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5 Electron Capture by He
+

Colliding on Different Targets

5.1 Introduction 

The measurements described in this chapter are largely 

motivated by their relevance for astrophysical observations 

especially regarding the interaction of the solar wind with

cometary atmospheres. Singly charged helium ions are rare in the 

solar wind but in cometary environments they are significantly 

produced from He2+
 by single electron capture.  Both single-

electron capture by He
+
 and double-electron capture by He

2+

contribute to the HeI(1s2p 1s
2
) line emission. The 

HeII(2p 1s)/HeI(1s2p 1s2
) line emission ratio therefore will be 

affected by He+
ions. Therefore, for probing solar wind velocity 

by this ratio one must know the line emission cross sections for 

He
+
 too. This was our main motivation for carrying out 

experiments with He
+
. The reaction scheme in this case is given 

by:

(5.1)hXlsnHeXsnlHeXHe )''1()1( **

where X is an arbitrary neutral particle. We have used H2, CO, 

and CO2 molecules as targets. The observed lines were 

HeI(1s2p 1s
2
) (58.4 nm), HeI(1s3p 1s

2
) (53.7 nm) and 

HeI(1s4p 1s
2
) (52.2 nm) (see Figure 4.1). The lifetimes of the 

highly excited states of HeI are considerably longer than the 

lifetime of HeII(2p) state (see Table 5.1). The highest energy in 

our measurements (5 keV/amu) corresponds to almost exactly 106

m/s. At this velocity the ions travel 1 mm/ns. The p-states have 

the shortest lifetimes; they mostly decay within the area observed 

by the spectrometer, which is 10 mm long (see section 2.3.4). The 

other states, which are cascading down to the 2p state, have much

longer lifetimes. Therefore the cascading takes place mainly

outside the observed area. Even for 3p and 4p states significant 
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),(

percentages decay outside the viewing area of the spectrometer.

Therefore the correction factor  (see section 2.3.3) can not 

be neglected in determining line emission cross sections for 

HeI(1s3p 1s
2
) and HeI(1s4p 1s

2
) transitions. 

vF
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Configuration Lif

1s2p 18.01

1s3s 0.18

1s3p 5.80

1s3d 0.64

1s4s 0.11

1s4p 2.55

1s4d 0.27

1s4f 0.14

2p 100.24

3p 30.34
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Table 5.1: Lifetime of the excited states of HeI. 

We can calculate this correction factor using the emission profile 

of the excited state (see Hoekstra et al.
1,2
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with  the velocity of the ions and  lifetime of the state, z the

position along the beam axis and T  the target profile. In the 

worst case (at the highest velocity) the correction factor is 0.92 

and 0.73 for HeI(1s3p 1s

)(z

2
) and HeI(1s4p 1s2

) respectively.

v

5.2 He+ – H2 collisions 

We have performed measurements on He
+
 – H2 collisions in 

the 875 eV/amu – 5 keV/amu energy range.  Line emissions from

the levels 1snp with n=2 to n=4 have been observed. We

calibrated our measurements with a He2+
 beam in the same way as 

written in section 4.2. The target gas was cooled by liquid 

nitrogen. We have found the HeI(1s2p 1s
2
) line to be the most



intensive. The line emission cross sections are comparable to the 
ones for the same transition produced in He2+ – H2 collisions 
resulting from double-electron capture. Therefore the effect of 
He+ ions on the cometary photon emission at 58.4 nm may indeed 
be significant. Isler and Nathan3 have studied the VUV spectrum 
of 500 eV He+ – H2 collision. They also observed significant 
emission from the HeI(1s2p→1s2) transition but they did not 
observe the HeI(1snp→1s2) lines with n>2. 
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Figure 5.1: Electron capture by He+ colliding on H2. Our results for line 
emission cross sections for HeI(1s2p→1s2) (Ê), HeI(1s3p→1s2) (Ú), 
HeI(1s4p→1s2) ( ), and HeII(2p→1s) (Ê). Line emission cross section for 
HeI(1s3p→1s2)  deduced from measurement by Isler and Nathan3 for 
HeI(1s3p→1s2s)  by using known branching ratios (Û). Excitation cross 
section for HeII(1s→2s) by Shah and Gilbody4 (Á). Total one-electron 
captures: Moran and Conrads5 (‡), Stedeford and Hasted6 (). 

 95



In our measurements cross sections for the HeI(1s3p 1s2
) and 

HeI(1s4p 1s2
) transitions are 1 and 2 orders of magnitude

smaller than for HeI(1s2p 1s
2
). Isler and Nathan

3
 determined the 

optical transition HeI(1s3p 1s2s) to have a cross section  of 10
-20

cm
2
. Knowing that the branching ratios for the transitions from

the HeI(1s3p) state to the HeI(1s2s)  and HeI(1s
2
) states are 0.023 

and 0.977 respectively (see Figure 4.1), the emission cross 

sections are related by: 

(5.3).023.0/977.0 1s2s1s3p1s1s3p 2

Therefore we are able to make a comparison with their results 

(see Figure 5.1).  Although we have no data for the same energy 

yet the results are similar in magnitude. We also observed line 

emission (however weak) at 30.4 nm, which is due to projectile 

excitation:

.)1()2()1( 222 hHsHeHpHeHsHe (5.4)

Our cross section data for HeII(1s 2p) excitation, although 

larger by a factor of 4, have a very similar tendency as data of 

Shah and Gilbody4
 for HeI(1s 2s) excitation.
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0020 ±0.0011

0026 ±0.0009

0025 ±0.0012

0040 ±0.0020

0028 ±0.0008

1s4p 1s2

- -

-

-

Energy

[keV/amu]

0.875 0.08 ±0.010

1.125 0.14 ±0.008 0.009 ±0.0019

1.5 0.15 ±0.010 0.010 ±0.0014

2 0.21 ±0.011 0.016 ±0.0015 0.

2.5 0.20 ±0.011 0.015 ±0.0011 0.

3 0.0017 ±0.0006 0.22 ±0.012 0.012 ±0.0011 0.

3.75 0.0024 ±0.0005 0.25 ±0.013 0.012 ±0.0014 0.

5 0.0068 ±0.0009 0.24 ±0.013 0.007 ±0.0008 0.

2p 1s 1s2p 1s
2

1s3p 1s
2

-

-

-

-

-

Table 5.2: Line emission cross sections in 10-16 cm2 for He+ 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, which is estimated to be 20%.



The total one-electron capture cross sections exceed the sum of 

the line emission cross sections, indicating that capture into the 

ground state and triplet states is very efficient. Indeed in his thesis 

work Lehner7
 has found that capture into the ground state is the 

primary channel. 

5.3 He+ – CO collisions 

For the He
+
 – CO collision system we have only observed 

the HeI(1s2p 1s2
) transition. From the He

+
 – H2 collisions we

now that the other lines are orders of magnitude less intense. The 

calibration was the same as for the He
2+

 – CO collision (see 

section 4.3). The HeI(1s2p 1s
2
) line emission cross sections for 

the collision systems He
+
 – CO and He

+
 – H2 are very similar

while the totals are about 5 times larger for the He
+
 – CO system.
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Figure 5.2: Electron capture by He+ colliding on CO. Our results for

HeI(1s2p 1s2) line emission ( ). Total one-electron capture: Moran and

Conrads5 ( ), Coplan and Ogilvie8 ( ), Browning et al.9 ( ).
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±0.05

±0.02

±0.03

±0.02

1s
2Energy

[keV/amu]

0.5 0.22

0.875 0.20

1.25 0.26

2.5 0.32

1s2p

Table 5.3: Line emission cross sections in 10-16 cm2 for He+ 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 common systematic error arising 

from the calibration procedure, which is estimated to be 22%.

5.4 He+ – CO2 collisions 

We have observed the line emission of the HeI(1s2p 1s2
),

HeI(1s3p 1s2
), and HeII(2p 1s) transitions in He

+
 – CO2

collisions, but in contrast to the case of a H2 target no 

HeI(1s4p 1s
2
) emission has been observed.
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Figure 5.3: Electron capture by He+ colliding on CO2. Our results for line 

emission cross sections for HeI(1s2p 1s2) ( ), HeI(1s3p 1s2) ( ), and 

HeII(2p 1s) ( ). Total one-electron capture: Moran and Conrads5 ( ), 

Greenwood et al. ( ). 

 



The count rate has been lower for the CO2 target because of the 

lower target density, CO2 has a relatively high freezing point and 

therefore it could not be cooled by liquid nitrogen. Due to the 

lower count rate we could not detect the weak HeI(1s4p 1s
2
)

line.The calibration was the same as for He
2+

 – CO2 collisions 

(see section 4.4). The HeI(1s2p 1s2
) line emission is the most

intensive in this case too. Fragment product lines are present but 

not as strong as for doubly charged helium. The HeI(1s3p 1s2
)

transition has overlap with fragment product lines but a 

contamination of more than 20% is unlikely. The trends for the 

line emission cross sections for this target are generally quite 

similar to the ones for the H2 target. 
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031 ±0.012

046 ±0.011

048 ±0.010

067 ±0.008

060 ±0.012

088 ±0.011

075 ±0.009

098 ±0.010

1s3p 1s
2Energy

[keV/amu]

0.875 0.22 ±0.019 0.

1.125 0.24 ±0.012 0.

1.5 0.26 ±0.010 0.

2 0.023 ±0.008 0.29 ±0.009 0.

2.5 0.027 ±0.014 0.31 ±0.013 0.

3 0.049 ±0.012 0.34 ±0.011 0.

3.75 0.052 ±0.008 0.30 ±0.009 0.

5 0.073 ±0.013 0.32 ±0.010 0.

-

-

2p 1s 1s2p 1s
2

-

Table 5. Line emission cross sections in 10-16 cm2 for He+ 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 common systematic error arising 

from the calibration procedure, which is estimated to be 22%.

5.5 He+ impact on different targets – 
Comparison

Comparing one-electron capture cross sections for He
+

colliding on different targets we conclude that electron capture 

from the heavy molecules (CO, CO2) is generally easier than from

H2. The differences for capture into the 1s2p
1
P state are about a 

factor of 2 (see Figure 5.4). For capture into 1s3p
1
P larger 

differences are observed (see Figure 5.5). It is interesting that for
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CO and CO2 targets cross sections for electron capture into 1s2p
1
P are equal within the statistical uncertainties. This is 

understandable because the ionization potentials of CO and CO2

are almost equal.  

Total electron capture cross sections by far exceed capture 

into 1s2p1
P. While the difference in the case of H2 is a factor of 

10 – 20 for CO and CO2 it is 20 – 50. According to Lehner
7
 one-

electron capture from H2 populates mainly the 1s2
 ground state. 

We expect a similar scenario for the other molecules as well. 

From the reaction windows we can see that capture of the most 

weakly bound electron is not a resonant process (see Figure 5.6). 

The position of the reaction windows is half way between the n=1

and n=2 states. So both of them are populated in non-resonant 

processes, which have small cross section. Triplet states can play 

a significant role as well. For example the 2s 3
S triplet state is 

closer to the center of the reaction windows than the other states 

with n=2. Also two-electron processes should be taken into 

account, especially the process where two electrons become quasi 

molecular during the collision and the weakliest bound is 

recaptured by target, while the second electron is captured by the 

projectile. The corresponding reaction windows are nearly 

resonant with the 1s2
 ground state. It suggests that capture into 1s

2

is the dominant reaction channel. The explanation for the 5 – 10 

times higher total cross sections for the heavy molecules might be 

hidden in the electronic excitation states of the target molecules. 

Capture of the weakest bound electron to the ground state is an 

exothermic process. There is about 10 eV energy left, which is 

usually taken by the ionized target molecule as excitation energy. 

Ionized CO and CO2 molecules have much more densely 

distributed levels than H2
+
, therefore the resonance condition is 

more likely to be met by CO and CO2 than by H2. It is also 

interesting to note that excitation cross sections are much higher 

for CO2 than for H2 (see Figure 5.7). Probably the spatial 

dimensions and the number of target electrons are influencing the 

strength of the excitation process. 
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Figure 5.4: HeI(1s2p 1s2) line emission cross sections for He+ colliding on

different targets: H2 ( ), CO ( ), CO2 ( ).
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Figure 5.5: HeI(1s3p 1s2) line emission cross sections for He+ colliding on

different targets: H2 ( ), CO2 ( ).
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Figure 5.6: Reaction windows for one electron capture by He+: panel a), for the

most weakly bound electron; panel b), for two-electron processes in which the

most weakly bound electron is recaptured by the target and the second one is

captured by the projectile. Targets: H2 ( ), CO (  ), CO2  ( ).
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Figure 5.7: HeII(1s 2p) excitation cross sections for He+ colliding on

different targets: H2 ( ), CO2 ( ).

5.6 Conclusions 

We have obtained line emission cross sections for He
+
 colliding 

on H2, CO, and CO2 target molecules. Line emission of the 

HeI(1s2p 1
P  1s2 1

S) transition (as signature of one electron 

capture) is the most intensive for all cases. It is therefore likely 

that it will affect cometary VUV spectra. Other lines resulting 

from electron capture and excitation such as HeI(1s3p 1s2
),

HeI(1s4p 1s
2
), and HeII(2p 1s), are much less intensive and 

have little contribution. In accordance with other results our 

measurements suggest that capture into the ground state is the 

primary reaction channel.
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