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The ion-ion neutralization reactions of He2+ with C6F6- and C6F5Cl- were studied by observing He2* 
excimer emissions in the 200–990 nm region. He2* excimer emissions from six triplet states and six or 
five singlet states with excitation energies of 19.3−20.7 eV were identified in these two reactions. The 
relative formation rate constant of an upper 𝑢 level of He2*, 𝑘଴ሺ𝑢ሻ, rapidly decreased with increasing 
the excitation energy of He2*. Major triplet and singlet He2* states were the lowest observed c3g+ and 
C1g+ states, which occupied 70% and 21% of ∑ 𝑘଴ሺ𝑢ሻ௨ , in the He2+/C6F6- reaction, and 69% and 18% 
in the He2+/C6F5Cl- reaction, respectively. The total formation ratios of triplet and singlet states were 
78:22 in the He2+/C6F6- reaction and 81:19 in the He2+/C6F5Cl- reaction. No vibrational excitation was 
observed for all observed He2* states. The rotational distributions of f 

3u+(𝑣ᇱ=0), e3gሺ𝑣ᇱ=0), d3u+(𝑣ᇱ=0), 
c3g+(𝑣ᇱ=0), and C1g+(𝑣ᇱ=0) states were expressed by either single or double Boltzmann rotational 
temperatures of 310−1530 K. Rovibrational distributions of these excited states indicated that most of 
excess energies are not released as rovibrational energies of He2*, but they (90.4−97.2%) are deposited 
into relative translational energies of products and rovibrational energies of C6F5X (X=F, Cl). The 
observed vibrational and rotational distributions were compared with statistical ones assuming long 
lived [He2–C6F5X]* intermediates. 
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1.  Introduction 

  Electron-ion and ion-ion recombination and 
neutralization processes are important loss 
processes of charged particles in space and 
man-made plasmas because of their extremely 
large cross sections due to long range 
Coulombic attractive forces between positive 
ions and electrons or negative ions.1-6) In a 
preceding paper, we studied the formation of 
He2* excimer by three-body collisional 
radiative recombination (CRR) reaction (1) in 
the He flowing afterglow (FA):7) 

 
He2+ + e- + e- → He2* + e-. (1) 

 

Thirty triplet and twelve singlet transitions of 
He2* with excitation energies of 19.3–21.8 and 
19.6–21.8 eV region, respectively, were 
identified. The relative formation rate constant 
of He2*, 𝑘଴ሺ𝑢ሻ , rapidly decreased with 
increasing the excitation energy. Major triplet 
and singlet product He2* states were the lowest 
observed c3g+ and C1g+ states, which occupied 
39.9% and 7.1% of ∑ 𝑘଴ሺ𝑢ሻ௨ , respectively. The 
total intensity ratio of triplet and singlet states 
were 84:16 respectively. No vibrational 
excitation was observed for all thirty-four 
states. The rotational distributions of 
f3u+ሺ𝑣ᇱ=0), e3gሺ𝑣ᇱ=0), and d3u+(𝑣ᇱ=0) were 
expressed by double Boltzmann rotational 
temperatures, whereas that of c3g+(𝑣ᇱ=0) was 
represented by a single Boltzmann 
temperature. On the basis of observed 
rovibrational distributions, most of the total 
excess energy (95.2−98.5%) is deposited into 
the relative translational energy of products. 
The observed vibrational and rotational 

*1  Institute for Materials Chemistry and Engineering, 
and Research and Education Center of Green 
Technology 

*2  Department of Molecular Science and Technology 
*3  Department of Molecular Science and Technology, 

Graduate Student 



12    Formation of He2* from neutralization reactions of He2+ with C6F6
- and C6F5Cl- in the He flowing afterglow 

 

 

distributions were lower than those of 
statistical prior ones calculated assuming a 
long lived [He2–e-]* intermediate. It was 
concluded that He2* molecules are not formed 
via long lived [He2–e-]* intermediate, where 
excess energies are statistically distributed to 
all degrees of freedom.  

In the present study, the formation of He2* 
excimer by the ion-ion neutralization reactions 
of He2+ with C6F6- and C6F5Cl- are investigated 
using the He FA. The relative formation rate 
constants and rotational distributions of five 
typical states are determined. The observed 
vibrational and rotational distributions are 
compared with statistical ones assuming long 
lived [He2–C6F5X]* (X=F, Cl) intermediates. 
Preliminary results of this paper have been 
communicated previously.5,8) 
 
2.  Experimental 

The FA apparatus used in this study has 
been previously described in detail.5,8) In brief, 
He(23S), He+, and electrons were generated by 
a microwave discharge of high purity helium 
gas (Nippon Sanso, purity >99.995%) in a 
discharge flow operated at 1.6–1.8 Torr. The 
contribution of charged species to the observed 
emissions was examined by using a pair of ion-
collector grids placed between the discharge 
section and the reaction zone.  

The positive He2+ ions were formed by the 
three-body reaction of He+ with 2He in a flow 
tube: 

 
k2 

He+ + 2He  →  He2+ + He, （2) 
(k2 = 8.3 × 10-32 cm6 molecule-2 s-1 [Ref. 9]). 
 
An electron attachment gas, C6F6 (Tokyo Kasei, 
purity >99%) or C6F5Cl (Tokyo Kasei, >95%), 
was added from the first gas inlet placed 10 cm 
downstream from the center of microwave 
discharge, where negative C6F6

- or C6F5Cl- ion 
was formed by a fast non-dissociative electron 
attachment to these two gases:  
 

C6F6 + e- → C6F6
-, (3) 

(k3 = 8.6 × 10-8 cm3 s-1 [Ref. 10]), 
 
C6F5Cl + e- → C6F5Cl-, (4) 

(k4 = 1.0 × 10-7 cm3 s-1 [Ref. 11]). 
 

The partial pressures of C6F6 and C6F5Cl in the 
reaction zone were 2−15 mTorr.  

A reaction flame, observed around the C6F6 
or C6F5Cl gas inlet was dispersed in the    

200–1000 nm region with a Spex 1250M 
monochromator  equipped  with a cooled 
photomultiplier (Hamamatsu Photonics R376 
or R316-02). The wavelength response of 
monochromator and the optical detection 
system were corrected using standard D2 and 
halogen lamps. 

 
3.  Results and Discussion 

3.1  Emission spectra of He2* excimer 
resulting from the He2+/C6F6- and He2+/C6F5Cl- 
ion-ion neutralization reactions 

Figure 1 shows typical emission spectra in 
the 430–980 nm region resulting from the 
He(23S)/C6F6, He+,He2+/C6F6, and 
He+,He2+/C6F6- reactions. Figure 2 shows the 
corresponding spectra for C6F5Cl reagent. Six 
triplet and six or five singlet transitions of He2* 
given in Table 1 are identified in the He2+/C6F6- 
and He2+/C6F5Cl- reactions by referring to 
reported spectral data of He2*.12-15) In addition 
to many He2* emissions, C6F6+( B෩– X෩ ),16) 
C6F5Cl+(B෩– X෩),17) He*,18) and H*18) emissions are 
observed. Strong broad C6F6+( B෩– X෩ ) and 
C6F5Cl+( B෩– X෩ ) emissions result from 
He(23S)/C6F5X Penning ionization and 
He2+/C6F5X charge-transfer reactions.19) He* 
lines dominantly result from He+/C6F5X- 
neutralization reactions.19,20) H* lines arise 
from reaction of He(23S) with residual H2O.21)  

The observed He2* emissions, on which the 
present work focuses, disappeared when 
charged species were removed from the He 
afterglow on applying an electrostatic potential 
to the grid. The formation of He2(c, d, e, f, C, D, 
E, F) by the He2+/C6F6 and He2+/C6F5Cl charge-
transfer reactions are highly endothermic, 

Table 1. He2* emission systems produced 
He2+/C6F6- and He2+/C6F5Cl- reactions in the 
He FA. 
 

Triplet transitions Singlet transition 

f3Δu(3dδ)-b3Πg F1Δu(3dδ)-B1Πg 

f3Πu(3dπ)-b3Πg F1Πu(3dπ)-B1Πg 

f3Σu
+(3dσ)-b3Πg F1Σu

+(3dσ)-B1Πg 

e3Πg(3pπ)-a3Σu
+ E1Πg(3pπ)-A1Σu

+ 

d3Σu
+(3sσ)-b3Πg D1Σu

+(3sσ)-B1Πg
a) 

c3Σg
+(3pσ)-a3Σu

+ C1Σg
+(3pσ)-A1Σu

+ 

a) Observed only in the He2+/C6F6- reaction. 
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because high energies are required for the 
ionization of C6F6 (9.90 eV) and C6F5Cl (9.72 
eV):22) 

 
He2+ + C6F6 → He2(c~f,C~F) + C6F6+  

− (7.0~8.4 eV),  (5) 
 

He2+ + C6F5Cl → He2(c~f,C~F) + C 6F5Cl+ 

− (6.8~8.2 eV).   (6) 
 
Therefore, these processes can be energetically 
excluded from possible formation processes.  

Figures 3 and 4 show energy-level diagrams 
of triplet and singlet states of He2*, where 
observed emitting levels are shown in red. The 
excitation energies of He2* and the 
recombination energy of He2+ (22.223 eV) were 
obtained from Ref. 12. We found that twenty-
two triplet states and twelve singlet states of 
He2* in the 19.3–21.8 eV region are formed in 
the He2+/2e- CRR reaction (1).7) By the C6F6 or 
C6F5Cl addition to the He discharge flow, 
several He2* bands with high excitation 

energies of 21.2–21.8 eV disappeared. On the 
other hand, six triplet levels from c to f states 
in the 19.3–20.7 eV region and six or five 
singlet levels from C to F states in the 19.6–
21.3 eV region (Table 1 and Figs. 3 and 4) 
remained after C6F6 or C6F5Cl addition. These 
results indicate that electrons are completely 
scavenged by C6F6 or C6F5Cl, so that the 
contribution of CRR reaction (1) to the observed 
He2* bands is negligible. Thus, remaining 
processes for the formation of He2* are the 
following ion-ion neutralization reactions: 

 
He2+ + C6F6

-  
→ He2(c~f,C~F) + C6F6 + (0.97~2.4 eV),  (7a) 
→ He2(c~f,C~F) + C6F5 + F  

0                                                                                                − (2.7~4.1 eV),  (7b) 
 

He2+ + C6F5Cl-  
→ He2(c~f,C~F) + C6F5Cl + (0.75~2.2 eV), (8a) 
→ He2(c~f,C~F) + C6F5 + Cl  

0                                                                                                                          − (1.8~3.2 eV). (8b) 
 

 

Fig. 1. Emission spectra of He2* resulting 
from the He2+/C6F6

- reaction in the He FA at a 
He gas pressure of 1.8 Torr. Lines marked by 
* and ◇ are He* and H* lines, respectively. 
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Fig. 2. Emission spectra of He2* resulting 
from the He2+/C6F5Cl- reaction in the He FA at 
a He gas pressure of 1.8 Torr. Lines marked 
by * and ◇ are He* and H* lines, respectively. 
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In processes (7a) and (8a), parent C6F5X 
molecules are formed as products, whereas 
C6F5 + X fragments are generated in processes 
(7b) and (8b). Electron affinities of C6F6 and 
C6F5Cl are 0.53 eV and 0.75 eV,22) and 
dissociation energies of D(C6F5-F) and D((C6F5-
Cl) are 5.03 eV and 3.97 eV, respectively.23) By 
using these thermochemical data, -Ho values 
for the formation of He2(c~f,C~F) in processes 
(7a), (7b), (8a), and (8b) were estimated. Since 
the reactions (7b) and (8b) are endoergic, they 
can be excluded from possible reaction 

processes. The observation of He2* states in 
the 19.3–20.7 eV region is consistent with the 
fact that processes (7a) and (8a) are 
responsible for the formation of He2*. Based on 
above facts, it was concluded that He2* states 
arise from neutralization reactions (7a) and 
(8a). The observed excited states in the 
He2+/C6F5Cl- reaction were the same as those 
in the He2+/C6F6- reaction except for the 
absence of the D state. This indicates that the 
difference in electron affinity between C6F6 
and C6F5Cl does not affect the observed energy 
levels of He2*. 

 

3.2  Relative formation rate constants of He2* 
in the He2+/C6F6- and He2+/C6F5Cl- reactions 

Radiative lifetimes of the f, e, and d states 
have been measured as 19±5 ns, 25±5 ns, and, 
57±10 ns, respectively.24) Although the 
radiative lifetimes of the c, F, E, D, and C states 
observed in this study are unknown, they may 
be the same order as the above states. 
Radiative lifetimes of excited He2* molecules 
are short enough to emit radiation within the 
observation region. It is therefore reasonable to 
assume that the relative emission intensities 
are proportional to their formation rate 
constants.  

In general, the overall rate constant of the 
production of an upper state of He2*, 𝑘ሺ𝑢ሻ, is 
given by summation of direct formation rate 
constant, 𝑘଴ሺ𝑢ሻ, and the contribution of 
radiative cascade from upper states, 
𝑘ሺ𝑢: cascadeሻ, 
 

        𝑘ሺ𝑢ሻ ൌ 𝑘଴ሺ𝑢ሻ ൅  𝑘ሺ𝑢: cascadeሻ.             (9) 
 
Radiative cascade does not contributes to the 
formation of all excited levels (Table 1). 
Therefore, the relation 𝑘ሺ𝑢ሻ ൌ 𝑘଴ሺ𝑢ሻ  holds in 
the formation of 12 or 11 excited states in the 
He2+/C6F6- and He2+/C6F5Cl- reactions, 
respectively.  

Table 2 shows excitation energies of observed 
He2* states ሺ𝑇଴ሻ  and 𝑘଴ሺ𝑢ሻ values in the 
He2+/C6F6- and He2+/C6F5Cl- reactions. The 
dependence of 𝑘଴ሺ𝑢ሻ  on the energy of He2* 
state in the He2+/C6F6- and He2+/C6F5Cl- 
reactions is shown in Figs. 5 and 6, respectively. 
The 𝑘଴ሺ𝑢ሻ  value rapidly decreases with 
increasing the excitation energy of He2*. A 
similar tendency was observed for He* in the 
He+/C6F5X-(X=F, Cl) neutralization reaction,19) 
indicating that ion-ion neutralization dynamics 
is similar between atomic He+ and molecular 
He2+ ions. Major triplet and singlet He2* states 

 

Fig. 3. Energy-level diagram of triplet states 
of He2*. Observed emitting levels in the 
He2+/C6F6- and He2+/C6F5Cl- reactions are 
shown in red.  

 

Fig. 4. Energy-level diagram of singlet states 
of He2*. Observed emitting levels in the 
He2+/C6F6- and He2+/C6F5Cl- reactions are 
shown in red. 
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were the lowest observed c3g+ and C1g+ states, 
which occupied 70% and 21% of ∑ 𝑘଴ሺ𝑢ሻ௨ , in the 
He2+/C6F6- reaction, and 69% and 18% in the 
He2+/C6F5Cl- reaction, respectively. The 𝑘଴ሺ𝑢ሻ 
values of higher d, e, f, D, E, and F states in the 
He2+/C6F6- and He2+/C6F5Cl- reactions are 
smaller than 6.7%, indicating that the 
formation of these high energy states are 
unfavorable. The ∑ 𝑘଴ሺ𝑢ሻ௨  value of high 
energy d, e, f, E, and F states in the 
He2+/C6F5Cl- reaction (20.2%) is larger than d, 
e, f, D, E, and F states (12.1%) in the He2+/C6F6- 
reaction by a factor of 67%. This suggests that 
the formation of high energy d, e, f, E, and F 
states is more favorable in the He2+/C6F5Cl- 
reaction. The total formation ratio of the 
triplet/singlet states was about 3.5 and 4.3 in 
the He2+/C6F6- and He2+/C6F5Cl- reactions, 
respectively, which were slightly larger than a 
statistical ratio of 3.0.  
 
3.3  Vibrational distribution of He2* and 
rotational distributions of He2(f, e, d, c, C:  
𝒗ᇱ ൌ 𝟎 ) in the He2+/C6F6- and He2+/C6F5Cl- 
reactions 

Only (0,0) bands were observed for all the 
He2* systems, so that no vibrational excitation 
was observed. Rotational populations of He2* 

were estimated for five band systems, for which 
rotational structures are well resolved. Figures 
7a–7d and 8a–8d show expanded emission 
spectra of the f 

3u+-b3Πg, e 
3g-a3u+, d3u+-b3Πg, 

and c 
3g+-a3u+ + C 

1g+-A1u+ systems of He2* in 
the He2+/C6F6- and He2+/C6F5Cl- reactions, 
respectively. In 4He, the nuclear spin is zero 
and due to the symmetry rules for homonuclear 
molecules all even or odd numbered rotational 
levels are missing.13-15,25) Therefore, only odd or 
even levels of P, Q, or R branches are observed 
in the above five transitions. 

00 

Table 2. Observed triplet and singlet excited 
states, energies (𝐸௦௧௔௧௘), relative formation rate 
constants (𝑘଴ሺ𝑢ሻ), and equilibrium internuclear 
distance (𝑟௘) of He2* excimer. 
 

State 𝐸௦௧௔௧௘ He2
+/C6F6

- He2
+/C6F5Cl- 

 (eV) 𝑘଴ሺ𝑢ሻ 𝑅௖(Å) 𝑘଴ሺ𝑢ሻ 𝑅௖(Å) 

f3Δu(3dδ) 20.7 1.1 14.9 4.0 14.9 

f3Πu(3dπ) 20.7 1.8 14.0 2.8 14.2 

f3Σu
+(3dσ) 20.6 1.7 13.7 2.8 13.9 

e3Πg(3pπ) 20.6 1.0 13.6 1.7 14.2 

d3Σu
+(3sσ) 20.5 5.4 12.1 6.7 12.9 

c3Σg
+(3pσ) 19.3 100 6.1 100 6.9 

F1Δu(3dδ) 20.7 0.3 19.2 0.6 19.2 

F1Πu(3dπ) 20.7 0.2 17.9 0.6 18.2 

F1Σu
+(3dσ) 20.7 0.3 17.3 0.6 17.6 

E1Πg(3pπ) 20.7 0.1 17.2 0.4 18.1 

D1Σu
+(3sσ) 20.6 0.2 14.8 0.0 16.0 

C1Σg
+(3pσ) 19.6 30.7 6.7 25.5 7.8 

 

Fig. 5. The dependence of 𝑘଴ሺ𝑢ሻ  on the 
energy of He2* state in the He2+/C6F6- 
reaction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 6. The dependence of 𝑘଴ሺ𝑢ሻ  on the 
energy of He2* state in the He2+/C6F5Cl- 
reaction. 
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Fig. 7. Rotational structures of the (0,0) 
bands of He2(f-b,e-a,d-b,c-a,C-A) systems 
resulting from the He2+/C6F6- reaction in the 
He FA at a He gas pressure of 1.8 Torr. 
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Fig. 8. Rotational structures of the (0,0) 
bands of He2(f-b,e-a,d-b,c-a,C-A) systems 
resulting from the He2+/C6F5Cl- reaction in 
the He FA at a He gas pressure of 1.8 Torr. 
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Rotational distributions of the f, e, d, c, and 
C states in the ground vibrational levels were 
determined from relative intensities of Q or P 
branch. Rotational levels of He2* which belong 
to Hund’s case (b) are represented by the 
quantum number 𝑁′.  The band intensity 
(photons s-1) of a transition from a ሺ𝑣ᇱ 𝑁ᇱሻ level 
to a ሺ𝑣′′ 𝑁′′ሻ level is expressed as 
 
𝐼௩′ே′௩′′ே′′ ∝ 𝑁௩′ே′ 𝑅𝑒

ଶሺ 𝑟̄௩′௩′′ሻ𝑞௩′௩′′𝜈௩′ே′௩′′ே′′
ଷ 𝑆ே′ே′′ 𝑔ே′ൗ , (10) 

 
where 𝑁௩′ே′  is the rotational population in a 
given vibrational level, 𝑅𝑒ሺ 𝑟̄௩′௩′′ሻ the electronic 
transition moment, 𝑞௩′௩′′  the Franck-Condon 
factor (FCF), 𝜈௩′ே′௩′′ே′′ the transition frequency, 
𝑆ே′ே′′  the rotational line strength, and  𝑔ே′ ൌ
2𝑁ᇱ ൅ 1.25) When a fixed ሺ𝑣ᇱ,𝑣"ሻ band, 𝑅𝑒ሺ 𝑟̄௩′௩′′ሻ 
and 𝑞௩′௩′′  values are constant. Assuming a 
Boltzmann distribution, Boltzmann rotational 
temperature is obtained from the following 
relation: 

ln ൬
ூಿᇲಿᇲᇲ

ఔಿᇲಿᇲᇲ
య ௌಿᇲಿᇲᇲ

൰ ∝ 𝑐𝑜𝑛𝑠𝑡 െ ℎ𝑐𝐵௩ᇱ𝑁′ሺ𝑁′ ൅ 1ሻ/𝑘𝑇ோ௢௧, (11) 

where 𝑘 and 𝑇ோ௢௧ are the Boltzmann constant 
and the Boltzmann rotational temperature, 
respectively.25) In Figs. 9a–9e and 10a–10e, 
ln൫𝐼ேᇲேᇲᇲ 𝜈ேᇲேᇲᇲ

ଷ 𝑆ேᇲேᇲᇲ⁄ ൯  values are plotted 
against 𝑁′ሺ𝑁ᇱ ൅ 1ሻ for the 𝑣ᇱ ൌ 0 levels of the 
f, e, d, c, and C states in the He2+/C6F6- and 
He2+/C6F5Cl- reactions, respectively. Results 
show that plots can be fitted by either single or 
double Boltzmann temperatures. From the 
slopes, ℎ𝑐𝐵௩ᇱ/𝑘𝑇ோ௢௧ , the effective rotational 
temperatures, 𝑇ோ௢௧ , are estimated for each 
state. Results obtained are shown in Table 4. 
For comparison corresponding data for the 
He2+/2e- CRR reaction7) are also shown. The 
rotational temperature of the f state in the 
He2+/C6F5Cl- reaction is lower than that in the 
He2+/C6F6- reaction. On the other hand, 
rotational temperatures of the e, d, c, and C 
states in the He2+/C6F5Cl- reaction are higher 
than or about the same as those in the 
He2+/C6F6- reaction. Rotational temperatures of 
the f, e, d, and c states in the He2+/C6F5X- (X=F, 
Cl) reactions are higher than those in the 
He2+/2e- CRR reaction.7) 

From the observed rovibrational 
distributions of He2(f, e, d, c, C) in the He2+/C6F6- 
and He2+/C6F5Cl- reactions, we estimated the 
average vibrational and rotational energies of 
each state, denoted as <Ev> and <Er>, and the 
average yields of total available energy into 
these degrees of freedom, denoted as <fv> and 
<fr>, respectively. Here, the total available 
00000 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 9. Estimation of effective rotational 
temperatures from the slopes 
of  ln൫𝐼ேᇲேᇲᇲ 𝜈ேᇲேᇲᇲ

ଷ 𝑆ேᇲேᇲᇲ⁄ ൯  against 𝑁′ሺ𝑁ᇱ ൅ 1ሻ 
for the He2(f:𝑣ᇱ=0), He2(e:𝑣ᇱ=0), He2(d:𝑣ᇱ=0), 
He2(c:𝑣ᇱ=0), and He2(C:𝑣ᇱ=0) states in the 
He2+/C6F6- reaction.  
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energies for the formation of each He2* state 
were calculated from the relation:          
𝐸௧௢௧ = -H0

o ＋ 4RT at 300 K. From the <Ev>, 
<Er>, <fv>, and <fr> values, the sum of the 
relative translational energy and internal 
energy of C6F5X, <Et> + <𝐸௜௡௧ሺC଺FହXሻ>, and its 
fraction of the total energy, <𝑓௧> + <𝑓௜௡௧ሺC଺FହXሻ>, 
were determined. Results obtained are 
summarized in Table 5. The <fr> values in the 
He2+/C6F6- and He2+/C6F5Cl- reactions are  
2.8–9.6% and 3.1–9.6%, respectively. The <𝑓௩> 
values are zero for both reactions. Although the 
𝐸୲୭୲ values for the low energy c and C states are 
larger than those of higher f, e, and d states, 
their <Er> values are similar to those of the 
upper three states. Therefore, the <𝑓௥> values 
of the c and C states are smaller than those of 
upper three states. Thus, <𝑓௧> + <𝑓௜௡௧ሺC଺FହXሻ> 
values of the c and C states are slightly larger 
than those of upper states. On the basis of  
<𝑓௧> + <𝑓௜௡௧ሺC଺FହXሻ> values, most of the total 
available energies (90.4–97.2%) are deposited 
into relative translational energies of    
He2* + C6F5X (X=F, Cl) products and internal  
energies of C6F5X. Among three internal energy 
(electronic, vibrational, and rotational 
energies), electronic energy can be excluded 
from an acceptor mode of excess energies, 
because the energies of C6F5X* (S1) states  
(>4 eV)22,26) are higher than excess energies 
released in processes (7a) and (8a). Therefore, 
C6F5X accepts excess energies as their 
vibrational and rotational energies in the 
ground electronic states. 
 
3.3  Reaction dynamics of the He2+/C6F6- and 
He2+/C6F5Cl- neutralization reactions 

Since the formation of He2* takes place via 
strongly attractive ion–pair potentials, a long 
lived [He2–C6F5X]* complex can be postulated:  
 
He2+ + C6F5X-  
→ [He2–C6F5X]* → He2* + C6F5X.  (8) 

 
According to a simple statistical theory,27–29) 
the vibrational and rotational prior populations 
of a given He2* level are given by the relations: 
 

𝑃௢ሺ𝑣ᇱሻ ∝ ሺ𝐸୲୭୲ െ 𝐸௩ᇲሻ
ଷଷ,                (9) 

𝑃௢ሺ𝑁ᇱሻ ∝ ሺ2𝑁ᇱ ൅ 1ሻሺ𝐸୲୭୲ െ 𝐸ேᇲሻ
ଷଶ.          (10) 

 
The prior vibrational distributions of 𝑣ᇱ=0–3 
levels of He2(f, e, d, c, C) states were calculated 
as follow: 
 
 

 
Fig. 10. Estimation of effective rotational 
temperatures from the slopes 
of  ln൫𝐼ேᇲேᇲᇲ 𝜈ேᇲேᇲᇲ

ଷ 𝑆ேᇲேᇲᇲ⁄ ൯  against 𝑁′ሺ𝑁ᇱ ൅ 1ሻ 
for the He2(f:𝑣ᇱ=0), He2(e:𝑣ᇱ=0), He2(d:𝑣ᇱ=0), 
He2(c:𝑣ᇱ=0), and He2(C:𝑣ᇱ=0) states in the 
He2+/C6F5Cl- reaction.  
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He2+/C6F6- 
He2(f: 𝑣ᇱ=0–2) =  1.0 : 2.5(-03) : 2.6(-06), 
He2(e: 𝑣ᇱ=0–2) = 1.0 : 1.6(-03) : 8.3(-07), 
He2(d: 𝑣ᇱ=0–2) = 1.0 : 2.0(-03) : 2.9(-06), 
He2(c: 𝑣ᇱ=0–2) = 1.0 : 7.9(-02) : 6.2(-03), 
He2(C: 𝑣ᇱ=0–2) = 1.0 : 4.5(-02) : 1.8(-03), 
 

He2+/C6F5Cl- 
He2(f: 𝑣ᇱ=0–2) =  1.0 : 5.1(-04) : 5.1(-08), 
He2(e: 𝑣ᇱ=0–2) = 1.0 : 3.0(-04) : 1.1(-08), 
He2(d: 𝑣ᇱ=0–2) = 1.0 : 9.4(-04) : 2.1(-07), 
He2(c: 𝑣ᇱ=0–2) = 1.0 : 6.1(-02) : 3.6(-03), 
He2(C: 𝑣ᇱ=0–2) = 1.0 : 3.1(-02) : 8.2(-04), 

 
where (n) is power of 10 multiplying the entry. 
The prior vibrational distributions predict low 
vibrational excitation, which is consistent with 
the experimental observations.  

Figures 11a–11e and 12a–12e show observed 
and prior rotational distributions of the f, e, d, c, 
and C states in the He2+/C6F6- and He2+/C6F5Cl- 
reactions, respectively. Observed rotational 
distributions of f 

3u+(𝑣ᇱ=0) and e3gሺ𝑣ᇱ=0) in the 
He2+/C6F6- reaction and e3g ሺ𝑣ᇱ =0) and 
C1g+( 𝑣ᇱ =0) in the He2+/C6F5Cl- reaction are 
higher than prior ones. On the other hand, 

Table 4. Rotational temperatures of He2(f, e, d, c, C) produced from the He2+/C6F6- and 
He2+/C6F5Cl- reactions and He2+/2e- CRR reaction. 
 

Emitting species 
He2

+/C6F6
- 

𝑇௥/ K 

He2
+/C6F5Cl- 
𝑇௥/ K 

He2
+/2e-a) 

𝑇௥/ K 

 He2(f 
3u

+: 𝑣′=0) 1020±20 
620±30 580±20 (𝑁′=5–13) 
350±50 310±70 (𝑁′=1–5) 

 He2(e 
3Πg: 𝑣′=0) 770±60 

2150 990±190 (𝑁′=10–16) 

800±20 500±20 (𝑁′=2–10) 

 He2(d 
3u

+: 𝑣′=0) 
1170±30 1530±110 830±20 (𝑁′=7–17) 

530±30 470±40 440±50 (𝑁′=1–7) 

 He2(c 
3Σg

+: 𝑣′=0) 1080±110 1090±180 720±140 (𝑁′=0–12) 

 He2(C 
1Σg

+: 𝑣′=0) 940±30 1110±120  

a) Ref. 7. 

Table 5. Total available energy, average vibrational and rotational energies deposited into  
He2(f, e, d, c, C), and average fractions of vibrational and rotational energies of He2(f, e, d, c, C) 
and relative translational energies + internal energies of C6F5X deposited in the He2+/C6F5X 
(X=F, Cl) reactions. 

 

Reaction State 
𝐸୲୭୲ 

(eV) 

<𝐸௥> 

(eV) 

<𝐸௩> 

(eV) 

<𝑓௥> 

(%) 

<𝑓௩> 

(%) 

<𝑓௩> + <𝑓௥> 

(%) 

<𝑓௧> + <𝑓௜௡௧ሺC଺FହXሻ> 

(%) 

 f 
3u

+ 1.15 0.11 0.0 9.6 0.0 9.6 90.4 

 e 
3Πg 1.16 0.07 0.0 6.0 0.0 6.0 94.0 

He2
+/C6F6

- d 
3u

+ 1.30 0.07 0.0 5.4 0.0 5.4 94.6 

 c 
3g

+ 2.48 0.07 0.0 2.8 0.0 2.8 97.2 

 C 
1g

+ 2.18 0.08 0.0 3.7 0.0 3.7 96.3  

 f 
3u

+ 0.93 0.04 0.0 4.3 0.0 4.3 95.7 

 e 
3Πg 0.94 0.09 0.0 9.6 0.0 9.6 90.4 

He2
+/C6F5Cl- d 

3u
+ 1.08 0.06 0.0 5.6 0.0 5.6 94.4 

 c 
3g

+ 2.26 0.07 0.0 3.1 0.0 3.1 96.9 

 C 
1g

+ 1.96 0.08 0.0 4.1 0.0 4.1 95.9 
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Fig. 11. Observed and statistical prior 
rotational distributions of the He2(f: 𝑣ᇱ =0), 
He2(e: 𝑣ᇱ =0), He2(d: 𝑣ᇱ =0), He2(c: 𝑣ᇱ =0), and 
He2(C:𝑣ᇱ=0) states in the He2+/C6F6- reaction.  
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Fig. 12. Observed and statistical prior 
rotational distributions of the He2(f:𝑣ᇱ=0), 
He2(e:𝑣ᇱ=0), He2(d:𝑣ᇱ=0), He2(c:𝑣ᇱ=0), and 
He2(C: 𝑣ᇱ =0) states in the He2+/C6F5Cl- 
reaction.  
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observed rotational distributions are in 
reasonable agreement with the prior ones for 
d3u+(𝑣ᇱ=0), c3g+(𝑣ᇱ=0), and C1g+(𝑣ᇱ=0) in the 
He2+/C6F6- reaction and f3u+(𝑣ᇱ=0), d3u+(𝑣ᇱ=0), 
and c3g+(𝑣ᇱ=0) in the He2+/C6F5Cl- reaction. 
Therefore, long-lived [He2–C6F5X]* 
intermediates take part in the formation of 
many He2* states in the He2+/C6F6- and 
He2+/C6F5Cl- reactions. 

The ion–ion neutralization reactions studied 
here proceed through strongly attractive      
V[He2+,C6F5X-] ion-pair potentials. He2* arises 
from diversion of trajectories from the entrance 
V[He2+,C6F5X-] potential to the exit           
V[He2*,C6F5X] potentials due to a strong 
coupling between the two potentials. Thus the 
electronic state distribution of He2* reflects the 
different crossing point of the strongly 
attractive ion-pair entrance potentials and 
rather flat covalent exit potentials at the 
crossing points and the coupling between each 
pair of states. The He2+–C6F5X- separations at 
crossing points Rc are calculated from the 
relation:  
 

Rc = e2/(IP–EA) = 14.40/(IP–EA),      (11) 
 
where IP is the ionization potential of He2* and 
EA is the electron affinity of C6F5X. The Rc 
values for the formation of each He2* state are 
calculated for each reaction. The results are 
given in Table 2.  

The ion–ion neutralization reactions proceed 
through an approach of the He2+ and C6F5X- ion 
pair under their mutual Coulombic field 
followed by an electron transfer from C6F5X- to 
He2+. Since the Born–Oppenheimer 
approximation holds during a fast electron 
transfer, the relative motion of an ion pair is 
unchanged after the neutralization. Therefore, 
a large kinetic energy resulting from the strong 
mutual Coulombic force is conserved at the 
instant of electron transfer. The electron 
transfer occurs at relatively large 
intermolecular separations of 6.1–19.2 Å, 
where interactions between neutral He2* and 
C6F5X molecules are small. Thus, a large 
amount of the kinetic energy will remain in the 
neutral products.  

Under the Born–Oppenheimer 
approximation, the internuclear separations of 
He2+ ions are unchanged just after the 
neutralization. Since the equilibrium nuclear 
separation of He2+ (X2u+:1.081 Å) is close to 
those of He2*(1.068–1.097 Å for f, e, d, c, F, E, D, 

and C states),12) the formation of He2* with the 

largest FCFs for the He2+(X: 𝑣ᇱᇱ ൌ 0) → He2*(f, 

e, d, c, and C: :𝑣ᇱ ൌ 0 ) neutralization will be 
most favorable, as evaluated in the previous 
paper.7) This prediction is consistent with the 
preferential formation of He2*(f, e, d, c, and C) in 
the 𝑣ᇱ ൌ 0 levels." 

Just after the neutralization the geometries 
of C6F5X- (X= F, Cl) anions are also reserved. 
Structural information on the geometries of 
C6F5X has been obtained from theoretical 
calculations by Miller et al.10,11) using the 
GAUSSIAN-03 program.30) According to their 
calculations, aromatic neutral C6F6 molecule is 
obviously completely planar with D6h symmetry. 
On the other hand, the calculated C6F6- anion 
structure is non-planar with C2v symmetry, 
where two opposite F atoms protrude above the 
average carbon plane by about 23◦. The C atoms 
to which these two F atoms are bound lie very 
slightly below the plane in which the remaining 
four C atoms lie, with a dihedral angle of −0.5◦. 
The remaining four F atoms lie in a plane of 
their own, slightly below that of the four planar 
C atoms. A symmetry change is also observed 
between C6F5Cl and its anion from C2v to Cs, 
resulting in a change in the rotational 
symmetry number from 2 to 1. C6F5Cl is a 
planar molecule, whereas C6F5Cl- is a non-
planar anion where Cl atom protrudes above 
the average carbon plane by about 21.3o 
(B3LYP/6-311+G(3df) optimizations) or 37.1o 
(G3(MP2) calculation). 

Since the equilibrium geometries of C6F5X- 
are significantly different from those of C6F5X, 
some energy will be released as the vibrational 
energy of C6F5X after the neutralization 
reaction. Consequently, most of excess energies 
will be transformed into the vibrational energy 
of C6F5X and the relative kinetic energy of the 
neutral products in the He2+/C6F5X- 
neutralization reactions. 
 

4.  Summary and Conclusion 

The ion-ion neutralization reactions of He2+ 
with C6F6- and C6F5Cl- were studied by 
observing He2* excimer emissions in the He FA. 
Six triplet and six or five singlet transitions of 
He2* with excitation energies of 19.3–20.7 eV 
were identified. Major triplet and singlet He2* 
states were the lowest observed c3g+ and C1g+ 
states, which occupied 70% and 21% of 
∑ 𝑘଴ሺ𝑢ሻ௨ , in the He2+/C6F6- reaction, and 69% 
and 18% in the He2+/C6F5Cl- reactions, 
respectively. Thus the  𝑘଴ (c3g+) + 𝑘଴ (C1g+) 
values occupy 91% and 87% of ∑ 𝑘଴ሺ𝑢ሻ௨  in the 
He2+/C6F6- and He2+/C6F5Cl- reactions, 
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respectively. The total formation ratio of the 
triplet/singlet states was about 3.5 and 4.3 in 
the He2+/C6F6- and He2+/C6F5Cl- reactions, 
which were slightly larger than a statistical 
ratio of 3.0. No vibrational excitation was 
observed for all observed He2* states because of 
large FCFs for He2+(X: 𝑣ᇱᇱ ൌ 0) → He2*(f, e, d, c, 

and C :𝑣ᇱ ൌ 0 ) neutralization. The rotational 
distributions of f3u+ ሺ𝑣ᇱ = 0), e3g ሺ𝑣ᇱ = 0), 
d3u+(𝑣ᇱ=0), c3g+(𝑣ᇱ=0), and C1g+(𝑣ᇱ=0) states 
were expressed by either single or double 
Boltzmann rotational temperatures of     
310–1530 K. Rovibrational distributions of 
these excited states indicated that most of 
excess energies are not released as 
rovibrational energies of He2* but they   
(90.4–97.2%) are deposited into rovibrational 
energies of C6F5X (X=F, Cl) and relative 
translational energies of products. Equilibrium 
molecular structures of C6F5X are planer, 
whereas those of C6F5X- anions are non-planer. 
Therefore, vibrational energies of C6F5X are the 
most important internal energy of C6F5X. The 
observed vibrational and rotational 
distributions were compared with statistical 
ones assuming long lived [He2–C6F5X]* 
intermediates. In many cases, a reasonable 
agreement between observed and prior 
vibrational and rotational distributions were 
found. Therefore it was concluded that long 
lived [He2–C6F5X]* intermediates take part in 
most of the neutralization reactions. 
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