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Abstract.  

 One-electron capture and target-ionization cross sections in collisions of He
+
 ions 

with neutral atoms: 

 

He
+
 + A  He + A

+
 and He

+
 + A  He

+
 + A

+
 + e,   A = H, He(1s

2
, 1s2s), Ne, Ar, Kr, Xe, 

 

are calculated and compared with available experimental data over the broad energy range 

E = 0.1 keV/u – 10 MeV/u of He
+
 ions. The role of the metastable states of neutral helium 

atoms in such collisions, which are of importance in plasma physics applications, is briefly 

discussed. The recommended cross section data for these processes are presented in a 

closed analytical form (nine-order polynomials) which can be used for a plasma modeling 

and diagnostics.  
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1. Introduction. 

 Charge-changing cross sections of atomic collisions involving H and He particles 

and their ions with neutral atoms are needed in many applications related with controlled 

thermonuclear fusion research (plasma heating by injection of neutral-particle beams, 

plasma diagnostics using a probe-beam attenuation), industrial plasmas, astrophysics, 

physics of upper atmosphere and others. Experimental data and theoretical calculations of 

electron capture and ionization cross sections are presented in many books and review 

articles (see, e.g., [1 - 13]). It has already been shown that the first-order perturbation 

theory can be applied for cross-section calculations at relatively high impact energies, 

especially, for collisions of bare ions (protons, H
+
, -particles). At low collision energies, 

molecular-orbital theories are usually applied [11] but the accurate predictions can be made 

only when the problem can be reduced to a three-body problem, i.e., one electron in the 

field of two Coulomb centers. The most complicated for consideration are collisions 

involving dressed projectiles at intermediate energy when electrons of both colliding 

particles participate in the process (see, e.g., [14 - 16]).  

In the present work, extensive numerical calculations are performed for the 

following charge-changing processes involving He
+
 projectiles colliding with neutral 

atoms, namely, of one-electron capture into the projectile ions 

 

                    He
+
 + A  He + A

+
,                    (1) 

and one-electron ionization of target atoms 

  

                      He
+
 + A  He

+
 + A

+
 + e,       (2) 

 

for A = H, He (including He
*
(1s2s)), Ne, Ar, Kr, and Xe atomic targets, using various 

models and computer codes valid for low and high impact energies. Combining theoretical 

results with available experimental data, a set of the recommended data are presented in a 

closed analytical form over a wide range of He
+
 energy E = 0.1 keV/u – 10 MeV/u using a 

nine-order polynomial fitting. In the case of He
+
 + He collisions, the influence of the 

metastable 1s2s states of He atoms on the charge-changing and ionization cross sections is 

briefly discussed.   

In the following, the atomic units me = e =  = 1 are used where me and e denote the 

electron mass and charge, respectively, and  the Planck constant. 

 

2. Recommended cross sections and analytical fittings. 

      In the present work, electron capture and ionization cross sections for reactions (1) 

and (2) were calculated using available computer codes (ARSENY, CAPTURE, LOSS. 

CDW) described in Appendix. The contribution from all target electrons is taken into 

account. Calculated cross sections are presented in section 3 and compared with 

experimental data and other calculations in a wide collision energy range.      
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      In all figures, the recommended cross sections rec are also displayed. They are 

obtained by choosing the reliable experimental and theoretical data, or, if no experimental 

data are available, by using the following formula [17]: 

 

highlowrec 

111
 ,                            (3) 

 

where low and high denote the cross sections calculated at low (ARSENY code) and high 

(CAPTURE and CDW codes) energies, respectively. This formula matches the cross 

sections at medium energy range using well-defined cross sections at low and high 

energies. 

      All recommended cross sections are found to be well fitted by the nine-order 

polynomials within 20 % accuracy in the form:         

   



9

0

10

2

10 ]/[log][log
i

i

irec ukeVEAcm .              (4) 

The fitting parameters Ai for one-electron capture and ionization processes are given in 

Tables 1 - 3. The energy range where eq. (4) can be applied is given in the last column of 

the tables. 
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3. Numerical calculations and comparison with experiment. 

In this section, experimental and theoretical one-electron capture and target-

ionization cross sections in collisions of He
+
 ions with neutral atoms are given. 

Calculations include mainly the data obtained by using several computer codes: ARSENY 

code for capture and ionization at low energies, CDW and CAPTURE codes for electron 

capture at high energies, and LOSS code for ionization at high energies. A brief description 

of the codes and theoretical methods used are given in Appendix.  

 

3.1  Capture cross sections. 

   a)  He
+
 + H collisions.  

Capture cross sections for this reaction are shown in Fig. 1. At energies E > 100 

keV/u, all results obtained in the Born approximation are very close to each other. As a 

recommended cross section, we adopted the experimental data from [13] in the whole 

energy range. The fitiing parameters, eq. (4), are given in Table 1.  

 

Fig. 1.  Total electron-capture cross sections in He
+
 + H collisions as a function of He

+
 

energy. Experiment: ● [18], ○ [19],  [20]. Dotted line – recommended cross section from 

[13] based on the experimental data. Theory: Born – Born approximation [21], ARSENY – 

ARSENY code, CAPTURE – CAPTURE code, CDW – CDW code, present work. Thick 

solid curve - recommended cross section from [13] which is described by eq. (4) with 

fitting parameters given in Table 1. 
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b) He
+
 + He collisions. 

i) He target in the ground state: He
+
(1s) + He(1s

2
)  He + He

+
(1s).   

Figure 2 shows the total one-electron capture cross sections, covering seven orders 

of He
+
 energy, in collisions with the ground state helium atom, He(1s

2
). Experimental data 

are taken from compilations [10] and [13] and other sources shown in the figure. In this 

reaction, the main contribution at low energies comes from the resonance electron capture 

(see Fig. 5). In the whole energy range considered (7 orders of magnitude), the best results 

are presented by the CAPTURE code and coincide with the recommended data [13] except 

for those in a narrow range around ~ 50 keV/u. The ARSENY code fails at low energies 

because it is unable to describe correctly the resonance electron capture processes. The 

electron capture cross sections in the Born approximation [21] at E > 800 keV/u are higher 

than the recommended data in [13] which we adopted as the recommended capture cross 

section. 

 

Fig. 2.  Total electron-capture cross sections in collisions of He
+
 ions with the ground-

state He atoms as a function of He
+
 energy. Experiment: ☆[22], ▲[23], ●[24], ◇[25], 

◆[26], ○[27], △[28], ■[29], ▼[30], □[31], ▽[32], Dashed line – recommended 

cross section from [13]. 

Theory: Born – Born approximation [21], ARSENY – ARSENY code, CAPTURE – 

CAPTURE code. As the recommended cross section, we adopt the data [13] which are 

fitted by eq. (4) with fitting parameters given in Table 1. 
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ii) He target in the metastable (1s2s) state: He
+
(1s) + He*(1s2s)  He + He

+
(1s). 

Figure 3 shows the total one-electron capture cross section in collisions of He
+
 ions 

with excited He*(1s2s) atoms as a function of He
+
 energy, i.e., summed over all states of 

He atom in the final channel, calculated by the CAPTURE code. Contribution from capture 

of 1s and 2s electrons is shown by two dashed curves. At energies E < 50 keV/u the main 

contribution comes from the resonance capture, i.e., capture of 2s electron of the target into 

2s state of He
+
 ions, resulting in He*(1s2s) excited state atom. On the other hand, capture 

of 1s electron becomes dominant at energy E > 100 keV/u. A small bump around E ~ 5 

keV/u is due to contribution of different excited states (n > 2) of He atom in the final 

channel. To our knowledge, no experimental data for this reaction have been reported so 

far.  

 

Fig. 3.  Total one-electron capture cross sections in collisions of He
+
 ions with excited 

He*(1s2s) atoms as a function of He
+
 energy. Dashed curves marked with 1s and 2s – 

contribution from capture of 1s and 2s electrons of excited He target into all possible states 

of the resulting He atom. ARSENY – ARSENY code, CAPTURE – CAPTURE code; solid 

curve – recommended cross section, eq. (4) and Table 1. 
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iii) State-selective electron capture: He
+
(1s) + He*(1s2s)  He*(1s

2
) + He

+*
(2s), i.e., 

electron transition 1s  1s. 

 Calculated state-selective capture cross sections for this reaction is shown in Fig. 4. 

At low energies, we adopted the data calculated by ARSENY code while at high energies 

those by the CAPTURE code. In the intermediate energy range, the data were matched 

with the help of eq. (3). The recommended cross section is shown by a thick solid curve 

which was fitted by eq. (4) with parameters given in Table 2.  

 

Fig. 4.  Calculated state-selective capture cross sections for reaction He
+
(1s) + He*(1s2s) 

 He(1s
2
)+ He

+*
(2s), i.e., transition 1s  1s: dashed curve – ARSENY code, thin solid 

curve – CAPTURE code, thick solid curve – recommended cross section, eqs. (3), (4) and 

Table 2.  
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iv) State-selective resonance capture: He
+
(1s) + He*(1s2s)  He*(1s2s) + He

+
(1s), i.e., 

transition 2s  2s. 

 Calculated state-selective capture cross section for this resonance reaction is shown 

in Fig. 5. Due to the resonance character, the cross section increases with energy 

decreasing.  

 

 

 

Fig. 5.  Calculated state-selective capture cross sections for the resonance reaction 

He
+
(1s)+ He*(1s2s)  He*(1s2s) + He

+
(1s), i.e., transition 2s  2s, calculated by the 

CAPTURE code. Recommended cross sections are presented by eq. (4) with fitting 

parameters given and Table 2.  
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c) He
+
 + Ne collisions. 

 One-electron capture cross sections in collisions of He
+
 ions with Ne atoms are 

displayed in Fig. 6. At high energies, we adopted the data obtained by the CDW code. The 

results given by the CAPTURE code largely overestimate experimental data at low 

energies (< 0.1 keV/u) where the reaction has a quasi-resonance character: the binding 

energy of the outermost 2p
6 

shell electron (21.6 eV) of Ne atom is fairly close to the 

binding energy of He atom in the final ground state (24.6 eV). For this reason, the 

ARSENY code is unable to describe correctly the capture cross section at low energy range.  

 

  

Fig. 6.  One-electron capture cross sections in collisions of He
+
 ions with Ne atoms as a 

function of He
+
 energy. Experiment: ○[1],  [27], ▲[33], □[34], ■[35], △[36], ◆

[37], ▽ [38], ● [39]. Theory: dashed curve – ARSENY code, thin solid curve - 

CAPTURE code, dotted curve – CDW code, thick solid curve – recommended cross 

section, eq. (4) and Table 1. 
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d) He
+
 + Ar collisions. 

Experimental and theoretical capture cross sections in collisions of He
+
 ions with Ar 

atoms are given in Fig. 7. At low energies we adopted experimental values [27] as our 

recommended data whereas at high energies the recommended cross section is normalized 

to the CDW results. 

 

 

 

Fig. 7.  One-electron capture cross sections in collisions of He
+
 ions with Ar atoms as a 

function of He
+
 energy. Experiment: ○[27], △[33], ▼[38], ●[40], □[41]. Theory: 

dotted curve – ARSENY code, dashed curve – CDW code, thin solid curve - CAPTURE 

code, thick solid curve – recommended cross section, eq. (4) and Table 1. 
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e) He
+
 + Kr collisions. 

Experimental and theoretical data for one-electron capture from Kr is shown in Fig. 

8. At high energies there is quite good agreement between theory and experiment while at 

low energies (< 0.1 keV/u) the data of Stedeford and Hasted [33] and Koopman [41] differ 

significantly from each other. We chose the data [33] which are closer to our calculations 

by ARSENY code.   

 

Fig. 8.  Total electron-capture cross sections in collisions of He
+
 ions with Kr atoms as a 

function of He
+
 energy. Experiment: ◆[1], △[27], ■[28], ●[33], ◇[36], ○[41], ☆

[42]. Theory: dotted curve – ARSENY code, dashed curve – CDW code, thin solid curve - 

CAPTURE code, thick solid curve – recommended cross section, eq. (4) and Table 1. 
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f) He
+
 + Xe collisions. 

 Total electron-capture cross sections in collisions of He
+
 ions with Xe atoms are 

shown in Fig. 9. At low energy range, the reaction has a quasi-resonance character because 

the binding energy of the inner 5s
2
 shell in Xe, 23.4 eV, is very close to the binding energy 

of He atom in the final channel, 24.6 eV, and, therefore, the cross sections are rather large.  

 

Fig. 9. Total electron-capture cross sections in collisions of He
+
 ions with Xe atoms as a 

function of He
+
 energy. Experiment: ◯[33], ●[41]. Theory: dashed curve – ARSENY 

code, thin solid curve - CAPTURE code, thick solid curve – recommended cross section, 

eq. (4) and Table 1. 
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3.2  Ionization cross sections. 

 Experimental and calculated one-electron ionization cross sections of H, He, Ne, Ar, 

Kr and Xe atoms by He
+
 ions are shown in Figs. 10 - 15. At low and high energies they 

were calculated by ARSENY and LOSS code, respectively. Except for H target, the 

recommended cross sections were obtained by using eq. (3) and are in a good agreement 

with available experimental data. In case of H target, the recommended cross section was 

determined from calculations by ARSENY and LOSS codes and available experimental 

data. 

 Recommended ionization cross sections of He in the ground, He(1s
2
) and excited, 

He*(1s2s), states are shown in Figs. 11 and 12. They were obtained on the basis of 

calculations by ARSENY and LOSS codes (no experimental data are known). Below 

cross-section maximum occurring at ~ 100 keV/u, (1s2s) is much higher than (1s
2
) since 

their binding energies differ significantly: 4.5 and 24.6 eV, respectively. At higher energies, 

the calculated ratio is (1s2s)/(1s
2
)  2.5 which is in good agreement with the Born 

results: isproportional to the number of the equivalent electrons of the target shell and 

inversely proportional to its binding energy. It means that (1s2s) :(1s
2
)  1/4.5 : 2/24.6 

 2.5. The contribution from ionization of 1s electron into (1s2s) is very small because its 

binding energy in He*(1s2s) is rather large: I(1s)  54 eV. 

 

Fig. 10.  Ionization cross sections of H(1s) atom by He
+
 as a function of He

+
 energy. 

Experiment: ●[10], ○[43]. Theory: dashed curve – ARSENY code, thin solid curve - 

LOSS code, thick solid curve – recommended cross section, eq. (4) and Table 3. 
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Fig. 11.  One-electron ionization cross sections of He(1s
2
) atom by He

+
 ion as a function 

of He
+
 energy. Experiment: ●[27]. Theory: dashed curve – ARSENY code, dotted curve - 

LOSS code, solid curve – recommended cross section, eqs. (3), (4) and Table 3. 

 

Fig. 12.  Calculated one-electron ionization cross sections of excited helium atom, 

He*(1s2s), by He
+
 ion, i.e., the sum of ionization cross sections of 1s and 2s electrons in 

He
*
(1s2s) target as a function of He

+
 energy. Theory: dashed curve – ARSENY code, 

dotted curve - LOSS code, solid curve – recommended cross section, eqs. (3), (4) and 

Table 3. 
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Fig. 13.  One-electron ionization cross sections of Ne atoms by He
+
 ions as a function of 

He
+
 energy. Experiment: ●[27]. Theory: dashed curve – ARSENY code, dotted curve - 

LOSS code, solid curve – recommended cross section, eqs. (3), (4) and Table 3. 
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Experimental and calculated one-electron ionization cross sections of Ar atoms by 

He
+
 are shown in Fig. 14. At low and high energies they were calculated with ARSENY 

and LOSS code, respectively. At intermediate-energy range, cross section matched using 

eq. (3) is in good agreement with experimental data [27].  

 

Fig. 14.  One-electron ionization cross sections of Ar atoms by He
+
 ions as a function of 

He
+
 energy. Experiment: ●[27]. Theory: dashed curve – ARSENY code, dotted curve - 

LOSS code, solid curve – recommended cross section, eqs. (3), (4) and Table 3. 
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Experimental and calculated one-electron ionization cross sections of Kr atoms by 

He
+
 are shown in Fig. 15. At low and high energies they were calculated by ARSENY and 

LOSS code, respectively. At intermediate energies, the cross sections were matched using 

eq. (3) and are in a good agreement with experimental data [26].  

 

 

Fig. 15.  One-electron ionization cross sections of Kr atoms by He
+
 ions as a function of 

He
+
 energy. Experiment: ●[27]. Theory: dashed curve – ARSENY code, dotted curve - 

LOSS code, solid curve – recommended cross section, eqs. (3), (4) and Table 3. 
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Calculated one-electron ionization cross sections of Xe atom by He
+
 are shown in 

Fig. 16. At low and high energies they were calculated by ARSENY and LOSS code, 

respectively, and at intermediate energies were matched using eq. (3).  

 

Fig. 16.  One-electron ionization cross sections of Xe atoms by He
+
 ions as a function of 

He
+
 energy. Theory: dashed curve – ARSENY code, dotted curve - LOSS code, solid curve 

– recommended cross section, eqs. (3), (4) and Table 3. 

 

Conclusion.  

Extensive calculations of one-electron capture and target ionization cross sections in 

collisions of He
+
 ions with H, He(1s

2
, 1s2s), Ne, Ar, Kr, Xe are performed in a wide energy 

range using several computer codes. Combining the calculated cross sections with 

available experimental data, recommended cross sections are suggested and fitted by a 

nine-power polynomial. The corresponding fitting parameters are given for all cases 

including electron capture and ionization in collisions with excited He*(1s2s) atoms. These 

parameters can be used for plasma modeling purposes. 
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Appendix. Theoretical treatments and computer codes.  

 

A. The ARSENY code for ionization and electron capture at low energy. 

The ARSENY code is intended for calculation of one-electron capture and ionization 

cross sections at low energies, i.e., below the cross-section maximum [44, 45]. The code is 

based on the adiabatic approximation for inelastic transitions of one-electron in the two-

Coulomb-centre system (Z1, e, Z2) where Z1 and Z2 are the effective charges of the target 

and projectile particles, respectively. These transitions occur in the regions of the closest 

approach of potential curves via their hidden crossings in the complex R-plane where R is 

the inter-nuclear separation between two nuclei.  

The transition probability P(b) between two adiabatic states  and  is given      

 

  
c

c

R

R

dRRERE
bR

bP
Re

)()(
),(v

1
Im),2exp()(   ,     (5) 

                     

where b denotes the impact parameter, v the relative collision velocity of two nuclei, E(R 

and E(R the energies of the final and initial states at the separation distance R, 

respectively, and Rc  a complex branching point, or ‘hidden crossing’ of the two potential 

energy surfaces. In the adiabatic approximation, no wave functions and matrix elements 

are required to calculate probability P(b). The ARSENY code gives incorrect results in 

the case of resonance or quasi-resonance capture reactions, i.e., when the binding energies 

of the captured electron before and after collision are equal or very close to each other. 

 

B. The CDW code for electron capture at high energy. 

The CDW code [46, 47] is intended for calculation of one-electron capture cross 

sections at high projectile energies and is based on the Continuum Distorted-Wave (CDW) 

approximation which is a modification of the second Born approximation. The code is able 

to calculate the nl capture cross sections at projectile energies given approximately by  

 

                    E [keV] > 50 max (I1, I2),                         (6) 

 

where n and l are the principal and angular momentum quantum numbers, I1 and I2 the 

binding energies (in eV) of the active electron before and after collision, respectively.  
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In the CDW approximation, a connection between the long-range Coulomb 

distortion effects and the accompanying perturbation potentials is taken into account (see 

[46, 48]) and a single-electron approximation is used: during a collision, the active electron 

makes a transition while all other electrons are passive (‘spectators’): their orbitals remain 

to be frozen. The bound states of the active electron are described by Clementi-Roetti or 

hydrogen-like wave functions while the intermediate continuum states by the Coulomb 

wave functions. In the hydrogen-like wave functions, the following effective charge Zeff is 

used: 

  
2/1)2( R H F

nleff InZ    ,                  (7) 

 

where I
RHF

 denotes the binding energy variationally obtained using the Roothaan-Hartree-

Fock (RHF) model and Clementi-Roetti wave functions (see [46]). In general, the Zeff 

value in eq. (7) is very close to the well-known estimation Zeff = n(2Inl)
1/2

 where Inl is the 

experimental or theoretical binding energy of the nl state. 

 

C. The CAPTURE code for electron capture. 

The CAPTURE code is intended for calculating the probabilities P(b,v) and cross 

sections n(v) for one-electron capture in ion-atom and ion-ion collisions at intermediate 

and high energies [49]. Here b and v represent the impact parameter and the projectile 

velocity, respectively, and n the principal quantum number of the final state. The -

components of the capture cross sections are not calculated in the CAPTURE code but 

estimated by the statistical distribution. The formulae, realized in the code, are based on the 

normalized Brinkman-Kramers (BK) approximation in the impact parameter representation. 

The total cross section tot is given by the sum of partial cross sections n for all target 

electron shells and all possible final states with the principal quantum number n in the 

projectile ion as a function of collision velocity v: 

         ,)v()v(,)v(v)(
0

 


 

 nn

nn

nn

ntot

cut

                  (8) 

  











m a x

0'

'

)(

0

)(

v),(1

v),(
 v),(,v),(2v)(

n

nn

n

nnorm

n

norm

nn

bP

bP
bPdbbbP





 
     (9) 

where Pn(b,v) denotes the electron capture probability from the initial target shell  into 

the final n-state of the resulting ion, including the ground state n0, and nmax the maximum 

principal quantum number taken into account. The summation is made over all shells  of 

the target. Here the index norm refers to the normalized probability and ncut is a parameter 

strongly depending on the target density: for low-density gas targets it equals to infinity 

while in a dense target it can be small due to the so-called target-density effects (see [50]). 

In the present paper we adopt ncut =  as the target density is low. The normalized capture 
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probability P
(norm)

n(b,v) in eq. (9) is always less than unity, making it possible to extend the 

BK approximation to much lower energies than is used in the pure BK approximation. 

In the CAPTURE code, the hydrogen-like wave functions Rnl
H
(r) are used for both 

projectile and target particles: 

 

  
2/12/3 )2(),()( RHF

effeff

H

nleffnl EnZrZRZrR                   (10) 

                    

where Zeff is already given in eq. (7). The use of hydrogen-like wave functions allows 

one to include excited states of the resulting ion up to very high principal quantum 

numbers nmax ~1000. This is very important in the case of highly charged projectile ions. 

 

D. The LOSS code for ionization of the target atom.  

In the present work, the LOSS code [51] is used for calculating one-electron 

ionization cross sections of the target atoms at relatively high energies (over the cross-

section maximum) and is based on the non-relativistic Born approximation using the 

Schrödinger radial wave functions calculated numerically by the code.  

In the LOSS code, the ionization cross section is calculated in the partial-wave 

representation in the momentum-transfer Q space in the form: 

 

,)(),,(

Q
Q

dQ
  

v

8
 (v)

22

min

3

0T
2ion QFQFd PT  









          (11) 

 

where FT and FP are the target-atom form-factor and the effective charge of the incident 

particle, respectively,  and  denote the energy and orbital momentum of an ejected 

electron, IT its binding energy in the target, Qmin = (IT + )/v. The sum on T in eq. (11) is 

made over all target-shell electrons. 

 The target form-factor is given by 
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where the radial wave functions of the initial (nl) and final () states are calculated 

numerically by solving the Schrödinger equation in the effective field of the atomic core. 

The effective charge of the incident heavy particle is calculated in the form:  
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with the nodeless Slater wave functions |j>. Here ZP and N denote the nuclear charge and 

number of electrons in the incident particle, respectively. In the case of He
+
 projectile, the 

function FP(Q) has a simple analytical form [51]: 
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Table 1.  Nine-order polynomial fitting parameters used in eq. (4) for the recommended total one-electron capture cross 

sections shown in Figs. 1-3 and 6-9. The accuracy of fitting is estimated to be within 20%. Last column shows the energy 

range of the recommended data.  

Target      

   A 

A0 A1 A2 A3 A4 A5 A6 A7 A8 A9 Energy 

range, 

keV/u 
H -16.382 0.4801 -0.1012 0.8740 -0.0342 -0.7440 0.1485 0.1715 -0.0777 0.0092 0.04-210

3
 

He -15.114 -0.2623 -0.0689 -0.0057 -0.0007 -0.0113 -0.0033 2.2510
-4

 2.0010
-4

 1.9910
-5

 10
-5

-210
3
 

He*(1s2s) -14.331 -0.0353 -0.1381 -0.1607 -0.0251 0.00793 6.5710
-4

 -2.1510
-4

 1.0310
-5

 0 0.001-210
3
 

Ne -15.161 0.2981 -0.1684 0.17675 -0.3828 0.1924 -0.0485 0.00673 -4.910
-4

 1.4410
-5

 0.02-10
4
 

Ar -15.268 0.5824 -0.1410 -0.1826 -0.0553 0.0217 0.00712 -0.00181 -3.4010
-4

 7.2410
-5

 0.001-210
4
 

Kr -15.036 0.2201 -0.1462 0.0900 -0.1505 0.03057 0.00132 -6.9010
-4

 1.5210
-5

 3.1510
-6

 0.01-210
4
 

Xe -14.751 -0.06056 0.02248 -0.0184 -0.0900 0.00905 0.00784 -0.0022 2.0110
-4

 -5.5810
-6

 0.01-10
4 

 

Table 2.  Nine-order polynomial fitting parameters used in eq. (4) for the recommended state-selective capture cross 

sections shown in Figs. 4 and 5. The accuracy of fitting is estimated to be within 20%. Last column shows the energy 

range of the recommended data.  

   Reaction A0 A1 A2 A3 A4 A5 A6 A7 A8 A9 Energy 

range, 

keV/u 
He

+
+He(1s2s)  

He(1s
2
)+He

+
(1s) 

-19.874 5.0495 -2.7663 1.13363 -0.4542 0.06955 1.3610
-4

 -5.1310
-4

 -5.3010
-5

 8.0110
-6

 0.4-210
3
 

He
+
+He(1s2s)  

He(1s2s)+He
+
(1s) 

-15.155 -0.2458 -0.1963 -0.2657 -0.0631 0.02483 0.0033 -0.00142 1.02210
-4

 0 0.01-500 
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Table 3. Nine-order polynomial fitting parameters used in eq. (4) for the recommended one-electron ionization cross 

sections shown in Figs. 10 - 16. The accuracy of fitting is estimated to be within 20%. Last column shows the energy 

range of the recommended data.  

 

Target A A0 A1 A2 A3 A4 A5 A6 A7 A8 A9 Energy 

range, keV/u 

H -19.067 3.214 -0.985 0.6991 -0.4723 0.0612 0.02669 -0.0068 1.0710
-4

 5.11010
-5

 0.3 - 210
4
 

He -19.742 3.693 -1.126 0.5985 -0.4442 0.1078 0.00821 -0.0075 0.00113 -5.55210
-5

 0.1 – 10
6
 

He*(1s2s) -17.104 1.798 -0.866 0.3390 -0.0879 -0.0114 0.00538 0.00161 -6.9410
-4

 6.20610
-5

 0.2 - 210
4
 

Ne -18.544 3.712 -2.078 0.7643 -0.1786 0.02204 -0.01174 0.00609 -0.0012 8.08110
-5

 0.3 - 10
5
 

Ar -18.094 3.652 -1.675 0.2253 0.05484 0.01531 -0.03622 0.01394 -0.0022 1.26610
-4

 0.2 - 10
5
 

Kr -17.724 3.071 -1.554 0.5347 -0.1441 0.03465 -0.02475 0.01214 -0.0025 1.89210
-4

 0.2 - 310
4
 

Xe -17.743 3.192 -1.612 0.5244 -0.2023 0.1070 -0.04756 0.0124 -0.0017 8.81310
-5 0.2 - 10

5 

 

 




