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Abstract

:

In this paper, we present an experimental and theoretical study of excitation processes for the heaviest stable helium-like ion, that is, He-like uranium occurring in relativistic collisions with hydrogen and argon targets. In particular, we concentrate on angular distributions of the characteristic K α  radiation following the K → L excitation of He-like uranium. We pay special attention to the magnetic sub-level population of the excited   1 s 2  l j    states, which is directly related to the angular distribution of the characteristic K α  radiation. We show that the experimental data can be well described by calculations taking into account the excitation by the target nucleus as well as by the target electrons. Moreover, we demonstrate for the first time an important influence of the electron-impact excitation process on the angular distributions of the K α  radiation produced by excitation of He-like uranium in collisions with different targets.
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1. Introduction


The excitation of an electron bound to an ion is one of the fundamental atomic processes taking place in ion-atom collisions. The excitation processes have been intensively studied for light [1,2,3] to medium heavy ions [4,5,6,7,8,9], whereas in the high-Z regime the experimental investigations have been relatively scarce. Heavy ion storage rings, such as the Experimental Storage Ring (ESR) at GSI Helmholtzzentrum für Schwerionenforschung in Darmstadt, equipped with internal gas targets provide very favorable conditions to extend the studies of the excitation processes into the high-Z regime. In a series of experiments, the K-shell excitation has been studied for very heavy hydrogen- and helium-like ions [10,11,12]. Namely, the excitation of projectile electrons due to the interaction with the target nucleus has been addressed in detail. In these studies, the emphasis was put on the K-shell excitation cross sections to different fine structure levels of the L-shell along with the angular distributions of the subsequent Lyman- α  and K α  radiation which provides access to the magnetic sub-level populations of the different fine structure states. The experimental data were well described by fully relativistic calculations [13].



In [14,15], it has been shown that in relativistic collisions between a highly-charged ion and a light atom, resulting in the excitation of the ion, the target electrons and nucleus can be considered as acting independently in the collision process. This is mainly due to the fact that the momentum transfers in such collisions are much larger than the typical momenta of the atomic electrons. Consequently, the excitation of a heavy projectile in fast asymmetric collisions can be described as a sum of two independent processes; proton-(or nucleus-) impact excitation (PIE) and electron-impact excitation (EIE). Here, we would like to note that for these two processes the acronyms HEX and EEX are used in plasma physics. The cross sections for the two processes scale as   Z T 2   and   Z T  , respectively (  Z T   being the target atomic number) [14,15,16,17]. Therefore, the relative contribution of the two processes is different for different targets, for example, the relative contribution of EIE would be largest for a hydrogen target, whereas for heavy targets the excitation will be dominated by the contribution due to the target nucleus. This property can be exploited to experimentally access the EIE process for the heaviest H- and He-like ions. For such heavy few-electron ions, a direct study of EIE represents a significant challenge due to the need of first producing the heavy highly-charged ions in sufficient quantities and then colliding them with the electron beam of sufficient intensity and energy. Therefore, direct studies of the EIE process, mostly performed at Electron Beam Ion Trap (EBIT) facilities, have been limited to low- and mid-Z ions up to now [18,19,20,21].



Owing to the development of a new multi-phase target for the ESR [22,23] that provides densities of up to 10   15   particles/cm   2  , we were able to experimentally access for the first time the EIE for H- and He-like uranium [24,25]. Namely, by looking at the ratios of the characteristic transitions produced by the K-L excitation and the following decay, the contribution of the EIE process has been unambiguously identified when comparing the data for an H   2   target with those for heavier targets, that is, N   2   and Ar, which can be well described by the PIE calculations. The state-of-the-art calculations combining both PIE and EIE processes [13,15,26,27] have been found to be in good agreement with our experimental data regarding the excitation cross sections to different fine structure states. Moreover, the comparison between our experimental data and the theory clearly demonstrated the importance of including the generalized Breit interaction in the calculations of the EIE process for both H- and He-like uranium ions.



In [28], we have addressed angular differential cross sections for the Lyman-  α 1   transition (  2  p  3 / 2   → 1  s  1 / 2    ) produced by the excitation of H-like uranium in collisions with H   2   and N   2   targets. The angular distributions provide access to the characteristics of magnetic sub-level population for the   2  p  3 / 2     state and the corresponding alignment, serving as a stringent test of the underlying theoretical approaches. In [28], it has been found that in contrast to the ratios of the characteristic line intensities, where EIE plays a prominent role for an H   2   target, the corresponding angular distributions are relatively insignificantly affected by the EIE process and thus its influence could not be identified experimentally taking into account the corresponding uncertainties.



In the current paper, we present an experimental and theoretical study of the angular distributions for the K α  radiation produced by K-shell excitation of He-like uranium in relativistic collisions with H   2   and Ar targets. This work is an extension of our previous studies for H- and He-like uranium [25,28]. In contrast to the case of H-like uranium [28], here we demonstrate for the first time a clear role of the EIE process in the angular distributions of the K α  radiation for the excitation of He-like uranium in collisions with different targets.




2. Experiment


The detailed description of the experimental setup used in this study can be found in [25]. Here, we just briefly summarize the most important aspects. A beam of 10   8   He-like uranium ions, produced by successive acceleration and stripping, was stored and cooled in the ESR storage ring. To induce and measure the excitation, the stored ion beam was overlapped with an internal gas-jet target of the ESR oriented perpendicuraly to the beam axis. The experiment was performed for H   2   and Ar targets at two different beam energies of 218 MeV/u and 300 MeV/u. The target area densities were between 10   13   and 10    14    particles/cm   2  . The kinetic energies for equivelocity electrons in the rest frame of the ions corresponding to the ion beam energies of 218 MeV/u and 300 MeV/u are 119.6 keV and 164.8 keV, respectively, whereas the K-L excitation energies are in the range of 96–101 keV for He-like uranium. Thus, both energies are above the EIE threshold for this case. In order to gain access to the angular distribution of the projectile K α  radiation produced by the K-L excitation process and the following decay of the excited states, the beam-target interaction zone was observed by an array of Ge(i) detectors, covering observation angles in the range between 35   ∘   and 150   ∘   with respect to the beam axis. The X-ray detectors were energy and efficiency calibrated before the experiment using a set of appropriate radioactive sources. The quantum efficiencies of the X-ray detectors for the K α  X-rays of He-uranium were in the range of 70–100%. The solid angles covered by the detectors (  Δ Ω / 4 π  ) were on the order of 10    − 3   .




3. Results and Discussion


3.1. Experimental Data and Evaluation


In Figure 1 we present, as an example, the X-ray spectrum for U    90 +   →H   2   collisions at 218 MeV/u recorded at the observation angle of 35   ∘   with respect to the ion beam direction. In the spectrum, the characteristic K α  and K β  lines produced by the K-shell excitation of He-like uranium and the subsequent decay are prominent. In addition, broad lines associated with the radiative electron capture (REC) of the target electron into the projectile L and M shells are clearly visible along with the Bremsstrahlung background.



In the following, we focus on the K α  lines to gain insight into the excitation process of He-like uranium. Here, K  α 1   and K  α 2   lines comprise     [ 1  s  1 / 2   , 2  p  3 / 2   ]  1   P 1  ,   [ 1  s  1 / 2   , 2  p  3 / 2   ]  3   P 2  →   [ 1  s 2  ]  1   S 0    and     [ 1  s  1 / 2   , 2  p  1 / 2   ]  3   P 1  ,   [ 1  s  1 / 2   , 2  s  1 / 2   ]  3   S 1  →   [ 1  s 2  ]  1   S 0    transitions (see Figure 2), respectively which cannot be resolved by our detectors. The number of counts recorded in the K  α 1   and K  α 2   spectral lines were obtained by fitting the corresponding peaks in the spectra with Gaussian functions on top of a linear background due to Bremsstrahlung. In addition, the number of counts in the K  α 1   and K  α 2   lines were corrected for the energy-dependent detector efficiency. For this correction, an error of 3% is included.



Generally, in order to obtain the angular distribution of the K  α 1   and K  α 2   lines, one would have to correct their intensities for the different solid angles covered by the corresponding X-ray detectors. This correction introduces a significant uncertainty which can be avoided if one uses another transition with a known angular distribution for normalization. This method has been successfully used in our previous studies [12,28]. Nevertheless, for the current case, as already pointed out in our earlier works [12,25,28], it is not possible to obtain the angular distributions separately for the K  α 1   or K  α 2   lines, just by calculating their intensity ratio for different observation angles. This is due to the fact that in general both K  α 1   and K  α 2   lines can be anisotropic. This is in contrast to the case of H-like ions, where the ratio of Ly  α 1   and Ly  α 2   line intensities provides directly the angular distribution of the Ly  α 1   transition in the ion frame due to the strict isotropy of the Ly  α 2   transition [12,28]. In order to circumvent this problem, we use our older study where the angular distributions of the K  α 1   or K  α 2   lines have been measured for excitation of He-like uranium in collisions with an N   2   target at 217 MeV/u [12]. In this study, it was found that the measured angular distributions and the associated alignment parameters can be well described by calculations taking into account only the PIE process. This can be understood by considering the fact that for an N   2   target the relative contribution of EIE is suppressed by a factor of Z   T  . Therefore, considering the fact that our current measurement has been carried out at basically the same collision energy, we can use the measured angular distributions from the older study [28] for our case of an Ar target at 218 MeV/u, where PIE should be prevalent as in the case of an N   2   target. Thus, in the following we consider the angular distribution of the K  α 1   line measured for U    90 +    → Ar collisions at 218 MeV/u to be known and we use it for normalization of other lines for both targets and both energies.




3.2. Theoretical Background


The angular distribution of the intensity of the K α  lines in He-like uranium can be generally described by the following formula [12,29];


  W  (  θ  l a b   )  ∝  1   γ 2    ( 1 − β cos  θ  l a b   )  2     1 +  β  2   e f f    1 −  3 2     sin 2   θ  l a b      γ 2    ( 1 − β cos  θ  l a b   )  2     ,   



(1)




where   θ  l a b    is the photon observation angle with respect to the beam direction in the laboratory frame.  β  and  γ  are relativistic factors corresponding to the particular beam energy. Here, we would like to note that the factor in front of the square bracket which describes the relativistic solid angles transformation (between the emitter/projectile and laboratory frames) cancels out for the ratio of line intensities measured at the same beam energy. The angular emission patterns of the K α  spectral lines are determined by the effective anisotropy parameter   β  2   e f f    which is in turn related to the alignment of the corresponding magnetic sub-levels whose exact form depends on the transition under consideration. Here, it has to be noted that for the excitation of He-like uranium, all four levels,     [ 1  s  1 / 2   , 2  p  3 / 2   ]  1   P 1   ,    [ 1  s  1 / 2   , 2  p  3 / 2   ]  3   P 2   ,     [ 1  s  1 / 2   , 2  p  1 / 2   ]  3   P 1   ,    [ 1  s  1 / 2   , 2  s  1 / 2   ]  3   S 1    can be in principle populated and thus contribute to the K  α 1   and K  α 2   lines. The     [ 1  s  1 / 2   , 2  s  1 / 2   ]  1   S 0    and     [ 1  s  1 / 2   , 2  p  1 / 2   ]  3   P 0    states decay via two-photon transitions and thus they do not contribute to the K  α 1   and K  α 2   lines. Therefore, the effective anisotropy parameter   β  2   e f f    for the K  α 1   depends on the alignment parameters of the     [ 1  s  1 / 2   , 2  p  3 / 2   ]  1   P 1    and     [ 1  s  1 / 2   , 2  p  3 / 2   ]  3   P 2    states as well as on their (relative) populations and it is given by the following formula [29]:


   β 2  e f f   =  1  2   N   ( 1   P 1  )   A 2    ( 1   P 1  )  −   5 14   N   ( 3   P 2  )   A 2    ( 3   P 2  )  .  



(2)







Here,    A 2    ( 1   P 1  )    and    A 2    ( 3   P 2  )    are alignment parameters of the     [ 1  s  1 / 2   , 2  p  3 / 2   ]  1   P 1    and     [ 1  s  1 / 2   , 2  p  3 / 2   ]  3   P 2    states, respectively, whereas   N  ( 1   P 1  )   and   N  ( 3   P 2  )   are their relative populations, with   N   ( 1   P 1  )  + N   ( 3   P 2  )  = 1  .



Similarly, the effective anisotropy parameter   β  2   e f f    for the K  α 2   is defined by the following formula:


   β 2  e f f   =  1  2   N   ( 3   S 1  )   A 2    ( 3   S 1  )  +  1  2   N   ( 3   P 1  )   A 2    ( 3   P 1  )  .  



(3)







Here,    A 2    ( 3   S 1  )    and    A 2    ( 3   P 1  )    are alignment parameters of the     [ 1  s  1 / 2   , 2  s  1 / 2   ]  3   S 1    and     [ 1  s  1 / 2   , 2  p  1 / 2   ]  3   P 1    states, respectively, whereas   N  ( 3   S 1  )   and   N  ( 3   P 1  )   are their relative populations, with   N   ( 3   S 1  )  + N   ( 3   P 1  )  = 1  .



In order to obtain theoretical values for the alignment parameters, excitation cross sections to the corresponding magnetic sub-levels of the L-shell states for PIE and EIE processes are calculated. The PIE calculations are performed within fully relativistic framework where the electron-nucleus interaction is treated by the Liénard-Wiechert potential and (initial- and final-) states of helium-like ions are described by the multiconfiguration Dirac-Fock method. The EIE calculations are based on a relativistic distorted-wave approach [15,26,27] including the effects of the generalized Breit interaction.



In Table 1 and Table 2, we present theoretical predictions for the alignment parameters   A 2  , the relative populations N, and the resulting effective anisotropy parameters   β 2  e f f   , for case of hydrogen target, for all the states contributing to the K  α 1   and K  α 2   lines. The values are given separately for the case when only PIE process is taken into account as well as for the case where both PIE and EIE processes are included in the calculations. The theoretical values also include cascade contributions from excitation into higher levels.




3.3. Comparison with Theory


We obtain the experimental values for the effective anisotropy parameter   β  2   e f f    by fitting Equation (1) to the angular distributions of the K  α 1   or K  α 2   lines observed in the experiment. For the fit,   β  2   e f f    and the overall amplitude of the fit function were kept as free parameters.



Here, we would like to note that, in case of K  α 1  , in general, Equation (1) has to be modified to account for an additional term proportional to the parameter   β 4  e f f   . This additional term arises due to the decay of     3   P 2    state, whose magnetic sub-level population is described by two alignment parameters,   A 2   and   A 4   [29]. However, our theoretical analysis has clearly shown that    β 4  e f f   < <  β 2  e f f     for all considered energies and targets. Moreover, we have confirmed this theoretical prediction by fitting our data (for K  α 1   line) with Equation (1) including the additional term, which gives no significant difference (as compared to fitting with the unmodified version of Equation (1)) with respect to the obtained results for   β  2   e f f   . Therefore, it is well justified to use Equation (1) for all cases in the current study.



In Table 3, we present our experimental results in comparison with the theoretical predictions for the effective anisotropy parameter for an argon target. The theoretical predictions include excitation only due to the interaction with the target nucleus (PIE), considering in addition the small screening effect due to the target electrons, but no EIE.



As already mentioned above, for the argon target EIE is suppressed by a factor    Z T  = 18   and thus this approximation is well justified. This has been also proven in our previous study for U    90 +   →N   2   collision at 217 MeV/u [12]. In addition to the direct excitation into L-shell, the theoretical predictions include cascade contributions from excitation into higher levels and following cascades leading to the population of the same L-shell levels. We would like to note that the cascade contributions to the effective anisotropy parameter are in all cases significantly smaller than the experimental uncertainties. From the comparison, a very good agreement between the experimental and theoretical results for the effective anisotropy parameter is obtained confirming the energy-dependence of the angular distributions addressed in our previous study [12]. Furthermore, the current experimental value for the effective anisotropy parameter of the K  α 2   line for U    90 +   → at 218 MeV/u agrees within the error bars with the value obtained in our previous measurement for the same line for U    90 +   →N   2   collision at 217 MeV/u [12]. This also serves as a consistency check for our method of using the angular distribution of K  α 1   line for U    90 +   → at 218 MeV/u as measured in the previous study [12] for normalization of other lines for both energies and targets.



In Table 4, we present a comparison between our experimental and theoretical values for the effective anisotropy parameter for K  α 1   and K  α 2   lines for an H   2   target at both energies.



In this case, and in contrast to the Ar target, the theoretical predictions include, in addition to PIE, the EIE process as well. As already pointed out in our previous study, the EIE process plays a prominent role for the excitation of He-like uranium in collisions with H   2   [25]. As in the case of an Ar target, the theoretical values include cascade contributions from higher levels. Similarly to the case of Ar target, a good overall agreement between the experimental and theoretical values can be stated. Furthermore, looking at the values in Table 4 we can conclude that for the K  α 1   line, the effect of the EIE on the effective anisotropy parameter is not significant, taking into account the corresponding experimental uncertainties. In other words, the experimental results agree both with predictions based on the PIE process only as well as with those where the EIE is included in addition to the PIE. The situation is very different for the K  α 2   line, where we see a clear influence of the EIE process which is also confirmed by the corresponding experimental values for both energies. The effect is more pronounced for 218 MeV/u where the EIE contribution leads to a change of sign for the effective anisotropy parameter for the K  α 2   line. This is also confirmed by comparison of the corresponding experimental results for Ar and H   2   targets (see Table 3 and Table 4). In order to illustrate the effect of the EIE process on the effective anisotropy parameter, we present in Figure 3 angular distributions of the K  α 2   line intensity observed in our experiment for collisions of He-like uranium with Ar and H   2   targets at 218 MeV/u. The change in the shape of the angular distribution, corresponding to the changing sign of the effective anisotropy parameter, is evident. To the best of our knowledge, this is the first clear observation of the effect of EIE on the angular distributions of the subsequent characteristic transitions in heavy few-electron ions. Although previous experimental, as well as theoretical, studies of the excitation processes have revealed a clear dependence of the angular distribution on the collision energy [13,28], a dependence on the target could not be experimentally observed up to now [24,28].



When comparing the angular distribution and the corresponding effective anisotropy parameters for the K  α 2   line for the two targets, and thus looking at the effect of EIE on this observable, the following aspect should be taken into account. For an Ar target, where the projectile excitation is dominated by the PIE process, the K  α 2   spectral line contains almost exclusively the     [ 1  s  1 / 2   , 2  p  1 / 2   ]  3   P 1  →   [ 1  s 2  ]  1   S 0    transition [25]. This is also clearly seen looking at the relative populations N (for PIE) in Table 2. For an H   2   target, where EIE plays an important role, excitation to the     [ 1  s  1 / 2   , 2  s  1 / 2   ]  3   S 1    state becomes significant [25] (see also the corresponding relative populations N in Table 2) and thus the K  α 2   line in this case contains two transitions;     [ 1  s  1 / 2   , 2  p  1 / 2   ]  3   P 1  ,   [ 1  s  1 / 2   , 2  s  1 / 2   ]  3   S 1  →   [ 1  s 2  ]  1   S 0    which can not be resolved energetically by our semiconductor detectors. Therefore, a contribution of the EIE process to the angular distribution of the K  α 2   can be two-fold. Namely, the angular distribution might change due to the fact that the EIE process populates the magnetic sub-levels differently as compared to PIE, and thus the alignment of the     [ 1  s  1 / 2   , 2  s  1 / 2   ]  3   P 1    state (   A 2    ( 3   P 1  )   ) changes, or, the angular distribution could change because of an addition of the     [ 1  s  1 / 2   , 2  s  1 / 2   ]  3   S 1  →   [ 1  s 2  ]  1   S 0    transition to the K  α 2   line, due to the EIE process, without it changing the alignment of the     [ 1  s  1 / 2   , 2  s  1 / 2   ]  3   P 1    state (   A 2    ( 3   P 1  )   ). In order to shed more light on this aspect, we present, in Table 5, theoretical PIE and EIE cross sections for magnetic sub-levels of the     3   P 1    state for 218 MeV/u.



From the values in the table, we can conclude that the angular distribution of the K  α 2   line changes significantly not only due to an addition of the     [ 1  s  1 / 2   , 2  s  1 / 2   ]  3   S 1  →   [ 1  s 2  ]  1   S 0    transition to this emission feature, but also due to the fact that the EIE process populates the magnetic sub-levels of the     [ 1  s  1 / 2   , 2  s  1 / 2   ]  3   P 1    state very differently as compared to PIE, along with being more efficient than the latter in this collision energy range [30]. This is also reflected by the corresponding alignment values for the     3   P 1    state as listed in Table 2.





4. Summary


In this work, we studied experimentally and theoretically the K-shell excitation of He-like uranium (U    90 +   ) in collisions with Ar and H   2   targets at 218 and 300 MeV/u energies. In particular, we focused on angular distributions of the characteristic K  α 1   and K  α 2   lines induced by the K→L excitation process. State-of-the-art calculations which include both processes, PIE as well as EIE, provide a good agreement with the experimental data. Furthermore, by comparing the angular distributions and the corresponding effective anisotropy parameters for the two targets, we were able, for the first time, to clearly show an important role of the EIE process on the angular distribution of the K  α 2   line. This is in contrast to our previous studies for H- and He-like uranium [12,13,28] where only the role of PIE on the angular distributions was addressed, whereas the contribution of the EIE process to this observable could not be experimentally verified. Therefore, this work represents an important extension of our previous studies providing a deeper insight into the excitation processes and a sensitive test of the corresponding theories on the level of angular differential (and thus magnetic sub-level) cross sections.
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Figure 1. X-ray spectrum recorded for 218 MeV/u U    90 +   →H   2   collisions with a Ge(i) detector at the observation angle of 35   ∘   with respect to the ion beam. The radiative electron capture (REC) transitions into L, M and higher shells are clearly visible together with the characteristic transitions into the K-shell. 
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Figure 2. K- and L-shell levels of He-like uranium along with the transitions contributing to the observed K  α 1   and K  α 2   lines. 
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Figure 3. Angular distributions of K  α 2   line intensity measured for K-shell excitation of He-like uranium in collisions with argon (left) and hydrogen (right) targets at 218 MeV/u. In addition, fits of Equation (1) to the experimental data are shown by solid lines. The clear change of shape between the two targets is due to the contribution of the electron-impact excitation (EIE) process. For details see text. 
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Table 1. Theoretical values for the alignment parameters   A 2  , the relative populations N, and the resulting effective anisotropy parameters   β 2  e f f    for     [ 1  s  1 / 2   , 2  p  3 / 2   ]  1   P 1    and     [ 1  s  1 / 2   , 2  p  3 / 2   ]  3   P 2    states contributing to the K  α 1   line. For details see text.
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Beam Energy

	
Process

	
     A 2    ( 1   P 1  )     

	
    N  ( 1   P 1  )    

	
     A 2    ( 3   P 2  )     

	
    N  ( 3   P 2  )    

	
    β 2 eff    






	
218 MeV/u

	
PIE

	
−0.1694

	
0.9864

	
0.4473

	
0.0135

	
−0.1218




	
PIE + EIE

	
−0.2161

	
0.7861

	
−0.3517

	
0.2138

	
−0.0751




	
300 MeV/u

	
PIE

	
−0.0359

	
0.9843

	
0.4969

	
0.01567

	
−0.0296




	
PIE + EIE

	
−0.1367

	
0.8773

	
−0.2874

	
0.1226

	
−0.0637
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Table 2. Theoretical values for the alignment parameters   A 2  , the relative populations N, and the resulting effective anisotropy parameters   β 2  e f f    for     [ 1  s  1 / 2   , 2  s  1 / 2   ]  3   S 1    and     [ 1  s  1 / 2   , 2  p  1 / 2   ]  3   P 1    states contributing to the K  α 2   line. For details see text.
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Beam Energy

	
Process

	
     A 2    ( 3   S 1  )     

	
    N  ( 3   S 1  )    

	
     A 2    ( 3   P 1  )     

	
    N  ( 3   P 1  )    

	
    β 2 eff    






	
218 MeV/u

	
PIE

	
0.1729

	
0.0442

	
0.1082

	
0.9557

	
0.0785




	
PIE + EIE

	
0.0361

	
0.2555

	
−0.0731

	
0.7444

	
−0.0320




	
300 MeV/u

	
PIE

	
0.1352

	
0.0449

	
0.2279

	
0.9550

	
0.1582




	
PIE + EIE

	
0.0658

	
0.1843

	
0.0227

	
0.8156

	
0.0217
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Table 3. Experimental values in comparison with theoretical predictions for the effective anisotropy parameters for the K  α 1   and K  α 2   lines of helium-like uranium ions produced by   K → L   excitation in collisions with argon atoms. PIE calculations were performed for the screened potential.
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Beam Energy

	
Line

	
PIE Screened

	
Experiment






	
218 MeV/u

	
K  α 1  

	
−0.1201

	
−0.12 ± 0.07 [12]




	
K  α 2  

	
0.0805

	
0.07 ± 0.02




	
300 MeV/u

	
K  α 1  

	
−0.0273

	
0.02 ± 0.02




	
K  α 2  

	
0.1606

	
0.16 ± 0.03
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Table 4. Experimental values in comparison with theoretical predictions for the effective anisotropy parameters for the K  α 1   and K  α 2   lines of helium-like uranium ions produced by   K → L   excitation in collisions with hydrogen molecules. For details see text.
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Beam Energy

	
Line

	
PIE

	
PIE + EIE

	
Experiment






	
218 MeV/u

	
K  α 1  

	
−0.1218

	
−0.0751

	
−0.11 ± 0.04




	
K  α 2  

	
0.0785

	
−0.0319

	
−0.07 ± 0.03




	
300 MeV/u

	
K  α 1  

	
−0.0296

	
−0.0637

	
−0.02 ± 0.05




	
K  α 2  

	
0.1582

	
0.0217

	
0.04 ± 0.02
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Table 5. Partial cross sections for the excitation into magnetic sub-levels of the     3   P 1    state for U    90 +    in collision with an H   2   target at 218 MeV/u. The results are given in barns.
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	    m = 0    
	    | m | = 1    





	EIE
	0.7898
	0.5319



	PIE
	0.3423
	0.4407
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