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4 Electron Capture by He2+:
Target Effects

4.1 Introduction 

Collision processes involving He2+ are highly relevant for 

astrophysics, partly due to the fact that they are the second most

abundant ions in the solar wind. They spread throughout the space 

around the sun and bombard every object there. Interaction with 

molecules and atoms – like those in the cometary atmospheres – 

leads to photon emission due to charge exchange processes. 

Recently He lines of comets were detected in satellite-based 

observations1,2
. For analyzing and modeling these observations 

exact knowledge of charge-exchange cross sections is necessary 

(see chapter 6). It was our motivation to carry out laboratory 

measurements with He
2+

 colliding on various gases, specially on 

those, which are abundant in comets. The fundamental processes 

under investigation can be summarized by: 

(4.1)hXlnHeXnlHeXHe )''()( **2

(4.2)hXlsnHeXsnlHeXHe
2*2*2

)''1()1(

where X  is an arbitrary neutral particle. Equation (4.1) describes 

single electron capture to one of the excited nl states of He+
 ion 

and its subsequent photon decay. Simultaneous capture of two 

electrons is also possible as described by (4.2). 

To identify emission lines  observable in the EUV one 

may look upon the term scheme (see Figure 4.1). In case of singly 

charged helium, which is the result of one-electron capture, the 

spectrometer covers transitions from the p-states to the ground 

state (Lyman series). All the other states cannot be observed 

directly but most of them cascade down and finally end up in the 

2p-state contributing to the  transition. Adding up the 

observed emission cross sections we can account for almost the 

total single-electron capture cross section. Only capture directly 
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into the ground state and into the 2s- metastable state and decay to 

the 2s (np 2s, with n>2) are missing. Decay to the 2s-state,

however can be determined from the Lyman series using the well 

known branching ratios. For example the ratio between 3p 2s

and 3p 1s is 0.12/0.88 0.14.

 For neutral helium, which is the product of two-electron 

capture, the situation is very similar except that capture into the 

triplet states is also possible, which cannot be seen by the 

spectrometer either due to the wavelength of the corresponding 

transitions or their long lifetime. Therefore in Figure 4.1 only the 

singlet states are included. We may have to take into 

consideration the lifetimes of the singlet states (see chapter 5), 

which are in the ns-range and are generally longer than the 

lifetimes of the excited states of singly charged helium.  

He
2+

 is a fully stripped ion and therefore easy to handle 

from a theoretical point of view. Combining it with different 

kinds of molecules in electron capture calculations would be a 

good probe for understanding the effects of target electronic states 

on charge-exchange. Despite of the fact that difficulties enter into 

the calculations only through the target side not much work has 

been done yet. Since the techniques for low energy measurements 

are newly developed not much work has been done 

experimentally either. However whenever possible we compare 

our results with other groups’ data and with existing theories. 
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Figure 4.1: Term scheme of He+(nl) (a) and He(1snl) (b).  Wavelengths of the

transition lines are noted on the arrows in nm together with their branching

ratios in brackets.
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4.2 He2+ – H2 collisions 

The He
2+

 – H2 collision system plays an important role not 

only in astrophysical environments but also in thermonuclear 

fusion. In the scrape-off-layers and divertors of fusion plasma 

machines interaction energies range from 1 keV/amu down to 

energies as low as 1 eV/amu.  For the diagnostics and modeling of 

plasma properties a quantitative understanding of the underlying 

processes is necessary3
. Inelastic collisions of He

2+
 have attracted 

a lot of attention in connection with the modeling of He ash 

removal in the divertor region of tokamaks
4
. A point of interest is 

the charge state of the helium. If it is readily neutralized it is no 

longer magnetically confined and it may diffuse back into the core 

plasma thereby deteriorating the plasma. To study the behavior of 

recombining plasma for divertor and edge-region applications, at 

NIFS (Japan) a lot of work has been performed on cold 

recombining He plasmas resulting from the interaction with 

neutral gases puffed into a He plasma5,6,7,8
. To explain the prompt 

response and the anomalously high intensity of the 

HeI(1s3l 1s2l´) line emission when cold hydrogen molecules 

were brought into contact with the He plasma, strong double-

electron capture, preferably directly into the He(1s3l) states, has 

been invoked. Theoretical calculations seemed to backup this 

scenario of direct double capture into He (1s3l)20
.

 We obtained line-emission cross sections for the system 

He2+
 – H2 in the energy range of 8 eV/amu – 6 keV/amu. The 

measurements were calibrated at 6 keV/amu energy by fitting our 

result to the cross section of Hoekstra et al.9 for HeII(2p 1s)

(30.4 nm) line emission. After calibrating the spectrometer in first 

order the detector was moved to another position where we could 

study single- and double-electron capture simultaneously in 

second and first order respectively. Some of the spectra obtained 

are shown in Figure 4.2: 
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Figure 4.2: VUV spectra from He2+ – H2 collisions at different energies.

Labels: at 60.8 nm: II-2p – second order of the HeII(2p 1s) transition at 30.4 

nm; at 58.4 nm: I-2p – first order of the HeI(1s2p 1s2) transiton; at 53.7 nm:

I-3p – first order of HeI(1s3p 1s2) transiton; at 51.2 nm: II-3p – second order 

of the HeII(3p 1s) transition at 25.6 nm.
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Above 1.75 keV/amu the measurements have been performed 
with direct beams while below that energy the deceleration – 
guiding system was used. We have used liquid N2 cooled targets. 
Cooling, besides making a denser target, also ensures cleaning the 
target from water molecules. For monitoring it, some 
measurements have been done without cooling. No differences 
above the statistical uncertainty have been found between the two 
sets of measurements. The gas used for target had a purity of 
99.999%.  
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Figure 4.3: Charge-exchange cross sections for He2+ colliding on H2 versus the 
projectile energy. Measurements of 2p→1s line emission cross sections:  our 
results10 (Ê), Hoekstra et al.9,11 (Á). Measured cross sections for capture into 
selected states: Hodgkinson et al.12 n=2 (ı), n=1 (Û); Panov et al.13 n=2 (Ù), 
n=1 (Ú); Shah and Gilbody14 2s (Ù).  Theory for capture into 2p: Saha et al.15 
(—).  Total one-electron capture cross sections: Okuno et al.16 (‡), Nutt et al.17 
( ), Kusakabe et al.18 ( ), Shah and Gilbody14 ( ), Rudd et al.26 (·), atomic 
database for fusion19 (– Í –); theory by Shimakura and Kimura20 (-----). 
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For both single- and double-electron capture, emission

from the 2p-states is the most intensive. There is a contribution 

from HeII(3p 1s) at high energies, but the higher states (n>3)

are not populated significantly. Comparing our results with other 

measurements we have excellent agreement at the high-energy 

side. While at low energies data from Hoekstra et al.9,11
 are still in 

agreement, discrepancies are found with those from Hodgkingson 

et al.
12

 (Belfast group) below 1.5 keV/amu. The latter 

measurements have been performed with the Translational Energy 

Spectroscopy (TES) method. They measured the capture into n=2

states, which includes beside 2p the 2s state. One could expect our 

measurements to give lower values because line emission is 

occurring only from the 2p states. Contrary to it our measured

values are significantly larger. 2p states can gain extra population 

from the levels above, as they cascade down. This would be a 

possible explanation, but the measurements show no significant 

capture into levels n 3. Hodgkingson et al.12
 measured only 

relative populations. At every energy the sum of those was 

normalized to totals measured by Nutt et al.
17

. There are, 

however, other total measurements (Okuno et al.
16

, Kusakabe et 

al.
18

), which are much higher at low energies. Using those for 

normalization brings the results of Hodgkingson et al.
12

  closer to 

ours (see Figure 4.4). It is already noted here that with regard to 

other target gases, for CO (see section 4.3) we find good 

agreement with the Belfast group where they used measurements

of Ishii et al.28
 for normalization.

The total cross section is given by the sum of state 

selective ones: 

n

sstot snp )1(21 (4.3)

Comparing the total and state-selective cross sections (see 

Figure 4.3) one can conclude that at high energies around 10 

keV/amu capture into the 2p state is the primary reaction channel. 

It is a non-dissociative process: 

(4.4)
gHpHeHHe 2

22

2 )2(
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Going lower in energy the 2p contribution is getting smaller and 

smaller.  Instead as shown by Afrosimov et al.
21

 and Hodgkinson 

et al.
12

 capture into the ground state is becoming dominant

through the dissociative process:

(4.5))2()1(2

2 nHHsHeHHe

This is indirectly confirmed by our group (Hoekstra et al.
11

 and 

present results: Juhász et al.10
) because the sum of 2p and 2s

results has smaller and smaller contributions to the total cross 

section at low energies. 
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Figure 4.4: Comparison of cross sections of capture into n=2, and total one-

electron capture in He2+ – H2 collisions. We renormalized Hodgkinson data to

totals of Kusakabe et al. The renormalized data ( ) are closer to our 

measurements than the original ones, however there are still discrepancies.

Except for the renormalized data symbols are the same as in Figure 4.3. 
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Changing of behavior going from low to high energy is also 

obvious if we compare single- and double- electron capture. At 

high energies one-electron capture is the dominant process. 

However at low energies quite surprisingly two-electron capture 

exceeds one-electron capture. This fact has been experimentally 

observed by Okuno et al.
16

 Molecular orbital calculations by 

Shimakura et al.
20

 show the same tendency although the absolute 

values are different. Our state selective data also show a similar 

tendency. 
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Figure 4.5: Double-electron capture cross sections for the system He2+ – H2. 

Line emission cross sections for HeI(1s2p 1s
2): our results10 ( ). Theory by 

Errea et al.22 capture into 1s2p (—). Totals: measurements by Okuno et al.16 

( ), Kusakabe et al.18 ( ), Shah and Gilbody14 ( ), Panov et al.13 ( ), theory 

by Shimakura and Kimura20 (-----). 
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In agreement with our experimental results, recent ab initio 

calculations by Errea et al.
22

 suggest the 1s2p-state as the main 

product of the double electron capture, whereas calculations of 

Shimakura et al.
20

 show the 1s3l-states as being dominant. For 

single capture Shimakura et al.
20

 have found capture into 

He
+
(n=2) to be the primary channel and they have found little 

contribution to capture into He
+
(n=1), which is contrary to the 

experiments below a few keV/amu. The cause of the disagreement 

might be the choice of molecular states included in the 

calculations. Shimakura et al.20
 related capture into He

+
(n=1) with 

a non-dissociative state of the remaining hydrogen molecule 

(H2
+

) whereas the experiments show it to be related to 

dissociation (H+H+
). Errea et al. have included the dissociative 

channel, and have found significant contributions to capture into 

He
+
(n=1) at low energies.

Their results for double capture show an interesting 

oscillatory structure similarly to our results. They have found this 

shape to be the consequence of the two-step nature of double-

electron capture, the double-capture channels being populated via 

the single-capture channels. The peak around 1 keV results from 

consecutive capture in which capture into He+
(n=1) is the first 

step. As the single-electron capture into He
+
(n=1) decreases 

towards high energy so does the double-capture.  But then the 

double-capture channels start to be populated via the He
+
(n=2)

channel, which becomes dominant above 3 keV/amu resulting in 

an increase of the double-capture again.  Results of Kusakabe et 

al.18
 and Panov et al.

13
 for total two-electron capture cross 

sections are not far off from our state selective ones. This 

indicates that capture into the 1s2p-state is dominant, as found in 

the model calculations by Errea et al. The ratio between total two-

electron capture and capture into 1s2p is close to 2 but at high 

energies (E > 5 keV/amu) and low energies (E << 1 keV/amu) the 

ratio becomes much larger. Therefore, there must be other well-

populated states than 1s2p. In our opinion at the lower energies, 

the 1s2s-state is the most likely candidate, because it has a similar 

binding energy as 1s2p. Capture into the ground state 1s2
 is 

energetically unfavourable because the energy needed to remove 

the two electrons from H2 is 50.8 eV, which should be compared 

to the total binding energy of He(1s
2
) (79 eV). Significant capture 

into 1s3l or higher states is not supported by our measurements, 



since we did not find any contribution from the 1s3p 1s
2
 signal 

or the Lyman series for n>3 above the detection limit (see Figure 

4.2). Population of these states may become of relevance at the 

higher energies. 
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Energy

[eV/amu]

8 1.14

13 0.85

33 0.58

58 0.48

78 0.33

103 0.01 ±0.095 0.26

158 0.02 ±0.01 0.24

203 0.03 ±0.02 0.17

253 0.05 ±0.02 0.1

308 0.05 ±0.01 0.09

408 0.08 ±0.03 0.14

508 0.12 ±0.02 0.18

608 0.13 ±0.02 0.27

708 0.13 ±0.02 0.22

838 0.21 ±0.02 0.28

1008 0.2 ±0.02 0.26

1203 0.26 ±0.02 0.29

1508 0.27 ±0.02 0.19

1600 0.29 ±0.02

1758 0.45 ±0.03 0.14

2008 0.76 ±0.09

2508 1.06 ±0.07 0.09

3258 1.45 ±0.10

3758 2.04 ±0.10 0.08

4008 2.18 ±0.11 0.09

5008 2.62 ±0.13 0.08

6008 4.21 ±0.21 0.1

HeI(1s

-

HeII(2p 1s)

-

-

-

-

Table 4.1: Line emission cross sections in 10-16 cm2 for He2+ colliding on H2.

Statistical uncertainties are shown, which include the root square sum of errors 

resulting from the fitting procedure and target fluctuations estimated to be 5%.

In addition all cross sections are subject to a common systematic error arising 

from the calibration procedure. It is estimated to be 20%. 

Finally we can conclude that we can study the energy 

dependence of line emission cross sections over a wide range of 

energies directly suitable for astrophysics and thermonuclear

fusion by combining the PES method with octopole beam
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guiding. Our cross sections for HeII(2p 1s) line emission in 

He
2+

 – H2 collisions at high energies agree well with other 

measurements and theories. However at low energy PES and TES 

consistently give different results. We have shown that the 

differences (at least partly) may result from uncertainties in the 

total measurements, which have been used for normalizing the 

TES results. We have found capture into He(1s2p) as the leading 

double-electron capture channel in accordance with calculations 

by  Errea et al.22
. Contrary to calculations of Shimakura et al.

20
 we 

did not find significant contributions to the He(1s3l) capture 

channel. To explain the anomalously high intensity of the 

HeI(1s3l 1s2l´) line emission in tokamak plasmas therefore one 

can not invoke direct capture into the He(1s3l), but has to 

consider other secondary processes with large cross sections like 

electron impact excitation of  He(1s2l) to He(1s3l)23
.

4.3 He2+ – CO collisions 

Carbon-monoxide plays an important role in astrophysical 

environments because of its high abundance. Regarding electron 

capture by He
2+

 from CO and from H2 we expect similar 

behaviors, because the ionization potentials of these molecules are 

close to each other. Another similarity is that both of them are 

diatomic molecules. In the spectra taken from He2+
 – CO 

collisions we can clearly identify the HeII(2p 1s) and 

HeI(1s2p 1s2
) spectral lines. The HeII(2p 1s) transition by far 

dominates the spectra at high energies but its dominance declines 

at low energies, i.e., it indeed shows a behavior very similar to the 

H2 case. 

 One can notice spectral lines other than from helium too. 

For identification let us compare the spectra to the ultraviolet 

spectrum of CO produced by electron impact. All our observed 

lines excluding the helium lines can be found in the 200 eV 

electron impact spectrum measured by James et al.24
 (see Figure 

4.7). Most of those lines are emitted from singly charged C and O 

atomic ions produced by the break-up of the ionized CO 

molecules. In our case dissociative charge-exchange processes 

can produce C and O ions. Fortunately their lines do not overlap 

with the He lines except for the HeI(1s3p 1s2
) transition. 



Therefore we can determine most of the state-selective charge 

exchange cross sections. An exception is the 1s3p-state because

the corresponding spectral line at 53.7 nm cannot be ascribed 

merely to HeI(1s3p 1s2
) transition due to possible overlaps with 

O
+
 and C

+
 lines at 53.8 nm. In the electron impact spectra the 

observed line emission at 53.8 nm is about half of the emission at 

68.6 nm, which has been observed in our spectra with comparable

intensity to the He lines. 
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Figure 4.6: VUV spectra from He2+ – CO collisions at different collision

energies.  The helium lines are labelled as in Figure 4.2. 
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Figure 4.7: EUV electron impact emission spectrum of CO from 53 to 75 nm

by James et al.24  compared with the spectrum resulting of He2+ – CO

collisions. The helium lines are labelled as in Figure 4.2.

Our calibration point is the HeII(2p 1s) line emission cross 

section at 10 keV/amu energy, which is fitted to 80% of the total 

one-electron capture by Rudd et al.
26

 In the case of the H2 target 

comparing measurements of Shah and Gilbody
14

 with

measurements of Hoekstra et al.
9
 the HeII(2p 1s) line emission

cross section comes out at 82% of the total cross section at 10 

keV/amu. The rest is mainly capture into 2s-state, which has 14% 



contribution to the total according to Shah and Gilbody
14

. Due to 

similarities in ionization energy we expect a similar scenario for

CO. This served as an argument for the calibration and was 

affirmed by the fact that our results for HeII(2p 1s) nearly match

those of Kearns et al. for n=2. Later on recalibration is possible if 

accurate absolute line emission cross sections are obtained for this 

system. This would mean a correction by a common factor for all 

the data points. A correction of more than 10% is very unlikely. 

Energy [keV/amu]

0.001 0.01 0.1 1 10 100

 [
1
0
-1

6
 c

m
2
]

0.01

0.1

1

10

Figure 4.8 Measured single charge-exchange cross sections for He2+ colliding

on CO. Our results for HeII(2p 1s) line emission cross section ( ), for 

HeII(3p 1s) ( ). Kearns et al.25: capture into n=1 ( ), n=2 ( ), n=3 ( ).

Totals: Rudd et al.26 ( ), adež et al.27 ( ), Ishii et al.28 ( ).
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Partly our measurements were performed with target 

cooling and partly without, but no significant differences were 

found.  Target gas purity was 99.997%. The HeII(2p 1s) line 

was recorded in second order simultaneously with the 

HeI(1s2p 1s2
) line. Because of its small cross section the 

HeII(3p 1s) line was recorded in first order. We have found that 

capture into 2p strongly decreases with decreasing collision 

energy. The same dependency has been found for capture into 

n=2 by Kearns et al.25
 Around 10 keV/amu capture into n=2

dominates, but at low energy capture into n=1 takes over, which is 

associated with dissociative processes. This behavior is very 

similar to that of H2. There is one major difference between the 

two systems, namely that CO has many electrons and thus many

electronic states, implying that many channels are avaible for 

dissociative reactions. A near resonant channel is very likely to be 

available.

82

1

1 88.0sp

 The HeII(3p 1s) line emission cross sections also 

decrease with decreasing energy. The cross section for capture 

into 3p is given by: , where 0.88 is the 

branching ratio for HeII(3p 1s) transition. Cascading from levels 

with n>3 is neglected (no significant contribution for the 4p 1s
transition has been observed). There is no overlapping energy 

range with the data of Kearns et al.

33 p

25
 for capture into n=3, but 

they show similar tendencies. Extrapolating the data shows that 

their results exceed ours. This can be explained by the fact that 

total capture into n=3 includes 3s and 3d beside 3p.

Total double-electron capture increases with decreasing 

energy and exceeds single capture. Our state selective results for 

HeI(1s2p 1s2
) exibit a weak energy dependence, they are almost

constant, in contrast to the H2 case where the cross sections have 

multiple peak structures. They are about a factor of ten less than 

the totals, which was only a factor of two for H2. This indicates 

that other channels are more populated. For H2, spin conservation 

mandates that only singlet states can be populated. For CO, 

capture into triplet states is also possible, because the remaining

CO2+
 can be either in a singlet or a triplet configuration. 

Intercombination transitions of HeI(3p 
3
P

0
1s

2 1
S) and HeI(2p 

3
P

0
1s

2 1
S) emit photons at 53.9 nm and 59.1 nm respectively. 

Due to their long lifetimes they decay outside of the spectrometer

viewing area and therefore cannot be observed. Triplet states have 



three times more statistical weight than the singlet ones; therefore 

it is possible that the majority of the double-capture events goes 

into triplet states. It explains why the cross section for capture 

into 1s2p 1
P is only a small fraction of the total double capture 

cross section. The larger total double-capture cross sections for 

CO than for H2 can thus be understood from the availability of the 

triplet states in the CO case. The multiple peak structure of the 

double-electron capture cross sections in the H2 case is due to 

different reaction channels that peak at different energies. The 

observed constant behavior in the CO case might be explained by 

the fact that there are many reaction channels for CO associated 

with the many electronic states of the remaining ionized target, 

which do not exist for H2 because after double capture only two 

protons are left.
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Figure 4.9: Double-electron capture cross sections for He2+ colliding on CO. 

Our results for HeI(1s2p 1s2) ( ). Totals: Ishii et al.28 ( ), adež et al.27 ( ),

Rudd et al.26 ( ).
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.3 ±0.12

.3 ±0.10

38 ±0.14

0.5 ±0.26

33 ±0.14

23 ±0.04

2p 1s
2Energy

[eV/amu]

28

50 0.

103 0.

156 0.

200 0.

261 0.14 ±0.04

300 0.

366 0.37 ±0.06 0.

472 0.65 ±0.07 0.

577 1.1 ±0.10 0

735 1.38 ±0.11 0.

998 2.1 ±0.15 0

1262 3.04 ±0.21 0.

1525 3.43 ±0.23 0

1750 4.36 ±0.29 0.072 ±0.02 0

2500 4.15 ±0.28 0.1 ±0.06 0

4000 7.48 ±0.49 0.

5000 10.83 ±0.71 0.248 ±0.04

7500 13.61 ±0.88 0.368 ±0.05 0.

10000 10.82 ±0.71 0.39 ±0.05 0.

1s

-

2p 1s

-

-

-

-

-

3p 1s

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

Table 4.2: Line emission cross sections in 10-16 cm2 for He2+ colliding on CO. 

Statistical uncertainties are shown, which include the root square sum of errors 

resulting from the fitting procedure and target fluctuations estimated to be 5%.

In addition all cross sections are subject to a systematic error arising from the

calibration procedure, which is estimated to be 22%. 

4.4 He2+ – CO2 collisions 

The measurements with the CO2 target were calibrated by fitting

our HeII(2p 1s) line emission cross section to 80% of the total 

one-electron capture cross section measured by Greenwood et 

al.
29

 at 6 keV/amu. The calibration procedure is based on similar

arguments as in the case of CO. No target gas cooling was used 

during the measurements because of the relatively high freezing 

point of CO2. The gas purity was 99.995%. Although we observed 

fragment product lines, they are less intense than in the case of 

CO.  In the spectrum produced by electron impact on CO2 (Kanik

et al.30
) one of the prominent lines is at 53.9 nm. This is very 

close in wavelength to the HeI(1s3p 1s
2
) (53.7 nm) line. We

observed significant emission at 53.7 nm, but because of the 



uncertain contribution of the fragment product line, the electron 

capture cross section into the 1s3p-state could not be determined,

but only an upper limit could be given. The other spectral lines 

were well resolved. 
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 (
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Figure 4.10: Single-electron capture by He2+ colliding on CO2. Our results for

HeII(2p 1s) ( ), for HeII(3p 1s) ( ).Totals: Rudd et al.26 ( ), Greenwood 

et al.29 ( ).

The HeII(2p 1s) and HeII(3p 1s) lines were recorded in 

second order. As in the previous cases the 2p 1s transition is 

dominant around 10 keV/amu. It seems to follow the trend of the 

total cross sections except for the data point at 1 keV/amu. From

the other collision systems (He2+
+ H2 and CO) it is known that 

this is the energy where dissociative capture into the He
+
(1s)

ground state starts to become of significance. The HeII(3p 1s)

line emission cross sections are an order of magnitude smaller and 

strongly increase with energy. For probing double-electron 

capture processes the HeI(1s2p 1s2
)  line emission cross section 

was determined. It shows a very weak energy dependence 

similarly to the CO case. Total double-electron capture cross 

sections are only available at high energies. At the overlapping 

energy range they exceed our state selective results by about a 

factor of 10, indicating that capture into 1s2p is not the strongest 

reaction channel. 
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Figure 4.11: Double-electron capture cross sections for He2+ colliding on CO2.

Our results for HeI(1s2p 1s2) ( ). Totals by Rudd et al.26 ( ).

The line emission cross sections for HeI(1s2p 1s
2
) and the upper 

limits for HeI(1s3p 1s2
) line emission cross section, which we 

derive from the photon emission at 53.7 nm, are about equal. The 

large difference between the total and state selective results 

suggests that the triplet states are significantly populated as in the 

case of CO (see Section 4.3). 

Energy

[eV/amu]

1000 2.07 ±0.15

1750 6.15 ±0.32

2250 6.56 ±0.35 0.07 ±0.04 0

3000 8 ±0.42 0.09 ±0.03

4000 8.92 ±0.46 0.19 ±0.04 0

5000 9.63 ±0.50 0.22 ±0.03 0

6000 9.79 ±0.50 0.23 ±0.03 0

7500 10.09 ±0.52 0.36 ±0.04

10000 10.77 ±0.56 0.62 ±0.05

-

-

2p 1s 3p 1s

0.20 ±0.03

.25 ±0.08

0.25 ±0.08

.33 ±0.09

.21 ±0.07

.27 ±0.08

0.28 ±0.07

0.32 ±0.07

-

1s2p 1s2

Table 4.3: Line emission cross sections in 10-16 cm2 for He2+ colliding on CO2.

Statistical uncertainties are shown, which include the root square sum of errors 

resulting from the fitting procedure and target fluctuations estimated to be 5%.

In addition all cross sections are subject to a systematic error arising from the

calibration procedure, which is estimated to be 22%. 
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4.5 He2+ impact on different targets – 
Comparison 

 

As we have seen before electron capture by He
2+

 from 

different molecules exhibits similar tendencies. To explore 

differences we compare HeII(2p 1s) line emission cross sections 

in this case in a linear plot, which enhances the differences.  
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Figure 4.12: HeII(2p 1s) line emission cross sections for collisions between 

He2+ and different molecules: H2 ( ), CO ( ), CO2 ( ). Data from Hoekstra 

et al.11 for H2 ( ) and for H31 ( ). 

The data show that it is easier to capture electrons from CO and 

CO2 molecules than from H2 molecules. For CO the cross sections 

peak at lower energy than in the case of H2. For CO2 there is not a 

clear maximum. There seems to be a plateau that extends to low 

energy. The cross sections are generally higher for CO and CO2 

than for H2, but significant differences show up when we compare 

the cross sections at low energies.  Around 1 – 2 keV/amu the 

differences are about a factor of 10. This behavior can be 

understood if one compares the ionization energies and the 

reaction windows given by the overbarrier model. 
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gy [eV]

0.002

0.004

0.030

Molecule

(atom)
Ionization ener

H2 15.427

CO 14.013

CO2 13.769

H
13.598

Table 4.4: Ionization energies of molecules32 and atomic hydrogen.
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Figure 4.13: Reaction window for one-electron capture of the most weakly

bound electron from different molecules by 1 keV/amu He2+ ions. Target

molecules: H2 ( ), CO (  ), CO2  ( ).

CO and CO2 have almost equal ionization energies, which are 

lower than for H2. The corresponding reaction windows therefore 

are very close for CO and CO2 and are centered at lower binding 

energies than for H2. Each of the reaction windows has the most

overlap with the n=2 states but the centers of the windows for CO 

and CO2 are much closer to the n=2 resonance than that for H2.

Therefore at low energies when the windows get narrower there is 

more overlap for CO and CO2 than for H2. The overbarrier model

reflects the qualitative behavior of the cross sections. CO2 has 



almost the same ionization potential as the hydrogen atom (see 

Table 4.4). The corresponding cross sections are almost equal (see 

Figure 4.12). This indicates (in accordance with the overbarrier 

model) that the cross sections are determined by the ionization 

potentials of the targets.

Earlier in this chapter we have shown that double electron 

capture also significantly differs for H2 and for the heavy 

molecules (CO and CO2). A comparison of single- over double-

electron capture ratios is shown in Figure 4.14.

Velocity [km/s]

0 250 500 750 1000 1250

L
in

e
 e

m
is

s
io

n
 r

a
ti
o

0.1

1

10

100

Figure 4.14: HeII(2p 1s)/HeI(1s2p 1s2)  line emission cross section ratios

for He2+ colliding on various targets: H2 ( ), CO ( ), CO2 ( ); versa 

projectile velocity. The thick black line is for illustrative purpose only, to show

the similar tendencies.
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As our HeII(2p 1s)/HeI(1s2p 1s
2
)  line emission cross section 

ratios show there is a very steep velocity dependence in the 

single- over double-electron capture ratio. The dominance of 

single capture swaps to dominance of double capture at low 

energies. It is an interesting observation that H2 and CO have 

similar values over the whole energy range.  The velocity 

dependence for CO2 is less strong in the measured energy range. 

The steep dependence on the velocity implies that this ratio is an 

excellent probe for the velocity. It can be used for example to 

monitor solar wind velocities by measuring cometary Far UV 

spectra (see chapter 6). 

4.6 Conclusions 

  Combining PES and octopole ion guidance, we have 

measured state selective electron capture cross sections for low 

energy impact of He
2+

 on various gases; CO, CO2 and H2. The 

choices of targets and impact energies have made the 

experimental approach especially suitable for supplying data for 

astrophysical modeling. For all the targets the most intensive line 

emission observed was the HeII(2p 1s) transition. Its dominance 

declines with decreasing energy. In all the cases capture into the 

ground state accompanied by target dissociation and  two-electron 

capture takes over. Despite of the similar tendencies there are 

rather large differences in the energy dependencies, which we 

could explain by the overbarrier model. For double-electron 

capture the HeI(1s2p 1s2
) cross section was determined. For CO 

and CO2 this is only a small fraction of the total cross section 

unlike in the case of H2, which has also another distinctive feature 

namely a structured (multiple maxima) energy dependence. The 

dominance of double-electron capture over single-electron capture 

at low energies is evident in our experiments. The steep energy 

dependence of the HeII(2p 1s)/HeI(1s2p 1s2
) line emission 

ratio and its similar behavior for different targets hints at its 

potential usage as velocity probe in astrophysics.
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