluded. This figure could be signifi-
cantly reduced by correcting the curvature of the x-ray lines
in the detector plane comparing the theoretical and absolutely
measured values for the wavelength of the Lyman-«; line in
Ar!'7* attributing a possible deviation to the curvature and
scaling the effect to the wavelength of the w-line.

Rev. Sci. Instrum. 83, 013102 (2012)
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FIG. 8. (Color online) Comparison of our present result (red) with other
experimental and theoretical values for the w-line in Ar!®*. Theory: UM
unified method;* AO all-order;*® BSQED.*’ Experiment: Deslattes et al.?
Braun et al.,’ Bruhns ef al.'”> The present total uncertainty of 4.8 meV is
indicated by the dashed lines.

In contrast, in the present measurements the curvature
was determined explicitly, and an extensive simulation of this
effect was carried out. In summary, aligning the origin of the
light fiducials with respect to the origin of the x-rays in x and
y direction, providing an absolute instead of a relative wave-
length measurement and exactly adjusting the spectrometer
setup in z direction the total experimental uncertainty could
be reduced by a factor of 10 between 2005 and today. Thus,
the current result, the only absolute, reference-line free mea-
surement on this line, represents the most precise value for
a wavelength of any He-like ion reported so far, being a fac-
tor 1.2 more accurate than the previous best relative result'?
provided also by our group.

We want to emphasize that our 2007 and the latest exper-
imental value agree within <1 ppm in spite of the fact that
the spectrometer assembly was dismounted and rebuilt sev-
eral times in between these measurements. This demonstrates
the outstanding reproducibility of our results when using the
laser-assisted measurement method. In contrast, a compari-
son with the previous result by Deslattes et al.” shows a slight
discrepancy of the absolute values, even though that within
uncertainties overlap is achieved. However, in the latter ex-
periment Ar'®* ions were produced as recoil ions in a gas
cell by collisions with fast highly charged uranium ions. As
stated by the authors contamination of the spectra with satel-
lite lines is likely and could have led to a shift in the x-ray line
centroid and a reduction of the measured energy.

Comparing our present result with predictions, it can be
stated that it agrees excellently with both the values of bound
state QED (BSQED) (Ref. 47) and All Order (AO) (Ref. 46)
calculations. In contrast, the result calculated by the unified
method (UM) (Ref. 45) deviates by about one standard de-
viation. This small difference could be explained by the fact
that UM does not include higher order relativistic corrections
to the electron-electron interaction, and could indicate that
already for He-like systems with nuclear charge Z = 18
relativistic effects play an important role in the calculations
of the QED contributions to the energy levels. Table III shows
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TABLE III. Theoretical one- and two-electron QED contributions (in eV)
to the 1s2p 1Py and 152 1S states in Ar'®+ (BSQED) (Ref. 47). Total 1-el.:
sum of one-electron terms; Scr. SE: screened self-energy; Scr. VP: screened
vacuum polarization; 2-ph. exch.: exchange of two virtual photons; total
2-el.: sum of two-electron terms.

State Total 1-el. Scr. SE Scr. VP 2-ph. exch. Total 2-el.
1So —1.1310 0.1116 —0.0072 —0.0091 0.0953
p —0.0062 0.0031 —0.0001 0.0001 0.0031

the theoretical one- and two-electron QED terms*” of the 1s2p
P, excited and 15> 'Sy ground states of Ar'® T, respectively.
The uncertainty of our present result is a factor of ~20 smaller
than all of the two-electron QED corrections to the 'Sy ground
state energy and a factor of 2 smaller than the corrections
caused by the exchange of two virtual photons (9 meV). Con-
sequently, the experiment probes these QED contributions as
well as the total one-electron contribution of the excited ! P,
state (6 meV) but is not yet sensitive to its total two-electron
term (3 meV).

We finally want to mention that future measurements
will focus on He-like transitions of other elements, probing
QED over its whole range from the regime where calculations
are dominated more by electron-electron interactions to the
highly relativistic domain. Besides, using our laser-assisted
method, x-ray line energies of other systems, e.g., hydrogen-
like ions, can be absolutely determined with uncertainties as
small as 1 ppm. This could allow to establish Lyman-« lines
of H-like ions as future atomic x-ray standards, e.g., for the
calibration of microcalorimeters or for resonant laser exci-
tation experiments at third generation synchrotons and free-
electron lasers (FEL).?>?* Finally, in this context it seems
promising to use the here presented spectrometer setup for
high-precision FEL x-ray emission spectroscopy.
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