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Abstract 

The spectroscopy of very highly Ionized atoms provides an Important 
testing ground for multi-electron atomic theory. We report preliminary 
experimental results on the n=3-»2 spectra of B1 and Au 
obtained at the GSI UNILAC accelerator. 



The spectroscopy of very highly-charged Ions presents a number of 
Intriguing challenges for atomic physics from the viewpoint of both 
theory and experiment. In particular the precise solution of the 
multi-electron QED problem and the development of accurate multi-electron 
relativistlc wave functions are two of the outstanding challenges facing 
atomic theory. The extension of experimental tests of QEO to the regime 
of high Z, where one can test higher order terms and search for possible 
high field failures of the theory 1s also an exciting possibility with 
the development of new techniques for producing highly charged Ions. 

Host precision highly stripped 1on spectroscopy experiments have 
concentrated on the case of hydrogen-Uke (or hel1um-Hke) systems, with 
a view to testing QEO in a high Z system whose wavefunction is well 

1 2 1 4 
known. A number of recent experiments using fast beams ' * ' (beam 
-foil), recoil Ions and plasmas have measured the Lyman-a energy 
In hydrogenlc C l + 1 6 , A r + 1 7 , F e + 2 5 and K r + 3 5 . By subtracting 
off the Dirac energy 1n such experiments one can arrive at the Lamb shift 
of the Is state which can then be compared with theory. Although 
significant progress has been made recently, all the experiments 
determine the Is Lamb shift to an accuracy of 1-15X, while theoretical 
estimates of higher order contributions are about two orders of magnitude 

7 8 
lower. * Thus the experiments serve the purpose of ruling out radical 
breakdown of the theory but are not as yet at the accuracy level to probe 
finer features of the standard theory. 
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An important new development has been the recent measurement by Gould 
q 3 XOQ 

and Munger of the P Q lifetime in helium-like uranium (U ) at 
the LBL Bevelac using a 219 HeV/amu U beam. Since the leading QED terms 

4 
go as (aZ) one can put the theory to a stringent test at lower 
levels of experimental precision at very high Z. In addition one tests 
higher order terms in the theory which have much lower relative size at 
low Z. Future experimental facilities, in particular the SIS project at 
GSI, should yield higher rates and more accurate values for high Z 
hydrogen1c systems. 

We have taken a slightly different approach in our experimental 
program by concentrating on the spectroscopy of few electron systems, in 
particular Ions Isoelectronic to Ne I (10 electrons). Neon like systems 
are attractive because they feature a closed L-shell and thus have 
n=3->2 spectra which are relatively simple to measure and calculate. 
Closed shell Ions are also Important for plasma applications and 
diagnostics since they exist over a wide range of temperature and 
density. For example, the laser driven x-ray laser work at LLNL 
observed lasing in Se neon-like n=3-»3 transitions, and spectra of 

+37 12 
neon-like Ag have been measured at PLT, while neon-like line 
ratios have been used as a density diagnostic in laser produced 
plasmas. 

Our focus 1n neon-like spectroscopy experiments 1s not on a pure 
single electron QED test as 1n the H-like experiments, but rather on 
providing benchmark experiments in a two-fold attack of testing both the 
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QED theory of a many electron system and the energy calculations 
requiring a relativistic multi-electron wavefunction. The ten electron 
system is simple enough that one can hope to make real progress on the 
theory, yet has enough electrons (and complexity) to give theory and 
experiment a real test. Ultimately, one would hope that a refined theory 
would be able to predict energy levels 1n heavy neutral atoms to the same 

14 
level of precision as the currently existing x-ray spectroscopic data. 

Another attractive feature of L-shell spectroscopy 1s that we can 
examine very high Z systems (for example the region around Z=80 at GSI) 
at conventional heavy ion accelerators, while for K-shell systems at the 
same facilities we are only able to reach a Z of about 32. Thus, 
neon-like spectroscopy is a kind of "poor man's" Bevelac or SIS 
experiment. 

The experimental technique we use to produce the highly charged Ions 
is the brute force approach of stripping relativistic ions from an 
accelerator 1n a thin foil. The charge state one can achieve is then 
determined by the energy of the ions which can be produced, and can be 
predicted approximately using semi-empirical formulae. We have found 
that we can produce neon-like Ions at the LBL SuperHILAC (E = 8.5 
HeV/amu) for Z up to 57 (La), and by moving to the GSI UNILAC (14.9 
HeV/amu) we were able to reach Ne-I1ke Bi (Z=83). 

The main problem which faces spectroscopic experiments on fast ion 
beams 1s how to deal with the large Doppler shifts associated with beam 
velocities. B = v/c = 0.1 - 0.2, without sacrificing experimental 
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counting rate. At LLNL we have developed * a new x-ray spectrometer 
to specifically deal with this problem. The instrument (Fig. 1) features 
two Johann crystal spectrometers which are set up with their Rowland 
circles lying in exactly the same plane. This spectrometer plane 1s set 
up approximately ± 2mr perpendicular to the Incoming ion beam, with the 
final excitation foil positioned at Its center. The angular acceptance 
of the crystals is quite large and unrestricted by slits in the 
dispersion plane, so that the full height of the crystals (~5 mm) can 
be used. The observed spectra are two-dimensional and to capture them 
with highest resolution we use x-ray film (Kodak DEF 392) as the 
detecting medium. Because of the Ooppler shift, the x-rays emitted by 
the fast ions in the lab frame do not have a unique wavelength, but 
rather a wavelength correlated with the emission angle a with respect 
to the perpendicular to the beam direction, 

X = TX 0 (1 -pslna) 

This means that the ion lines on the film will be slanted with respect to 
stationary calibration lines as shown in Fig. 1. The film position with 
respect to the central instrument plane can be determined by observing 
shadows of prepositioned wires. Any deviation of the spectrometer from 
perpendicularity to the beam line can be taken out by averaging the 
wavelengths on both sides of the instrument — since the two Rowland 
circles are coplanar, a blue shifted line on one side will be cancelled 
by a red shifted line on the other in averaging. The average wavelength, 
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X = Y\O, can then be corrected to the true wavelength at rest by 
measuring the beam velocity accurately to determine y. The instrument 
actually comprises two Interchangeable dual spectrometers; a 30-cm 
Rowland circle spectrometer with Bragg angle coverage of 30°-65°, and a 
1-m device with e B ranging from 10" to 18'. 

+73 
An example of a typical fast 1on spectra, showing lines from Bi 

as well as stationary calibration lines 1s shown 1n Fig. 2. 

In our most recent experiment at GSI we have measured the n = 3-»2 
spectra of Ne-like B1 and Au ( B 1 + 7 3 and A u + 6 9 ) . A partial level 
diagram of the 10 electron bismuth system, showing the transitions we 
expected to observe 1s shown In Fig. 3. Note that in addition to the 
"allowed" El transitions, the E2. J=2-0 p-p transitions have large enough 
transition rate at this high Z to be observed 1n the viewing region after 
the foil. The dispersing crystal in this experiment was Ge 220 which 
gave a coverage of 10-15 keV with the lm (e = lC-lB") instrument, 
sufficient to observe all the n=3-2 lines. 

The experiment ran with beam currents of 5-10 pnA, and it took 
approximately five hours to get a reasonable exposure on the film. An 
example of a typical digitized output from the 2-d film spectrum 1s shown 

4-73 

in F1g. 4 with line Identifications showing the B1 transitions 
expected 1n F1g. 3. The spectra are dominated by radiation from the 
lower (Na- and Hg-Hke) states 1n the beam, but the neon-Uke lines are 
nonetheless clearly visible. 
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The absolute accuracy to which the strongest lines are determined is 
4 eV, or 400 ppm, limited principally by the determination of the 

central plane wire shadows. The relative accuracy of the positions of 
lines is much better, 1 eV or 100 ppm. 

+73 
The energy levels in the B1 can be calculated using one of 

several multi-electron codes. Chen and Scofield have evaluated this 
18 

system using the code of I. P. Grant, which explicitly calculates the 
various QED corrections to the energy levels. This code also contains a 
ptienomenological correction to handle the screening contributions of 
inner shell electrons to the QED self-energy terms. The results of 
running the code both with the phenomenologlcal screening correction and 
without screening, using simple hydrogenic QED terms, are shown in Table 
I. The theoretical calculations are compared with our preliminary 
experimental results 1n Table I. An intriguing preliminary result can be 
seen from the table: the hydrogenic corrections give generally better 
agreement with the preliminary experimental data than the results using 
phenomenologlcal screening. 

The QED corrections to the experimentally observed lines 1n this 
system are largest for levels where an electron is excited out of the 2s 
state. For example, even with screening, the 2s3p levels have radiative 
corrections of about -28 eV, arising from self-energy (Lamb shift) 
corrections of -36 eV and vacuum polarization terms of +8 eV. Since 
the experiment can determine these lines to a relative accuracy of 1 eV, 
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we can in principle determine the Lamb shift at Z=83 to 3%. However, wj 

are presently limited by theory, which can be seen from Table I to be 
currently able to get things to about 5 eV with some uncertainty about 
how the screening works. However a 5 eV Lamb shift measurement at Z=83 
is still a fairly strong test of the QED higher order terms -- at about 

+90 the same level as the U measurement. 

If there were real problems with QEO we might expect to see 
difficulties with the neutral atom K x-ray energies. These can be 

14 
measured quite precisely, but it's not easy to say how well the 

19 
theory can calculate s'uch things. Our results, and future 
experiments along these lines, can hopefully bridge the gap between 
spectroscopic measurements on hydrogen-like and neutral high Z systems. 

One interesting aspect of the data is that the p-p E2 transitions 
allow us to imply values for n=3-3 transitions which begin or end on 
these states. This analysis was used in our earlier Xe experiments and 

+73 also applies here, although the 2P 3/ 2
3P3/2 l 1 n e observed in Bi 

is anomalously weak when compared to the Xe experiment. 

Data for Au are presently being analyzed. 

In conclusion, by concentrating on the spectroscopy of very highly 
ionized neon-like systems, we have arrived at results which pose 
interesting problems for the theory of few electron systems, particularly 
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the treatment of screening, and which provides one of the strongest tests 
of high field (aZ > 0.5) QED. 
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Figure Captions 

1 Diagram of the LLNL dual Johann crystal spectrometer. 

2 Example of raw film data showing lines from neon-like B1 
(slanted) together with germanium calibration lines (straight). 

+73 
3 Level diagram for n«3 and n=2 states of B1 showing 

transitions we expect to see. The El transitions are J=l-*0, 
while the E2 transitions originate from p states with J=2. 

4 Experimental spectrum with B1 lines Identified. 
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Table I . Comparison of our preliminary data on B1 3->2 energies 

with theory. 

Upper State 
(liole/Elec)j 

Bismuth-*-™ 
Expt. Theory Theory Expt-Theor Expt-Theor 
(eV) (MCDF-S) (MCOF-H) (MCDF-S) (MCDF-H% 

( 2 p 3 / 2 3 s l / 2 

( 2 p 3 / 2 3 P 1 / 2 

< 2 p 3/2 3 p 3 / 2 

( 2 p 3 / 2 3 d 3 / 2 

( 2 p 3 / 2 3 d 5 / 2 

( 2 p 1 / 2 3 s 1 / 2 

( 2 p l / 2 3 d 3 / 2 

( 2 s l / 2 3 p l / 2 

( 2 s l / 2 3 p 3 / 2 

10508(4) 10507.4 10507.7 0.6(4.) 0.3(4.) 

10679(4) 1067B.9 10677.0 0.1(4.) 2.0(4.) 

11344(10) 11349.2 11347.2 -5.2(10.) -3.2(10.) 

11534(11) 11530.7 11528.2 3.3(11.) 5.8(11.) 

11719(4) 11725.9 11723.5 -6.9(4.) -4.5(4.) 

12872(5) 12872.1 12872.3 -0.1(5.) -0.3(5.) 

13925(6) 13928.4 13926.0 -3.4(6.) -1.0(6.) 

13625(6) 13633.1 13627.1 -8.1(6.) -2.1(6.) 

14296(7) 14300.2 14294.2 -4.2(7.) 1.8(7.) 

(MCDF-S) ~ Theory using screened self energy 
(MCDF-H) — Theory using hydrogenic self energy 
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