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Hydrogenlike and heliumlike n = 2 ~ n = 1 lines in Kr  have been produced and studied 
for the first time. Hydrogenlike Lyo~ lines have been observed and the fine structure 
interval has been determined. The absolute energy of  the 1P1, 3P2, 3p1 lines of  heliumlike 
Kr  have been measured and compared to Multiconfigurational Dirac-Fock Calculations. 

I. Introduction 

The absolute energy of  the Ly o~ lines of  some hydro- 
genlike or heliumlike heavy ions has been measured 
only very recently (Ar [1], Fe [2], C1 [3]). These mea- 
surements have been carried out in view of  studying 
QED effects on deep levels of  hydrogenlike ions and 
relativistic correlation effects or two-body QED ef- 
fects on heliumlike ions [4]. All these effects since 
they scale as Z 4 or Z 3 respectively increase very 
strongly with the atomic numbers. There is then a 
growing interest in the study of  heavier ions. The 
heaviest one-electron ion for which radiative correc- 
tions have been studied so far is Fe. In this paper 
we report  the first observation of  the Lyo~ lines of  
hydrogenlike and heliumlike Kr  ions prepared at the 
UNILAC  heavy ion accelerator of  GSI Darmstadt  
and studied using a previously described technique 
[2]. 

2. Experimental Method 

The principle of  the experiment was to measure the 
characteristic X-ray lines emitted in flight by foil ex- 
cited hydrogenlike and heliumlike Kr  ions. The UN- 
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ILAC delivered Kr  ions in the charge state 20 + at 
18.5 MeV/amu energy. In order to produce and excite 
the desired one- and two-electron ions, two 200 ~tg/ 
cm 2 C foils were used. To make absolute energy mea- 
surements of  the studied transitions, the velocity of  
the ions must be known with a good precision. This 
knowledge enabled us to correct the observed lines 
for the Doppler effect. We used, for this purpose, 
an 11 m time-of-flight (TOF) that gave a relative pre- 
cision of  5-10 .4  in energy. The energy loss in the 
foils at these energies is only known by extrapolation 
of  low energy measurements fitted to Betz like formu- 
lae [5]. In order to reduce this source of  possible 
uncertainties we chose to strip the beam in the first 
C foil before the TOF measurement and to bring 
the most abundant  charge state (34 + )  to the experi- 
mental area where the studied states were excited by 
the second C foil. The charge state distribution at 
equilibrium thickness, measured by magnetic deflec- 
tion [6] is given in Table 1. 
The principle of  the measurement was exactly the 
same as that previously carried out for Fe [2]. A 
flat crystal spectrometer, located 3 m apart from the 
target, detected the Lye  lines emitted by the beam 
which were directly compared to the Rb K~ lines de- 
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Table 1. Charge state distribution of 18.6 MeV/amu Kr 34, 35 and 
36 + ions through 500 Ixg/cm 2 carbon foils [6] 

Ion 34+ 35+ 36+ 
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Fig. 1. Schematics of the experimental set-up. Grids are used to 
control stability and parallelism of the beam 

livered by a conventional X-ray tube. The spectrome- 
ter was made of a Si 220 crystal working in the second 
order of reflection and a position sensitive detector 
of the Backgammon type filled up with a Xe mixture. 
The crystal was mounted under vacuum on a goni- 
ometer, whose precision was of 3' 10 -4 degree, and 
moved by a stepping motor. The detector was set 
on a circular track and its movement controlled with 
a precision of better than 20 gm (2A 0 movement). 
The 200 gg/cm 2 target was moved by a precision 
translator controlled by a stepping motor in order 
to adjust the position of the foil in front of the en- 
trance slit of  the spectrometer (adjustment of the 
transmission of the X rays through the slit). The prin- 
ciple of the measurement was to compare the X rays 
emitted by the Kr ions inside the foil with those emit- 
ted by the Rb anode of a conventional X-ray tube 
located on the other side of the reaction chamber 
(Fig. 1). The main problem in such an experiment 
is to control all the parameters for the correction 
of the very strong Doppler abberations arising at such 
a high energy. The crystal was first carefully aligned 
parallel to the ion beam for the definition of a Bragg 
angle of 0 = 90 ~ for reference. Then, the crystal and 
the position sensitive detector were adjusted such that 
the Rb Ke~ line was found in the middle of the detec- 
tor. In a AO--2AO movement crystal and detector 
were rotated to the expected position of the Kr Lye  
line emitted at 90 ~ with respect to the beam; thereby, 
the Lye  line was observed at the same position in 
the detector as the Rb calibration line. Details of 
the procedure can be found in [2]. 

3. The Hydrogenlike Spectrum 

The hydrogenlike spectrum we obtained is presented 
in Fig. 2. Owing to the very low intensity of hydro- 
genlike excited beam as compared to that of helium- 
like, this spectrum was obtained with a widely opened 
slit in the spectrometer. Therefore it was not possible 
to make an absolute energy measurement of the lines 
(such a measurement needs a direct comparison of 
the Rb Ke line and the Kr Lye  line through the same 
slit). The spectrum presented in Fig. 2 was recorded 
during a 10 h exposure time at a beam current of 
about 400 nA. The two Lye  1 and L y e  2 lines were 
observed over a quite large background, the non uni- 
form structure of which indicates the presence of sat- 
ellites. Those satellites do not affect appreciably the 
width of the lines (F=4.5 eV) that have been found 
very close to the calculated values and to those of 
the heliumlike spectrum (The heliumlike spectrum de- 
scribed below does not show appreciable satellite con- 
tamination.) The contamination of the observed lines 
by satellites can obviously provide some errors in the 
determination of energy of the Lye  lines. The effect 
of the satellites on the lines has been very carefully 
studied in the case of  Fe by using various foil thick- 
nesses providing a variable amount of satellites [7-8] 
and has been found to provide, only in the case of 
hydrogenlike ions, a negligible error. Scaling these 
results for Kr provides a possible error of tess than 
0.5 eV, in the position of the two peaks (It must be 
kept in mind that the observed width, which is very 
symmetric, is equal to 4.5 eV.) 
Although it was not possible to carry out absolute 
energy measurements of the energies of the transi- 
tions in the hydrogenlike ion, our precise knowledge 
of the energy dispersion of the spectrometer allowed 
us to determine the energy difference between the two 
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Fig. 2. Hydrogenlike Kr spectrum 

13500 
Energy (eV)  



J.P. Briand et al. : Observation of Hydrogenlike and Heliumlike Krypton Spectra 3 

Table 2. Comparison of the fine structure splitting measurements 
with theoretical predictions 

Z Element Theory Experiment Ref. 

1 H 10,969.032 MHz 10,969.13+_0.1 MHz [111 

16 S 2.999 eV 2.99__+0.02 eV [12] 

3.84___0.03 eV [3a] 
17 C1 3.83 eV 

3.889_+0.03 eV [3b] 

18 Ar 4.82 eV 5.1 _+0.3 eV [1] 

11.05 eV 13 
22 Ti 10.8 eV 

10.8 eV [14] 

21.1 eV [15] 
26 Fe 21.2 eV 21.6 eV [16] 

21.2+0.2 eV [10] 

36 Kr 79.65 eV" 80.8 + 1.4 eV This 
work 

a For Kr the increase of the fine structure splitting due to the 
radiative corrections on the two 2p levels is equal to 0.155 eV 

the experimental precision has never been large en- 
ough to allow the observation of this diamagnetic 
effect, i.e. no experiment has ever permitted to ob- 
serve the difference between the magnetostatic pertur- 
bation calculation and the full Dirac prediction. For 
Kr the perturbation calculation provides a value of 
75.6 eV while the Dirac equation gives 79.55 eV, the 
difference between the two numbers (3.95 eV) being 
much larger than the experimental uncertainties 
(+ 1.4 eV). In Table 2 are presented all the measure- 
ments available on this spin-orbit splitting. Among 
them, only the newly measured spin-orbit splitting 
of Fe [9] which is now found in good agreement with 
theory, was sensitive though to a smaller extent to 
this effect. All the measurements are in good agree- 
ment with theory even if some of them are just at 
the upper limit of the error bar, a fact that cannot 
be considered as significant. 

lines (spin-orbit splitting). The value of the spin-orbit 
splitting was found to be 80.8 eV_ 1.2. The error in 
this determination including all the angular calibra- 
tion errors in the Bragg reflection, detector linearity, 
and Doppler abberations, does not take into account 
the error in the Rb Kcq-Kc~2 interval measured a 
long time ago [9]. Including a _+ 0.2 eV error for this 
value the overall error in this measurement is 
+ 1.4 eV. This fine structure splitting is compared in 
Table 2 to the theoretical prediction and is found 
in reasonable agreement with the Dirac equation even 
though at the upper limit of the error bar. 
The theoretical value of fine structure of a hydrogen- 
like ion is directly given from the Dirac equation. 
The radiative corrections on the 2 p levels are very 
small (Table 2) and are negligible compared to experi- 
mental uncertainties. It must be emphasized, how- 
ever, that the measurement of the fine structure inter- 
val for such a heavy ion allows, for the first time, 
to check the diamagnetic effect on the spin-orbit in- 
teraction. When calculated in first order perturbation 
theory, the spin-orbit splitting is obtained from the 
classical formulae W=/tB and AH=f(r)L.S. These 
classical formulae do not include the perturbation 
(polarization) of the electron orbit by the magnetic 
field induced by the magnetic moment of the electron 
orbit (diamagnetic effect), whereas the Dirac equa- 
tion includes all the terms, the first of them being 
the diamagnetic ones. The neglect of this "reaction" 
effect is at the basis of the hypothesis of the magne- 
tostatics. The diamagnetic effect is usually very small 
but increases strongly with the atomic number of the 
ion. Up to now, even with the very high accuracy 
at which the fine structure is measured for hydrogen, 

4. The Heliumlike Spectrum 

The heliumlike spectrum observed is presented in 
Fig. 3. As the intensity for these ions is about ten 
times larger than for the hydrogenlike ions, the spec- 
trum could be obtained by using the narrow entrance 
slit of the spectrometer, allowing then an absolute 
energy measurement. The experiment was carried out 
in the same procedure as before. The apparent energy 
of the line was then directly measured with a precision 
depending only on the statistics and on the precision 
of the goniometer (1" of arc). This value was then 
corrected for the Doppler effect. The correction relied 
upon the precision of the alignment of the spectrome- 
ter which was better than l0 -z degree. This leads 
to an overall estimated error of • 1.2 eV for the 1P 1 
line and for values slightly larger for the two other 
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Fig. 3. HeliumlikeKr spectrum 
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Table 3. Comparison of the experimental values of the energy of 
heliumlike Kr transitions with theoretical calculations (in eV) 

IP 1 3p 1 3P 2 

Experiment 13,113.8 +_ 1.2 13,023.8 _+ 2.2 t 3,091.28 _+ i .5 

MCDF a 13,114.92 13,026.58 13,091.28 

I /Z  Expansion b 13,112.91 13,028.31 13,091.17 
[13,113.78] [13,029.13] [13,091.97] 

RRPA c 13,115.25 13,026.89 

RRPA d 13,117.22 13,026.5 

" This work 
b Safronova (1980) [17]. Unscreened Lamb shift (calculations cor- 
rected for screened Lamb shift from this work are in [17]) 

Drake [18]. Corrected for screened Lamb shift 
a Johnson. Private communication 
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Table 5. Contribution of various configurations to the value of 
the Breit term (in eV) 

Configu- Total A E b Breit Weight c 
ration energy a term 

1 S 2 35,270.75 0 -- 16.81 0.99998 
+ 2 S  2 35,271.14 0.39 --16.70 0.730 ( -5 )  
+2p 2 35,271.76 1.01 --16.47 0.115 ( -6 )  
+3s 2 35,271.78 1.03 -16.45 0.164(-6) 
+3p 2 35,271.84 1.09 -16.41 0.407 ( -6 )  
+3d 2 35,271.91 1.16 -16.37 0.581 ( -6 )  

Without Breit and relative corrections 
u Contribution of the correlation energy due to electrostatic inter- 
actions 
c Coefficient squares Of the configuration state function as deter- 
mined by the self-consistent Dirac-Fock process. Numbers in paren- 
theses are powers of ten 

Table 4. Various contributions to the transition energy (in eV) 

Contribution (eV) 1p 1 ~ 1S o 3p x ~ 1S o 3 p  2 ---r 1S0 

Dirac-Fock 13.139.97 13,051.88 13,116.88 
Breit interaction - 15.97 - 16.02 - 16.46 
Electrostatic correlations 1.10 1.10 1.09 
Magnetic correlations 0.44 0.44 0.44 
Hydrogenic Lamb shift - 11.49 - 11.64 - 11.49 
Screening of the Lamb shift 0.87 0.82 0.80 

Total 13,114.92 13,026.58 13,091.28 

Experiment 13,113.8 13,023.8 13,091.2 
• • +1.5 

lines owing  to the fact  tha t  they are  de tec ted  far  f rom 
the ca l ib ra t ing  line. The  exper imen ta l  energy values  
are p resen ted  in Tab le  3. As  shown in Fig.  3 the spec- 
t rum does  no t  exhibi t  any  m e a s u r a b l e  c o n t a m i n a t i o n  
by  satell i tes.  The  lack  o f  far  satel l i tes co r r e spond ing  
to n = 2  o r  3 ex t ra  e lec t ron  c lear ly  shows tha t  no  
n > 3 e lec t ron  is p resen t  in the  ions  and  no  lines have  
to be expected  " i n s i d e "  the cons ide red  ones,  a fact  
t ha t  is in g o o d  ag reemen t  wi th  the measu red  wid ths  
o f  the  lines and  their  perfect  symmetr ies  [4]. The  ex- 
pe r imen ta l  values  are  c o m p a r e d  in Tab le  3 wi th  avai l-  
ab le  theore t ica l  ca lcu la t ions  and  M C D F  ones we per-  
formed.  Tab le  4 shows the di f ferent  con t r i bu t i ons  in 
our  ca lcu la t ions  to the  theore t ica l  va lue  o f  the  energy 
o f  the  cons ide red  lines. Tab le  5 also presents  the con-  
t r ibu t ions  o f  the  d i f ferent  conf igura t ions  to the  Brei t  
term.  Like  in the case o f  he l iuml ike  F e  two m a i n  
p r o b l e m s  have to be solved for  such h e a v y  e lements  
(i) the  magne t i c  co r re l a t ion  effects which  we t o o k  
as the difference between the values  o f  the  Brei t  t e rm 
in m o n o -  and  mu l t i con f igu ra t i ona l  ca lcu la t ion  and  

(i i)  the t w o - b o d y  Q E D  effects (screening o f  the  L a m b  
shift). 
(i) The  m e a n  value  o f  the  Breit  i n t e rac t ion  (magne t ic  
and  r e t a r d a t i o n  effects) be tween the two e lec t rons  in 
the  g r o u n d  state,  f ound  equa l  to 16.81 eV in single 
con f igu ra t iona l  ca lcula t ions ,  is equal  to 16.37 eV in 
mu l t i con f igu ra t i ona l  ones.  I t  gives a value  o f  0.44 eV 
for magne t i c  cor re la t ions  to be c o m p a r e d  to 1.16 eV 
for e lec t ros ta t ic  ones.  Ca lcu la t ions  m a d e  for  di f ferent  
values o f  Z show tha t  these magne t i c  cor re la t ions  
scale a p p r o x i m a t e l y  as Z 2 (as expec ted  f rom the dou-  
ble series expans ion  o f  Layze r  and  Bahcal l  [20] while 
the e lec t ros ta t ic  ones are a p p r o x i m a t e l y  cons t an t  (for  
high Z aga in  as expected  f rom the Z expans ion  o f  
the non  relat ivis t ic  to ta l  energy).  
( i i )  The second  p r o b l e m  is the  effect o f  the  screening 
o f  the L a m b  shift. W h e n  t ak ing  accoun t  o f  the effec- 
t ive nuc lea r  charge  for  each orb i ta l ,  c o m p u t e d  by  

solving (rMCDF) = (rhydrogenie (Zeff)),  one  f inds 
- 10.62 eV to be c o m p a r e d  to - 11,49 eV (for 2 1P 1 ~ 1 
1 So t rans i t ion)  o f  the  hyd rogen ic  ca lcu la t ion  (in b o t h  
cases the self  energy values  a re  o b t a i n e d  by  in t e rpo la -  
t ion be tween  M o h r  values  [21] as descr ibed  in [4]. 
This  effect is then  the ha l f  o f  the to ta l  co r re la t ions  
in the l s  2 state.  

The  sum o f  these two effects is then close to the exper-  
imenta l  unce r t a in ty  and  is no t  ou t  o f  the range  o f  
fur ther  expe r imen ta l  improvemen t s .  
In  conc lus ion  the ag reemen t  be tween exper imen t  and  
theore t ica l  p red ic t ions  is a l r eady  very  sa t i s fac tory  
(Table  3) except  in the case o f  the aP x level the energy 
o f  which  is found  sl ightly ou ts ide  the e r ro r  bar .  
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