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Soft-x-ray spectroscopy of hn =0, n =3 transitions in highly stripped lead
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We report on n = 3 to n =3 soft-x-ray transitions from the highest nuclear charge (Z =82} Na-like
ious yet obtained. The results are tied to accurate calculations including screened QED contributions
and confirm theoretical trends observed by Kim et al. [Phys. Rev. A 44, 148 {1991)].Weak Ne-like and
Mg-like lines are observed in an accelerator-based experiment in the energy range near 800 eV and com-
pared to multiconfiguration I3irac-Fock calculations.

PACS number(s}: 3Z.30.R~, 12.2O.Fv, 31.20.Di, 31.3O.Jv

I. INTRODUCTION

The evolution of precision spectroscopy of few-electron
high-Z ions in recent years has followed the availability
of these ions from facilities the world over. With the pro-
duction of H- and He-like beams of elements from xenon
to uranium at the Bevalac, GANIL and GSI, attention is
shifting to studies of increasingly complex systems. Re-
cently, there has been considerable interest in the spec-
troscopy of Ne- and Na-like ions of the highest available
atomic number. Theoretical calculations [1—4], semi-
empirical corrections [5,6] and experiments [7—14] re-
ported results on ions between Z =42 (Mo) and Z =83
(Bi).

In the following we report the first observation of the
3p 3/2 3~

$ /p and 3d 3/2 3p ] /2
a very highly charged ion, Pb '+ from an accelerator
source, the Unilac accelerator at the GSI facility in
Darmstadt. Among these transiti. ons, the Na-like
3p3/2~3$//2 transition is of special interest because it is
strongly aifected by quantum electrodynamical (QED)
efFects. Theoretical efForts based on the multicon-
figuration Dirac-Fock (MCDF) [4] or the relativistic
many-body perturbation theory (RMBPT) [1] methods
have obtained relativistic transition energies including
high-order electron-correlation efFects and the Breit in-
teraction with precision better than 0.1 eV. The remain-
ing problem to be solved involves accurate predictions of
the QED corrections. Recently, Cheng, Johnson, and
Sapirstein [15] and Blundell [16] worked out "screened"
QED corrections in an ab initio manner for the single-
valence electron Na-like system, while comparable results
were obtained from predictions estimated by smoothing
out the differences between theoretical calculations and
selected experiments [4]. Measurements of the
3p3/2~3~, /p transition energy thus provide tests of the
accuracy of the difFerent approaches developed to predict
the QED contribution.

The An =0, n =3 transitions fall into the soft-x-ray re-
gion near 800 eV. This required the construction of a
spectrometer that not only is sensitive to such low-energy
photons, but one that minimizes the production of and
sensitivity to low-energy background Auorescence x rays.
This background Auorescence radiation is produced by

the hard x rays emitted by the Unilac's multi-MeV ions
and by the Bremstrahlung from those 6 electrons which
stop in the target chamber. As the intensity of the
fluorescence x rays is easily capable of overwhelming the
line radiation of interest, a major efFort was required to
minimize this source of background. The present experi-
ment achieved a signal-to-noise ratio of 1:3. This was
sufhcient to identify the sodiumlike lines and to perform
an accurate determination of their energy separation.
With the help of theoretical oscillator strengths we have
constructed synthetic spectra that were used to tentative-
ly identify several n =3~n =3 (3-3) transitions from
ions in the neighboring neonlike and magnesiumlike
charge states. Measurements of transitions in these ions
challenge theory to provide accurate predictions for
open-shell ions and thus complement measurements of
transitions in the sodiumlike ion, which has only a single
valence electron outside a closed shell.

II. EXPERIMENT

Our experimental apparatus was mounted on the X2
beam line of the Unilac accelerator in GSI, Darmstadt in
a setup described elsewhere [8]. Fourteen MeV/amu Pb
ions were produced by the Unilac and passed through a
thick (-600 pg/cm ) C stripper foil. Lead beams of
charge states 66+, 72+, and 73+ were then charge ana-
lyzed through a magnetic spectrometer and impinged
onto 200-pg/cm C targets. Figure 1 shows the measured
charge-state distribution delivered by the Unilac, corn-
pared with semiempirical predictions based on a modified
expression of the Nikolaev and Dimitriev formula [17].
Beam profilers mounted in the beam line before and after
our spectrometer are checked before, after, and during a
run to ensure stability of the beam alignment. A Faraday
cup, mounted at the end of the beam line serves as an ab-
solute reference of the beam current which was about 15
electrical nA for all the incident charge states. Three in-
cident charge states used allowed us to vary the experi-
mental conditions of production of the wanted species
and thus to reduce systematic errors. Electron capture to
excited states, innershell ionization, and excitation were
the main population mechanisms in order of decreasing
importance.
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FIG. 1. Measured and estimated (normalized) charge-state
distributions for 14-MeV/amu Pb after a 600-p.g/cm C foil.
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The experimenta1 apparatus used was the LLNL dual
Johann spectrometer modified to accept two movable ac-
tive (MCP) detectors. The instrument was redesigned to
use a 60-cm-radius curved rubidium acid phthalate crys-
tal (RbAP) in three diFerent Bragg geometries of in-
cidence angles of 35' to 45'. A schematic of the instru-
ment is shown in Fig. 2. Throughout the duration of an
exposure, the position of the exciter foil is imaged
through a set of two slits located in the instrument plane
on two proportional counters placed on both sides of the
spectrometer. By maximizing the counting rate on the
proportional counters, the foil position along the beam
direction is tracked with an accuracy on the order of
100—200 pm. A previously aligned thin tungsten wire of
high absorption coeKcient, centered in front of the
MCP's, casts a shadow onto the face of the detector.
This serves to locate the position of the instrument plane
(zero linear Doppler shift) on the MCP's. A miniature
x-ray tube can be remotely inserted in front of the crys-
tals, in the position of the exciter foil. Electron-beam
bombardment of powdered elements (Fe,Co) attached to
the anode using silver epoxy, provides a convenient
source of calibration x rays. The Fe and Co Ea and KP
lines in eighth and ninth refraction orders and I.a and
1.13 in first order were used in the calibration. Short ex-
posures (5—10 min) with this source are performed
periodically to track the stability of the overall system
calibration. The x-ray source is removed and the foil is

moved into position. The linear Doppler shift can in
principle be eliminated by averaging out the spectra ob-
tained on the two symmetric MCP's and only the
second-order corrections due to the beam velocity (y) are
applied. In our experiment, due to technical problems,
only one MCP was used, consequently the spectra ob-
tained had to be corrected for both the first- and second-
order Doppler shifts.

By far the largest experimental obstacle was due to the
tremendous soft-x-ray background in the spectrometer.
Both hard (multi-keV) and soft x rays are produced in the
interaction of the lead beam with the C target and also
from the bremstrahlung and characteristic line radiation
produced when 6 electrons are stopped in the target
chamber. This radiation in turn produces lower-energy
fluorescence x rays. While the detector could be shielded
from unwanted primary x rays, it was impossible to
shield it from the secondary Auorescent photons such as
those given off by the crystal holder. As a result, it was
necessary to cover every surface within the spectrometer,
except the crystal, with foils of successively lower-Z ma-
terial (e.g., Cu-Al-C). High-energy x rays penetrate the
low-Z foil on the outside and interact with the high-Z
material on the inside generating K- and I.-shell x rays of
successively lower energy in the backward direction,
which are then largely absorbed by the outer carbon lay-
er. Use of this graded-Z shielding technique reduced the
soft-x-ray background, as seen by the detector, by orders
of magnitude.

III. LINE IDENTIFICATION

A typical spectrum is shown in Fig. 3(a). The spec-
trum was obtained in a single run after approximately 80
min of exposure with the 73+ incident charge state. The
high background is caused by residual low-energy x rays
scattered into the detector. Three such spectra produced
by 72+ or 73+ incident charge states were recorded.
For comparison, a spectrum produced by the 66+ in-
cident charge state is shown in Fig. 3(b). We expect
features due to sodiumlike lead or those from neighbor-
ing charge states to be absent for such a low incident
charge state, which is indeed the case. Moreover, the
spectrum allows us to assess the uniformity of the detec-
tor response to the scattered background radiation.

In the spectra produced by the 72+ or 73+ incident
charge states we identify the two features marked 3 and 6
as the sodiumlike 3p3/2~3$]/2 and 3d3/2~3p&/2 transi-
tions, respectively. The identification is based on their
positions as well as their relative intensities. Using the
calibration lines from the built-in miniature x-ray tube we
can determine their energies to within about 0.5 eV, and
a good match with theoretical predictions is found. An
overview of the measured energies of the two lines from
the three different spectra we observed is given in Table I.
The ratio of the predicted oscillator strengths of the
3p3/2~3s, /2 and 383/2~3p]/2 transitions is 1.4:1; the
ratio of the observed intensities of features 3 and 6 is 2:1.
The difference may simply be due to the fact that oscilla-
tor strengths are poor indicators of the population mech-
anisms of the upper levels; overlap with transitions in
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levels and ionization of the outer-shell electrons. Thus,
F-like ions are most likely produced in the ground state.
In our subsequent discussion we presume that the F-like
transition contributes negligibly to the observation. In-
stead, we attribute the features 2, 4, and 5 to transitions
in Ne-like ions as discussed in the following.

In Fig. 3(c) we show a synthetic spectrum constructed
from the Ne-like and Na-like transitions and compare it
to the Gaussian fit of features 1 —6. Again, calculations
of the energy levels and oscillator strengths were per-
formed with the code of Grant et al. [18] in the AL
mode. In order to generate the synthetic spectrum shown
in Fig. 3(c) we decreased the line strengths of the Ne-like
and Na-like 3d3/p ~3p]/2 lines by 3 and 1.5, respectively,
relative to the strength of the corresponding
3p 3/2 ~3$

& /2 transitions. Doing so provides a synthetic
spectrum that matches the observed features well [cf.
Figs. 3(a) and 3(c)]. A listing of the Ne-like transitions
included in the construction of the synthetic spectrum is
given in Table II. All quantities (transition energy, radia-
tive branching ratio, and absorption oscillator strength)
were calculated with the McDF code of Grant et al. [18].
Only Ne-like 3-3 transitions that involve a 2p vacancy
were included in constructing the synthetic spectrum.
Those involving a 2s vacancy were not included. Three
of these could contribute, namely, the transitions

(2s1/2373/2)J=2 (2s1/23s1/2)J=1

(2S1/23d3/2 J 2 1/2371/2)1=0

( 2~ 1/2 d 3/2 )J= 1 ( 2~ 1/2 3P 1/2 )I= 1

with energies 803.5, 810.0, and 811.1 eV and oscillator
strengths 0.18, 0.24, and 0.13„respectively. However,
they must compete with 2p~2s transitions, and are un-
likely to take place.

Comparing the synthetic spectrum in Fig. 3(c) with the
data in Fig. 3(a) we identify features 2, 4, and 5 as Ne-like

lines, and predict contributions from Ne-like transitions
to the two Na-like features 3 and 6.

IV. QED CONTRIBUTION AND CDMPARISON
WITH THEORY

The external energy calibration of our spectra with the
miniature x-ray tube provides an accuracy of about 0.5
eV. The accuracy is limited by systematic errors result-
ing from the bidimensional image processing, beam
misalignment, and the beam energy. By relying on an
internal wavelength reference, we can eliminate the con-
tributions from systematic errors that are common to all
spectral features.

The Na like 3d 3 /2 + 3p $ /p line represents an ideal
internal reference line, as it features the lowest QED con-
tribution and its non-QED energy is well understood and
accurately calculated in the framework of the relativistic
many-body perturbation method (RMBPT) [1]. In par-
ticular, we used the R.MBPT code of Johnson, Blundell,
and Sapirstein [1] to calculate its energy of 823.17 eV,
which includes an ab initio QED correction of —0.81 eV
determined with the method described in Ref. [16]. The
value of any uncalculated contributions is estimated to be
less than 0.05 eV, and we assign a 0.1 eV confidence limit
to the line's theoretical energy. Assigning this energy to
feature 6, we determine the energy of the other five
features in our spectra. The results are listed in Table
III. The uncertainty of each energy value is determined
by the quadratic sum of the statistical uncertainty in the
line position (including that of the reference peak). Any
error in the theoretical value of the reference line is not
included. A possible drawback of this calibration pro-
cedure is given by the possibility that feature 6 is not
solely due to the Na-like 3d3/2~3p, /2 transition but also
contains contributions from the two Ne-like 3d ~3p
transitions that we predicted to have energies (820.6 and
821.8 eV, respectively) close to that of the Na-like line.
This possibility increases the overall uncertainty by an
unknown amount; however, since the intensity of the
Ne-like 3d~3p lines appear to be weak, we expect the

TABLE II. Transitions in ¹likePb + contributing to the synthetic spectrum in Fig. 3(c). The ra-
diative branching ratio is denoted P„, the transition energy by E, and the absorption oscillator strength
by gf.

Transition

(eV)

(2p3/23p3/2) J 3~(2p3/23$1/2) J=2
(2p3/z3p3/z )J= 1~(2p3/23$1/2) J=2
(2p1/23p3/2) J=2~(2p1/z3s»z) J=1
(2p1/z3p3/2) J= 1~(2p1/z3s»2) J = 1

p 3/23p3/2 )J 2~(2p 3/23$1/2 )J
( 2p 3/z 3d 3/z )J=0~ ( 2p 3/z 3p1/z )J= 1

(2p 1/23p3/2 )J 1 ~(2p1/23$1/2 )J
(2p3/23p3/2) J =2~(2p3/23$1/2) J =2
(2p3/23d3/2) J=3~(2p3/23p1/2) J=2
(2p1/z 3d3/2 )J =2~(2p 1/z 3p1/z )J= 1

(2p 3/2 3d 3/2 )J 2~(2p 3/2 3p 1/2 )J
(2p3/z3d3/2) J =2~(2p3/z3p1/z )J= 1

1.00
0.15
0.70
0.33
0.36
1.00
0.67
0.37
1.00
1.00
0.50
0.50

795.3
796.1

796.7
798.8
800.6
801.0
802.3
810.5
810.5
818.2
820.6
821.8

1.13
0.07
0.81
0.18
0.41
0.14
0.34
0.42
0.81
0.58
0.30
0.29
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TABLE III. Comparison of measured and calculated transition energies. The experimental energies
are determined relative to the Na-like 3d3/2 +3p, /2 transition at 823.12 eV. The theoretical energies
are calculated with the code of Errant et al. , Ref. [18]. An asterisk denotes dominant transition in each
feature. The errors shown are statistical and do not account for blends.

Feature
Charge

state Transition
Experiment

(eV)
Theory

(eV)

Mg-like ( 3d 3 /2 3p 3 /2 )J=3~ ( 3d 3 /2 3s 1 /2 )J=2 791.90+0.29 791.3

Ne-like
Ne-like
Ne-like

(2p3/2 3p3/2)J 3~(2p3/2 3S1/2)J=2
(2p3/2 3p3/2)J=, ~(2p3/z 3s1/2)J=2
( 2p 1 /2 3p 3 /2 )J=2~ ( 2p 1/2 3s 1/2 )J= 1

794.85+0.22 795.3
796.1

796.7

*Na-like
Ne-like
Ne-like
Ne-like

3p 3/2 ~3s1/2
( 2p 1/2 3p 3/2 )J= 1 ( 2p 1/2 3s 1/2 )J= 1

( 2p 3/2 3p 3/2 )J=2 ( 2p 3/2 3$ 1/2 )J
( 2p 3/2 3d 3/2 )J=0 ( 2p 3/2 3p 1/2 )J = 1

798.65+0. 13 799.5
798.8
800.6
801.0

*Ne-like ( 2p 1 /2 3p 3/2 )J= 1~ ( 2p 1/2 3s 1 /2 )J=0 803.27+0.51 802.3

Ne-like
Ne-like

(2p 3/2 3p3/2 )J=2~(2p 3/2 3s1/2 )J=2
( 2p 3/2 3d 3/2 )J= 3 ~ ( 2p 3/2 3p 1/2 )J=2

810.48+0. 19 810.5
810.5

amount to be small, and this uncertainty is not added to
the overall uncertainty. Furthermore, we note that we
cannot rule out small energy shifts for each transition
deriving from n =4, 5. . . spectator electrons. Our data
are of insufficient quality to warrant detailed investiga-
tion of such possibilities.

A comparison with energies calculated with the code
of Grant et al. [18] shows agreement better than about 1

eV. This is in accord with the predictive accuracy of
MCDF calculations determined in comparison with mea-
surements of Ne-like, Na-like, Mg-like, and Al-like 3~2
transitions [19].

From our data we can extract an energy for the Na-
like 3@3/z 3s»2 transition. This line overlaps with Ne
like transitions to produce feature 3. Using the results of
our model spectrum [Fig. 3(c)] we subtract the estimated
contribution from the Ne-like lines. This shifts the cen-
troid of feature 3 by 0.11 eV. The shift, of course, may be
larger or smaller depending on the actual intensity and
position of the Ne-like lines. Similarly, if F-like lines
overlapped the Na-like line (cf. Sec. III), the centroid of
feature 3 may also be shifted, though in the opposite
direction. In the following we apply half of the 0.11 eV
shift to the energy measured for feature 3 and increase
the uncertainty in quadrature by 0.11 eV. The value of
the Na-like 3@3/$~3s»2 transition we thus infer from
our data relative to the theoretical energy of the

p & /2 transition is 798.65+0. 18 eV. We can
compare our value to several values calculated with
different theoretical techniques. We calculated the ener-

gy of the Na-like 3p3/2 3s//2 transition with the RMBPT
code of Johnson, Blundell, and Sapirstein [1] and found a
value of 798.76 eV. This value includes —6.46 eV due to
QED corrections calculated ab initio with the method de-
scribed by Blundell [16]. The RMBPT energy agrees well
with our measurement. It is also in excellent agreement

with the 798.81-eV transition energy predicted by Kim
et al. [4]. A semiempirical calculation by Seely et al. ,
[6], which makes use of Grant's QED contributions [20]
added to the RMBPT values [1], predicts —5.97 eV for
the QED value. Seely et al. [6] find a value of 799.13 eV
for the Na-like 3p 3/2 ~3s»2 transition, which is
significantly larger than measured. For completeness, we
note that Kim and Mohr's [21,22] hydrogenic QED value
is —8.73 eV, which is larger (as expected) than the
screened QED contributions discussed above.

V. CONCI. USION

We obtained spectra of 3-3 transitions in highly
charged lead using the beam-foil method. The two dom-
inant features are assigned to Na-like transitions, while
several weak features are assigned to Mg-like and Ne-like
transitions. The transitions fall into the ultrasoft-x-ray
region near 800 eV. This presents special experimental
difficulties which were discussed in detail. In particular,
a high background reduced the signal-to-noise ratio and
precluded definitive checks of the assumptions that en-
tered into the model used for line identification. Based
on our experience, experiments may be devised that pro-
vide precision data of a variety of transitions in highly
charged ions that fall into this energy region. Among
these, the Ne-hke 3~3 transitions are most noteworthy.
These have not been observed in plasma observations or
from x-ray sources such as the electron beam ion trap
[13], as the cross sections for electron-impact excitation
of n =3 levels are much smaller for Ne-like ions than, for
example, for Na-like ions. The beam-foil method thus
has an advantage, because n =3 may be predominantly
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populated by electron capture instead of electron-impact
excitation.
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