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The 1s22p3/2–1s22s1/2 x-ray transition in the Li-like Pb79+ has been observed using the Tokyo electron beam
ion trap at the University of Electro-Communications. The contribution of QED �−24.99�0.10 eV� to the
1s22p3/2–1s22s1/2 transition in 208Pb79+ is determined and compared with different calculations. The measure-
ment was made by calibrating the Pb line using the Lyman-� lines of the H-like S and the 1s4p 1P1–1s2 1S0
transition in the He-like P.
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I. INTRODUCTION

With the developing of modern ion source and accelerator
technologies, more and more kinds of ions can be produced,
including few-electron ions for the heaviest elements. Inter-
est in the precise atomic structure of few-electron ions in
heavy elements increased considerably in the last decade.
Precise determination of the accurate structure of highly
charged ions is very helpful for a detailed understanding of
quantum-electrodynamics �QED� in strong fields.

As mentioned in many papers �1–6�, measurements of the
Li-like systems can provide data to be more sensitive to
higher-order QED terms than those of H-like systems,
though the calculation of QED terms for the Li-like ions is
more complex than that for the H-like ions due to the pres-
ence of two additional electrons. The treatment of QED in
the many-particle environment is still a field in development.

In this paper, the x-ray transition in the Li-like Pb79+,
1s22p3/2–1s22s1/2, was investigated by using the flat crystal
spectrometer at the Tokyo electron beam ion trap �EBIT� �7�.

II. EXPERIMENT

The experimental setup used in the present study is shown
in Fig. 1. The Tokyo EBIT was used to produce and trap the
Li-like Pb79+. The electron energy was 90 keV and the cur-
rent was 200–230 mA. Pb was injected into the EBIT using
an effusion cell �8�. The x-ray transition in the Li-like Pb79+,
1s22p3/2–1s22s1/2, was observed with a flat crystal x-ray
spectrometer that consisted of a Si�111� crystal and a back-
illuminated CCD. Although a position sensitive proportional
counter �9� used to be a detector, in this study a back illumi-
nated charge-coupled device �CCD� was used because it
could be used in vacuum without any window, so that it had
high quantum efficiency for the objective x-ray energy range
��2.5 keV�.

The charge state distribution was investigated through
x-ray observation with a Ge detector. Figure 2 shows the
radiative recombination �RR� x-ray spectra obtained with
different experimental conditions. The main difference was

the trap potential �the potential-well depth at the ion trap�.
Trap potential was 40 V to obtain the upper spectrum, and
100 V for the lower one. It can be seen from Fig. 2 that the
recombination peak into the n=2 shell is split into two com-
ponents: One into j=3 /2 levels and the other into j=1 /2
levels. The relative ratio of the j=1 /2 to j=3 /2 feature pre-
sents a measure of the charge balance �2�. All charge states
higher than Ne-like have a vacancy in the 2p3/2 subshell and
thus can contribute to the j=3 /2 recombination peak. How-
ever, only charge states higher than C-like with a 2s1/2 or
2p1/2 vacancy, thus are able to contribute to the j=1 /2 re-
combination peak. Therefore, higher peak for j=1 /2 means
more higher charged ions produced in the trap. From the
intensity ratio between RR x rays into n=2 �j=1 /2� and n
=2 �j=3 /2�, it can be seen that the charge state distribution
for the upper condition is higher than that for the lower con-
dition. It is confirmed that the charge state distribution could
be changed by carefully adjusting the trap potential.

For the wavelength calibration, the Lyman-� transitions
in the H-like S and the 4p–1s transition in the He-like P
were also observed. Sulfur was injected through a gas injec-
tor as SF6 while phosphorus was injected from the gas injec-
tion port using the vapor of diethyl phosphite �liquid�.

In order to check for electronic drifts as well as the sta-
bility of the source, six spectra of the H-like S were recorded
in an alternating fashion with six Pb spectra. At last,
10 hours measurement for calibration lines was carried out
with injection of S and P simultaneously.

III. RESULTS

Figure 3 shows the x-ray spectra obtained by the flat crys-
tal spectrometer. The upper figure is obtained under “higher”
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FIG. 1. Experimental setup for x-ray spectroscopy of the Li-like
Pb with the Tokyo EBIT.
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charge state distribution �upper part in Fig. 2�. The middle
one corresponds to the “lower” charge state distribution
�lower part in Fig. 2�. As seen in the figure, it is found that
the line at around 2642 eV can be observed only under the
“higher” charge state distribution condition. Thus, that line is
considered to be the line from the Li-like Pb ions whereas
the line at around 2660 eV is considered to be a line from
lower charged ions. Based on the discussion in Sec. IV, the
lower charge state can be determined to be the N-like. The
spectrum of calibration lines for 10 hours measurement is
shown in the lower part of Fig. 3. In Fig. 3, the horizontal
axis has been calibrated using the Lyman-� lines of the
H-like S and the 4p–1s transition of the He-like P. The
wavelength scale and dispersion of the spectrometer was de-
termined by a quadratic fitting of reference lines.

The method shown in Ref. �10� is used in current experi-
mental data analysis. It is different from the method in Ref.
�11�, in which the dispersion was determined from the Bragg
angle, the crystal-detector distance and the detector angle.
Here, wavelength intervals are used to determine experimen-
tally the dispersion of the instrument. The wavelength corre-
sponding to channel x at the detector is expressed as

� = �0 + a�x − x0� + b�x − x0�2 + ¯ , �1�

where �0 is the value of wavelength at channel x0. According
to Ref. �10�, no more than a few ppm uncertainty is intro-
duced into the determination of wavelengths by the retention
of only the linear and quadratic terms. Thus, it can be negli-
gible in current measurement. The dispersion of the spec-
trometer is determined using the two known intervals be-
tween the three reference lines by a quadratic fitting. In the
following discussion, it is found that the error arising from

the determination of dispersion function cannot be ignored in
the error budget.

As a result, the wavelength of the 1s22p3/2–1s22s1/2
transition in 208Pb79+ has been determined to be
2642.26�0.10 eV and −24.99�0.10 eV obtained for QED
contribution. In order to obtain QED contribution, the total
non-QED energy 2667.25 eV is subtracted, which includes
electronic-structure contribution 2667.31 eV �12�, the rela-
tivistic recoil correction −0.064 eV �13,14�, and the nuclear
polarization correction 0.005 eV �15,16�.

IV. EXPERIMENTAL UNCERTAINTIES

Satellites, coming from mixing charge state populations,
could have significant effect on the results. Although the run-
ning parameters of EBIT were optimized to produce the in-
terested Li-like ions, lower charged ions existed inevitably.
As discussed in Ref. �2�, in EBIT, the electron-impact exci-
tation takes place in the low-collisional limit, and at the same
time dielectronic recombination involving only L-shell elec-
trons is energetically forbidden. Therefore, the 2p3/2–2s1/2
emission can be understood rather simply, all excitations pro-
ceed from the ground state and are followed by radiative
decay until they are again back in the ground state. In the
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FIG. 2. Radiative recombination x-ray spectra obtained by a Ge
detector. Spectra obtained with two different experimental condi-
tions are shown. From the intensity ratio between RR x rays into
n=2 �j=3 /2� and n=2 �j=1 /2�, it can be confirmed that the charge
state distribution for the upper condition is higher than that for the
lower condition

FIG. 3. High resolution x-ray spectra obtained by a flat crystal
spectrometer. �Upper� Spectrum of Pb ions obtained under the
higher charge state distribution condition. �Middle� Spectrum of Pb
ions obtained under the lower charge state distribution condition.
�Lower� Spectrum of S and P ions used for the wavelength
calibration.
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following, adjacent transitions from �n=0 excitation of a
2s1/2 electron from nearby highly charged states, from the
Li-like to the O-like Pb ions, are calculated and shown in
Table I. The GRASPVU package �17–19� based on the multi-
configuration Dirac-Fock �MCDF� method, is employed to
calculate the atomic properties. The valence correlation and
core-valence correlation �20� from 1s and 2s subshell elec-
trons are included, and the active space �21,22� is increased
systematically to investigate the convergence of the atomic
properties. Finally, we allow electrons to be excited up to 4l
subshells to generate the configuration state functions �CSF�.
As for the vacuum polarization �VP�, the results from the
Fullerton and Rinker work are used �23�. To estimate the
contribution of the self-energy �SE�, scaling results from
one-electron SE shifts are employed �19�.

It can be seen that there are two lines close to the
1s22p3/2–1s22s1/2 transition in the Li-like Pb79+, one from
the N-like ions �N-1 in Table I� and the other from the Be-
like ions �Be-2 in Table I�. The Be-2 line is produced by
excitation of the second possible ground state
�1s22s1/22p3/2�J=0 in the Be-like ions. In the absence of a
nuclear moment, as in 208Pb, this second possible ground
state can only decay via magnetic-dipole, eletric-dipole two-
photon decay. Thus, there is a fraction of the Be-like ions
occupying this level. According to the calculation in Ref. �2�,
the intensity of the Be-2 line should be a few percent of the
strongest line. If this line appears on the spectrum, it should
be rather weak. Therefore, the line at around 2660 eV in Fig.
3 is considered to be the N-1 line from the N-like ions. From
Table I, there is no evidence of blending with other lines for
the 1s22p3/2–1s22s1/2 transition in the Li-like Pb measure-
ment. However, up to now, transitions with spectator at n
=3 are not considered. Also in Ref. �2�, based on model
calculation, the transitions with spectators in the n=3 shell
are prominent only in the case of the Ne-like ions. Although
excitation of a 2s1/2 electron to the n=3 shell can also result
in a 2p3/2–2s1/2 transition in the case of the N-like, the
O-like, and the F-like ions, such transitions are never stron-
ger than 3% of the strongest line. For the Ne-like ions, the
energies of the transitions are much different from that of the

Li-like ions. If transitions with spectators in the n=3 shell for
the N-like, the O-like, and the F-like ions are included, any
satellites with spectator in the n=3 shell will be less than a
few percent of the intensity of the Li-like line, because from
Fig. 3 it can be seen that the intensity of the N-like line is
smaller than that of the Li-like line. Thus, any unresolved
satellite, even located at a half-width from the centroid of the
Li-like line, will cause a shift of no more than 0.01 eV.

During the measurement, in order to check for electronic
drifts as well as the stability of the source and the spectrom-
eter, the spectra of the H-like S were recorded in an alternat-
ing fashion with the Pb spectra. The sums of six Pb spectra
and the sums of four S spectra are used in the comparison of
peak positions. Single Gaussian fitting or single Lorentzian
fitting is used in the fitting of the H-like S lines and the Pb
line. It is determined that the peak position could be reliably
found to about �0.22 channels, corresponding to about
�0.022 eV in the present experimental setup. It can also be
seen from the above description that the effect of changes in
the source position or spectrometer is already included in the
�0.022 eV uncertainty, since sums of four or six spectra
from different measurements are used to determine the peak
positions.

Because the He-like P line was not observed with the
H-like S lines in each individual spectrum simultaneously,
the uncertainty of the location of the He-like P line must be
considered. Using the similar analysis as for Pb, similar un-
certainty ��0.22 channels� is obtained for the determination
of the He-like P peak position. The uncertainty of the loca-
tions of the S and P lines will introduce additional error in
the determination of dispersion function. As in Ref. �10�, the
same quantities are used,

qi = xbi − xai, �2�

ri = xai
2 − xbi

2 − 2x0�xai − xbi� = �xai + xbi�qi − 2x0qi, �3�

where the positions of the two lines which are separated by
��i are xai and xbi, x0 is the position of the calibration line. It
follows that ��1=q1a+r1b and ��2=q2a+r2b, where a and

TABLE I. Calculated wavelength and energies of the 2p3/2–2s1/2 transitions in Pb74+ through Pb79+.

Key Ion Transition Etheory �Å� Etheory �eV�

Li Pb79+ �2p3/2�J=3/2– �2s1/2�J=1/2 4.6926 2642.12

Be Pb78+ �2s1/22p3/2�J=1– �2s2�J=0 4.6132 2687.60

Be-1 Pb78+ �2s1/22p3/2�J=1– �2s1/22p1/2�J=0 4.5992 2695.76

Be-2 Pb78+ �2s1/22p3/2�J=1– �2s1/22p1/2�J=1 4.6632 2658.71

B-1 Pb77+ �2s1/22p1/22p3/2�J=3/2– �2s22p1/2�J=1/2 4.5731 2711.16

B-2 Pb77+ �2s1/22p1/22p3/2�J=1/2– �2s22p1/2�J=1/2 4.5757 2709.62

B-3 Pb77+ �2s1/22p1/22p3/2�J=3/2– �2s22p1/2�J=1/2 4.7983 2583.94

C Pb76+ �2s1/22p1/2
2 2p3/2�J=1– �2s22p2�J=0 4.5203 2742.83

N-1 Pb75+ �2s1/22p1/2
2 2p3/2

2 �J=5/2– �2s22p22p3/2�J=3/2 4.6601 2660.55

N-2 Pb75+ �2s1/22p1/2
2 2p3/2

2 �J=1/2– �2s22p22p3/2�J=3/2 4.4538 2783.78

N-3 Pb75+ �2s1/22p1/2
2 2p3/2

2 �J=3/2– �2s22p22p3/2�J=3/2 4.4520 2784.91

O-1 Pb74+ �2s1/22p1/2
2 2p3/2

2 �J=2– �2s22p22p3/2
2 �J=2 4.5253 2739.80

O-3 Pb74+ �2s1/22p1/2
2 2p3/2

2 �J=1– �2s22p22p3/2
2 �J=2 4.3692 2837.69
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b are, respectively, the coefficients of the linear and quadratic
terms in Eq. �1�. Using the Lyman-�1 and the He-like P line
as calibration line, respectively, �0.17 eV and �0.08 eV are
found in the determination of the wavelength for the Pb line
due to the uncertainty of the locations of the S and P lines
according to the dispersion relation. That is, the measured
line should be closer to the calibration line in order to get
higher accuracy. Therefore, in the analysis of current work,
the He-like line is used as calibration line. The uncertainty
��0.08 eV� introduced by the determination of dispersion
relation must be included and it is the dominant contribution
to the total uncertainty. The much larger uncertainty of the
He-like P line’s wavelength ��0.044 eV, which is deter-
mined in the following paragraph� than that of S Lyman-�
lines would give larger contribution in the total uncertainty
in the determination of the wavelength using Eq. �1�. �From
Table III, it can be seen that it is the second important con-
tribution to the total uncertainty.�

In the discussion in the last paragraph, ��1 and ��2 are
determined by the Lyman-� transitions in the H-like S and
the 1s4p 1P1–1s2 1s0 transition in the He-like P. The ener-
gies of the Lyman-�1 and Lyman-�2 lines in S15+ are well
known as 2622.70 and 2619.70 eV �24�. The value for the
4 1P1–1 1S0 transition in P13+ are recommended as
21 376 454�350 cm−1 �2650.34�0.043 eV� in Ref. �23�. In
Ref. �25� only transition energies were given, no transition
strength was shown. In order to include the influence from
the neighboring transitions, we perform a calculation on the
energies and rates for the transitions among 1snl �n�6�
states in P13+ employing a combined relativistic configura-
tion interaction and many-body perturbation theory method
which has been implemented within the flexible atomic code
�FAC� �26�. The detailed theoretical method was given in
Ref. �27�. The key feature of the method is to divide the
Hilbert space of the full Hamiltonian into a model space, M,
and the orthogonal space, N. The Hamiltonian is taken to be
the no-pair Dirac-Coulomb-Breit �DCB� Hamiltonian �28�. A
non-Hermitian effective Hamiltonian is then constructed in
the model space with perturbation expansion. The eigenval-
ues of this effective Hamiltonian give the level energies of
the full Hamiltonian. With this method, the configuration in-
teraction effects within the model space are exactly ac-
counted for, while interaction between M and N are taken
into account with the perturbation method. In the present
work, the model space M contains all configurations of 1snl
�n�6� and the ground state 1s2. The N space contains all
configurations that are single and double excitations of the M
space, which are ones that enter the perturbation series up to
the second order. The transition energy and rate of the
4 1P1–1 1S0 line, as well as the other nearby lines, are listed
in Table II. Considering the 4 1P1–1 1S0 line may be blended
with other lines, the final result 2650.34�0.044 eV is ob-
tained for the 4 1P1–1 1S0 transition of the He-like P. The
�0.044 eV uncertainty in the energy of the P reference line
adds a systematic uncertainty to our measurement. By con-
trast, the uncertainties in the H-like S15+ line energies are
small in comparison and can be neglected.

In order to get the calibration spectrum, S and P were
injected into EBIT simultaneously. The effect of satellites
from different charge states of S and P should be con-

sidered in the determination of the peak positions of the
H-like S lines. It is found that two lines from the
�1s2p4d�1/2– �1s22s�1/2, �1s2p4d�3/2– �1s22s�1/2 transitions
and some lines from 1s2s5d–1s22p transitions in the Li-like
P ions will overlap with the Lyman-� lines. The calculated
transition energies for two lines from 1s2p4d are 2620.12 eV
and 2620.29 eV, respectively. The excitation cross section to
such dielectronic states from the ground state of the Li-like
ions is three orders smaller than that to the 1s4p 1P1 state
from the ground state in the He-like ions. Decay probability
of such dielectronic state through autoionization is about one
order in magnitude to that through radiative decay. If we
assume the same amount of the He-like P ions and the Li-
like P ions in the trap �usually more He-like ions than Li-like
ions under rather high electron energy�, these two dielec-
tronic satellites will cause a shift of no more than 0.0001 eV
in the wavelengths of the Lyman-� lines, and it corresponds
to 0.001ch on the detector. The shift caused by
1s2s5d–1s22p transitions is even smaller. Thus, compared
with the uncertainty 0.022 channels, the effect of S and P
injected simultaneously is negligible. And also from our cal-
culation, the small peak appeares on the calibration spectrum
at around 2643 eV is from the 1s2s5p–1s22s transitions in
the Li-like ions.

For crystal x-ray spectroscopy, in order to obtain absolute
wavelength determination to better than 100 ppm, a variety
of effects in addition to refractive index corrections must be
considered carefully �29�. Refractive index corrections occur
at the level of 100–300 ppm and hence contribute to the
major part of corrections. For flat crystals, usually thick flat
crystals, the corresponding peak shift due to peak profile
asymmetry must be included in high accuracy measurement.
This may amount to more than one-half of the refractive
index correction and will make a shift reducing the refractive
index correction by up to 50% or more. These two effects are
most important for absolute measurement using flat crystal
x-ray spectroscopy. For curved crystals, curved crystal ge-

TABLE II. Transition energies �eV� and rates A �s−1� for
1s4p 1P1–1s2 1S0 line and the nearby the 1s4l–1s2 1S0 lines. The
superscripts of A indicate the kinds of multipole transitions, for
example, AE1 represents the electric dipole transition rate in the
He-like P.

Upper state Energy AE1 AM2 AE3

1s4p 41p1 2650.33 5.70�1012

1s4p 43p1 2648.95 4.18�1010

1s4p 43p2 2649.10 1.15�107

1s4f 43F3 2650.18 4.55�105

1s4f 43F2 2650.18 3.27�10−1

1s4f 41F3 2650.22 6.09�105

Upper state Energy AM1 AE2 AM3

1s4d 43D1 2650.06 2.00�103

1s4d 43D2 2650.06 6.70�108

1s4d 43D3 2650.12 1.25�104

1s4d 41D2 2650.18 4.17�109
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ometries are generally less affected by the peak profile asym-
metry because the effective thickness leading to coherent dif-
fraction is typically much less than the crystal thickness.
Therefore, the magnitude of this correction is often reduced.
Other qualitative effects introduced by curvature will also
tend to dominate over those corrections common to the flat
crystal case �for details, see Ref. �29��. However, in the cur-
rent work, the wavelength is determined by calibration
against other wavelengths, rather than using the Bragg rela-
tion, and so the absolute values of the systematic shifts aris-
ing from the dynamical theory are unimportant. According to
the discussion in Ref. �10�, it is important to consider the
difference in refractive index correction across the energy
range being studied. The appropriate rocking curve profiles
for the Si�111� crystal are generated for two x-ray energies
2620 eV and 2650 eV. The angular shift of the highest
points between the two sets of rocking curves is 2
�10−6 rad for the �-polarization and 3�10−6 rad for the
	-polarization. The corresponding transition energy shifts
are 0.005 eV and 0.01 eV, respectively. These uncertainties
are shown in Table III.

The last part of total uncertainty for the 1s22p3/2–1s22s1/2
transition energy in 208Pb79+ is coming from the isotope
shifts and hyperfine splitting of the ground state of the Li-
like lead ions. We used natural lead for our experiment and
therefore the injection element was a mixture of the four
isotopes 204Pb �1.48%�, 206Pb �23.6%�, 207Pb �22.6%�, and
208Pb �52.3%�, where the percentages in the parentheses are
the natural abundance. Considering the isotope shifts, the
1s22p3/2–1s22s1/2 transition line for Pb79+ will separate into
four lines with slightly different energies. By performing
MCDF calculations using GRASP2K �30�, allowing for single,
double and triple excitations the isotope shifts relative to
208Pb are predicted to be 0.1034 eV, 0.0516 eV, and
0.0258 eV for 204Pb, 206Pb, and 207Pb, respectively.

A further complication of the system is due to the nuclear
spin, I=1 /2, of 207Pb which splits the line into three different
hyperfine components. Using the standard formula for hyper-
fine splitting due to nuclear magnetic dipole interaction,

�E = A/2�F�F + 1� − J�J + 1� − I�I + 1�� ,

where A is the hyperfine constant. The hyperfine splitting of
the ground state 2s1/2 was calculated and was predicted to

0.1887�9� eV �31�. From the formula above, the shift of the
2s1/2 F=0 hyperfine level is shifted by �E2sF=0=−3A2s /4
and the F=1 level is shifted by �E2sF=1=A2s /4 and A2s
=0.1887�9� eV. To predict the hyperfine splitting of the 2p
state, MCDF calculations using GRASP2K is performed and
the hyperfine constant A2p is found to be 0.0056 eV. Using
this value and the isotope shift of 207Pb, the energy shifts of
the hyperfine lines relative to 208Pb could be predicted to
−0.0144 eV for the F=2–F=1 transition, −0.0256 eV for
the 1–1 transition, and 0.1373 eV for the 1–0 transition.

Including the isotope shifts and hyperfine splitting, finally
we have six lines spread out in a range of 0.1517 eV. By
using the abundance of the different isotopes and relative
intensities of the hyperfine lines, we could predict how in-
tense the different lines should be. Out of the whole intensity
of the spectrum of these lines, 52.3% should be from 208Pb,
23.6% from 206Pb �shifted 0.0516 eV�, 1.5% from 204Pb
�shifted 0.1034 eV�, and 22.6% should come from the three
components of 207Pb. If we assume that the relative popula-
tion of the two upper hyperfine levels of 207Pb are equal to
the degeneracy of the states and use the relative intensities of
different hyperfine transitions from an upper level to a set of
lower which is given by 6J symbols, we find that the inten-
sities ratio of these lines should be I�1–0� : I�1–1� : I�2–1�
=1:3 :6.67. Including the abundance of 207Pb, the relative
intensity of the 2–1 line should be 14.1% �shifted
−0.0144 eV�, the 1–1 line 6.4% �shifted −0.0256 eV�, and
the 1–0 line 2.1% �shifted 0.1373 eV�.

Figure 4 shows the energy shifts of the 1s22p3/2–1s22s1/2
transitions in the Li-like nature lead ions. The separations are
smaller than the energy resolution of the flat crystal spec-
trometer ��0.5 eV� in the Pb measurement. Therefore, the
separations could not be resolved in our measurement, only
one peak was observed. From the fitting of the Li-like P line,
the Lorentzian line profile is found and the full width at
half-maximum �FWHM� is 0.5 eV. Then we spread these
lines by the Lorentzian formula with 0.5 eV FWHM, and
then fit the sum of six spectra by also the Lorentzian, it is
found that the final peak is 0.018 eV shift to the higher en-
ergy side of the 208Pb peak. Therefore, we introduce addi-
tional energy uncertainty 0.018 eV for the determination of

TABLE III. The error budget for the 1s22p3/2–1s22s1/2 transi-
tion energy in 208Pb79+.

Source of error Error �eV�

Uncertainty in peak position for calibration line 0.022

Uncertainty in Pb line peak 0.022

Calibration wavelength 0.044

Dispersion relation due to
locating calibration peaks

0.08

Isotope shifts and hyperfine splitting 0.018

Blending with other lines �0.01

Difference in refractive index correction 0.01

Total uncertainty 0.10
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FIG. 4. Energy shifts of the 1s22p3/2–1s22s1/2 transitions in the
Li-like nature lead ions according to the hyperfine splitting and
isotope shifts.

MEASUREMENT OF THE QED ENERGY SHIFT IN THE… PHYSICAL REVIEW A 78, 032504 �2008�

032504-5



the energy of the 1s22p3/2–1s22s1/2 transition in 208Pb79+.
The error budget for this experiment is given in Table III.

Besides the uncertainties of the peak positions of the calibra-
tion lines ��0.022 eV�, the uncertainty of the position of the
Pb line ��0.022 eV�, the systematic uncertainty associated
with the uncertainty in the wavelength of the 4p–1s transi-
tion in He-like P calibration line ��0.044 eV�, the uncer-
tainty ��0.08 eV� introduced by the determination of disper-
sion relation from the calibration lines must be included and
it is the dominant contribution to the total uncertainty. Table
III also shows the peak shift due to peak blending resulting
from the isotope shifts and hyperfine splitting in the Li-like
Pb ions and the transition energy shift due to the difference
in refractive index correction in the interested energy range.
Blending with other lines for the measurement of the
1s22p3/2–1s22s1/2 transition in 208Pb79+ is estimated to be no
more than 0.01 eV.

V. COMPARISON WITH THEORY

In Fig. 5, the measured QED value is compared with
available calculations: Ab initio calculations of the screened
QED terms performed by Chen et al. �32� and Blundell �33�.
Also shown are the QED values calculated by Kim et al.
�34�, by Indelicato and Desclaux �35� using screened hydro-
genic values. Figure 5 also shows experimental results for
the measurement of the 1s22p3/2–1s22s1/2 transition in other
Li-like heavy ions �3�, and the new calculation results by
Yerokhin et al. �36,37�. It can be seen that, from the trend of
available high Z experimental results, our measurement will
agree with the calculated QED contributions by Yerokhin et
al. at Z=82, although there has been no calculation carried
out that includes higher-order QED effects. One interesting

thing is that the experimental result for Pb also agrees with
the calculation results by Blundell well.

VI. CONCLUSION

The 1s22p3/2–1s22s1/2 x-ray transition in the Li-like Pb79+

has been observed with a flat crystal x-ray spectrometer that
consists of a Si�111� crystal and a back-illuminated CCD at
the Tokyo EBIT. Pb was injected into the EBIT using an
effusion cell. The measurement was made by calibrating the
Pb lines using the Lyman-� lines of the H-like S and the
4p–1s transition in the He-like P. Sulfur was injected
through a gas injector as SF6 while phosphorus was injected
from the gas injection port using the vapor of diethyl phos-
phite �liquid�. The energy of the 1s22p3/2–1s22s1/2 transition
in 208Pb79+ has been determined to be 2642.26�0.10 eV. It
can be seen from the error budget that the rather large uncer-
tainty in the line’s peak position ��0.22 channels� introduces
large error in the dispersion relation determination, and is the
dominant contribution in the determination of energy of the
1s22p3/2–1s22s1/2 transition in the Li-like Pb79+. It means
that the experimental system �including the spectrometer and
the EBIT source� should be stable enough to get results with
much higher accuracy.

The contribution of QED �−24.99�0.10 eV� is extracted.
The measured QED value is compared with available calcu-
lations: Ab initio calculations of the screened QED terms
performed by Chen et al. and Blundell; calculations by Kim
et al., by Indelicato and Desclaux using screened hydrogenic
values; the calculations by Yerokhin et al. In conjunction
with other experimental results of Bi80+, Th87+, and U89+, the
measurements clearly distinguish between calculations.

As seen in the experimental uncertainty part, contribution
due to isotope shifts and hyperfine splitting will make the
analysis much more complicated. Therefore, the isotope-pure
element will be a better candidate for such measurement, and
the element with even mass number and even nuclear num-
ber will be preferred.
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FIG. 5. Comparison of the measured and calculated QED con-
tribution to the 1s22p3/2–1s22s1/2 transition in highly charged Li-
like ions. Solid circle, present measurement subtracting non-QED
parts in text; solid triangle, present measurement subtracting non-
QED parts by Chen et al. as in other measurements; open triangle,
experimental data from Ref. �3�. Lines, crosses, and stars are theo-
retical values, from �32–37�.
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