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Ab stract: In the pa per the sta tis ti cal �phase-space the ory� ex tended for chem i cal re ac tions and for
dissociative re com bi na tion of polyatomic ions is ap plied to the in di rect and di rect dissociative
re com bi na tion of di atomic ions with elec trons. Nu mer i cal cal cu la tions are made for mo lec u lar neon ion.

The good agree ment is ob tained with ex per i men tal re sults.

1. In tro duc tion

The dissociative re com bi na tion (DR) of mo lec u lar ions is one of the dom i nant pro -
cesses in which losses of charged par ti cles oc cur. There fore it plays an im por tant role in
plasma phys ics and plasma chem is try. In this pa per DR of the di atomic mo lec u lar ions is
con sid ered. It pro ceeds in steps through two pos si ble re ac tions mech a nisms [1–3]. In the
first step the in ci dent elec tron pen e trates into the A 2

+  ionic tar get and it is cap tured giv ing
up its en ergy ei ther by ex ci ta tion of an elec tron in the A 2

+  orbitals or to nu clei for their vi -
bra tional mo tion. In the for mer case re pul sive predissociative state A 2

"  arises by elec tronic 
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Fig.1. Sche matic pre sen ta tion of po ten tial en ergy curves for di rect dissociative re com bi na tion pro cess; 
e � in ci dent elec tron ki netic en ergy.



re con fig u ra tion (see Fig. 1). In the lat ter case vibrationally ex cited Rydberg in ter me di ate
state A 2

R  is formed (see Fig. 2).
The re pul sive state A 2

"  rap idly de cays while the ex cited state A 2
R  has quite a long

life-time and only then it turns to a re pul sive state. There fore the for mer mech a nism is
called di rect DR and the lat ter is in di rect DR. Both di rect and in di rect DR pro cesses fin ish
with the dis so ci a tion of A 2

" to two at oms A, one of which may be in an ex cited state A (k)* , 
A (k )* ¢ , where k,  ¢k  de note elec tronic state. We are in ter ested in the rates a(k) [ cm–3 s–1] of 

oc cu py ing var i ous ex cited states A (k)* . In this pa per we will con sider only DR run ning on 
such con di tions that ei ther di rect DR or in di rect DR is dom i nant.

Bardsley de rived in his con fig u ra tion in ter ac tion the ory [1–3] this pro por tion al ity be -
tween the rate of oc cu pa tion of the chan nel A (k)*  through the di rect DR and the “tem per a -
ture Te” of in ci dent elec trons

a(k,T ) ~ Te e

0.5-
(1.1)

In case of in di rect DR he ap plied the nor mal res o nance the ory and us ing the Breit-
Wigner for mula he de rived tem per a ture vari a tions [2,3] as

a(k,T ) ~ Te e

.5-1
(1.2)

valid if there is only one sig nif i cant res o nant Rydberg state A 2
R . In his treat ment A 2

+  in the
vi bra tional ground state was con sid ered. 

The most com plete set of DR ex per i men tal data of all the in ves ti gated gases was ob -
tained for the neon. In neon the dissociative chan nels Ne*(3pi) and Ne*(3dj) are oc cu pied
dom i nantly. Tem per a ture dependences of both the to tal re com bi na tion co ef fi cient a (a =
a(3p) + a(3d)) and par tial co ef fi cient a(3d), where

a(3d) =
=

å a( )3
1

12

d j
j

,

38                                                  M. FOLTIN et al.

Fig. 2. Sche matic pre sen ta tion of po ten tial en ergy curves for in di rect dissociative re com bi na tion pro -
cess; e � in ci dent elec tron ki netic en ergy, v, ¢v  � vi bra tional states of A2

+ , A2
R.



 were mea sured in the af ter glow of plasma dis charge at T
e
 > 1000 K, when di rect DR pro -

cess dom i nates, are

a(T ) ~ Te e

0,43-
[2,3,8,9] (1.3)

a(3d,T ) ~ Te e

0,25-
[7] (1.4)

At T
e
 = 300 K:

a(3p) = 0.74a , a(3d) = 0.26a  [9]              (1.5)

As suming that

a(3p,T ) ~ Te e

0,5-
(1.6)

Malinovský and Lukáè [10] showed that (1.4) and (1.5) im ply (1.3). All the ex per i men tal
data were ob tained at the lab o ra tory gas tem per a ture ~300 K.

As we can see, there ex ists a cer tain dis crep ancy be tween the the ory and the ex per i -
ment since Bardsley pro posed the same tem per a ture de pend ence (1.1) of re com bi na tion
co ef fi cients for var i ous chan nels while in re al ity a (3p) and a (3d) co ef fi cients show dif -
fer ent dependences (1.6) and (1.4). At the same time the co ef fi cient a (3d) falls with in -
creas ing elec tron tem per a ture much more slowly than Bardsley pro posed. In our model
we try to ex plain this dis crep ancy.

2. Model Based on the Sta tis ti cal �Phase-Space The ory�

We start from the in di rect DR since the ex is tence of in ter me di ate state sim pli fies fur -
ther con sid er ations. Later we ex tend our model to di rect DR, too. We are not in ter ested in
ab so lute val ues of a (3p), a (3d) co ef fi cients but we fo cus on their dependences on elec -
tron tem per a ture. Carrying out cer tain mod i fi ca tions (con cern ing the ex pres sion of lmax

and the parametrisation; see later) we de cided to ap ply, to the in di rect DR of di atomic
ions, the sta tis ti cal “phase-space the ory” adopted for chem i cal re ac tions by Light [4] and
for the DR of polyatomic ions by Herbst [5].

This the ory is based on the as sump tion of the ex is tence of a “strong cou pling re gion”
which has the fol low ing prop erty: mode of its de com po si tion (exit chan nel) is in de pend -
ent on the rise of this re gion (in put chan nel) ex cept through con ser va tion laws.

Herbst showed [5] the in ter me di ate Rydberg state A 2
R  could be con sid ered as the

“strong cou pling re gion”. There fore the re com bi na tion co ef fi cient a (k) can be ex pressed
from the equa tion

 a
e

s e( ) ( ) ( )k
m

P i k
l

= ®
2

(2.1)

where s e( ) is the cross sec tion of the for ma tion the state A 2
R  by elec tron cap ture and 

P i k( )®  is the prob a bil ity of its dis so ci a tion through the chan nel k. Ki netic en ergy and
mass of the in ci dent elec tron are de noted by e and me, re spec tively.
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Uti liz ing the prop erty of “strong cou pling re gion” and the prin ci ple of de tailed bal anc -
ing we can ex press the prob a bil ity P i k( )®  as a func tion of cross sec tions s( )k i®  of op -
po site pro cesses (see [4]). Con sid er ing that at oms are suf fi ciently mas sive par ti cles the
cross sec tion s( )k i®  for cou pling two at oms can be ex pressed us ing the semiclassical
ap prox i ma tion: the at oms will cou ple if pass ing into an im pen e tra ble re gion with the di -
am e ter R0. We must sep a rately ex press the cou pling cross sec tion for ev ery to tal an gu lar
mo men tum J. Due to these facts ex press ing s( )k iJ®  by the method of par tial waves as a
sum of par tial cross sec tions s l  we get a sum run ning only over those or bital an gu lar quan -
tum num bers l of atomic ro ta tion which sat isfy the fol low ing two con sid er ations:
a) l < l

max
(E, k); l

max
 sat is fies

hl l
R E V R

k

k
max max( )

[ ( )]
+

= -
1

2
0
2

0
m

(2.2a)

where E, V
k 
 and m k  de note the to tal en ergy, the po ten tial curve for the chan nel k and the re -

duced mass of two at oms, re spec tively. Con di tion a) fol lows from the en ergy con ser va tion law.

b) l M J l Mk k- £ £ +  ,  hence J M l J Mk k- £ £ +  ,                           (2.2b)

where M
k 
 is the quan tum num ber of the sum of ro ta tional an gu lar momenta of two sep a rate 

at oms A and A*(k). Con di tion b) fol lows from the mo men tum con ser va tion law.
Af ter sev eral der i va tions ( see [4] ) uti liz ing (2.1) the re la tion can be ob tained

a es e)
e

( ) ~ (
( , , )

( , , )
~

( , , )

( , , )
k

n k J E

n k J E

n k J E

n k J E
k

¢ ¢
¢

å
1

¢

å
k

(2.3)

Where n k J E il
l

( , , ) = å , sum ma tion runs over l sat is fy ing con di tions a) and b) for the
chan nel k.
Sum ma tion 

¢

å
k

 runs over all chan nels, and E = e + E
0
, where E

0
 is the ini tial ionic en ergy.
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Fig. 3. Sche matically pre sented po ten tial en ergy curves for re com bi na tion pro cess through the chan -
nel k with sev eral "microchannels" l. The dis tance R R0 » l max

.



Fac tor n k J E( , , ) means phys i cally the num ber of “microchannels” opened in chan nel
k at given J, E (see Fig. 3). Re la tion (2.3) shows that a(k) is pro por tional to that por tion of
all the opened microchannels which be long to the chan nel k.

With in creas ing en ergy e of the in ci dent elec tron the fac tor n(k, J, E) º n(k, J, e + E0)
(where E0 is the ini tial ionic en ergy) ini tially rises ac cord ing to (2.2a) but af ter the con di -
tion (2.2b) be comes stron ger than (2.2a), this ris ing will stop. For this rea son in a cer tain
en ergy in ter val the co ef fi cient a(k) of the chan nel k with po ten tial curve ly ing above the
po ten tial curve of the chan nel ¢k  de creases with in creas ing e more slowly than a( ¢k ). That
is why a(3d) and a(3p) may show dif fer ent dependences on Te.

Av er aging over the ro ta tional (J) and vi bra tional (v) states of A 2
+  and over en er gies e of 

in ci dent elec trons gives 

 a

w

( ) ~ ( )
( , ,

( ) ( / )

k
T

J e e
n k J

e

J J B
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v

v
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(2.4)

where B and w are ionic char ac ter is tics.

3. Ex ten sion of the Model to the Di rect Re com bi na tion

Due to the prop erty of “strong cou pling re gion” the cross sec tion of an elec tron cap ture 
in the in di rect DR does not de pend on the num ber of all the opened microchannels. This is
in con tra dic tion to the di rect DR where the men tioned cross sec tion in creases with in -
creas ing num ber of con ve nient elec tron reconfigurations in duc ible by the in ci dent elec -
tron. To ex tend our model to the di rect DR we made the fol low ing pre sump tion:

We put the cross sec tion s e( ) pro por tional to the num ber of all the opened microchan-
nels. Then for mu lae (2.3) and (2.4) change to:

a
e

e( ) ( , , )k n k J E» +
1

0 (3.1)

af ter av er ag ing

 a

w

( ) ~ ( ) ( , ,

( ) ( / )

k
T

J e e n k J
e

J J B

kT

v

v

kT

J

i e
1

2 1

1 1 2

+
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e

e

0

0

) (3.2)

Now we shall fol low the re sults of the con fig u ra tion in ter ac tion the ory to show that our
pre sump tion is quite rea son able.

Bardsley de rived the cross sec tion s ek ( ) of the di rect DR through the chan nel A 2
"  ne -

glect ing ro ta tional mo tion of the nu clei [1,3]. It fol lows from this der i va tion that s ek ( ) is
pro por tional to the over lap in te gral ( )h h+ ,,

A k A k2 2
(R)v (R) (R)  be tween nu clear wave func -

tion h+
A 2

(R) and ( )h ,,
A k2

(R). The over lap in te gral has ap prox i mately the same value as
would be ob tained when re plac ing ( )h ,,

A k2
(R). By con ve niently nor mal ized delta func tion

with its peak near the clas si cal turn ing point RE. There fore

 s e
e

h( ) ~
( )

( )
( )

,

1
2

2

2

v R

V R
R

k c

k c
A c× +  (3.3)
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where ¢ = ¢V R
d

dR
V Rk k( ) ( ) is the de riv a tive of Vk(R) and the fac tor 

V R

V R

k c

k c

( )

( )

2

¢
 is only slightly

de pend ent on e.
Fol low ing Bardsley’s con sid er ation and tak ing into con sid er ation also the nu clear ro -

ta tions we ob tain

 s e
e

h
A2

+( ) ~ ( ) ( )
1 2

V R A Rk l l l
l

å (3.4)

where R
l
 are the clas si cal turn ing points of var i ous par tial waves (see Fig. 5),

 
h 2

21

2

l l
R E V R

k

l k l

( )
( ( ))

+
= -

m
,  the A

l 
are the am pli tudes of par tial waves near their turn ing

points and sum ma tion 
l

å  runs over l sat is fy ing the mo men tum con ser va tion law (con di -
tion (2.2b)). 
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Fig. 4. Sche matic pre sen ta tion of wave func tions cor re spond ing to ionic and ex cited state of mol e cule
A2. When RC is near RE then Vk c A c(R ) - V (R )

2
+ = e.

Fig. 5. Sche matic rep re sen ta tion of po ten tial en ergy curves and par tial waves for dif fer ent mo lec u lar
ion or ex cited mol e cule.



Since |h+
A 2

(R)| is sig nif i cant only in the Franck-Con don re gion (where R £ R0), sum ma -
tion can be taken over l £ lmax (see con di tion (2.2a)). In the over lap re gion vk(R) is al most in -
de pend ent on R. There fore if we make an ap prox i ma tion putt ing Al equal to the con stant and 
h+

A 2
(R) in de pend ent on R in the over lap re gion, then for mula (3.4) will turn to (3.1).

4. Nu mer i cal Cal cu la tions

When com put ing n (k, J, e + E0) oc cur ring in (3.2) we need to know the course of the po -
ten tial curve Vk(R) (see Fig. 3). There fore we need the value Vk(R0) in (2.2a). These curves
have not been com puted yet; there fore we shall in tro duce a cer tain parameterisation into the
model. Mean ing of the cho sen pa ram e ters is ob vi ous from Fig. 6.

We sup pose that W
E

E
p

p

p

3

3

3

=
¢D

D
 and  W

E

E
d

d

d

3
3

3

=
¢D

D
. Par tic u lar val ues of the pa ram e ters are

cho sen so as to cor re spond with the con tem po rary known mu tual lo ca tion of the curves and 
to prove the ex per i men tally mea sured re la tion (1.5). Dependences of co ef fi cients a(3p)
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Fig. 6. Sche matic rep re sen ta tion of po ten tial en ergy curves and parametrization for the mo lec u lar
neon (ionic or ex cited).

Fig. 7. Cal cu lated rel a tive par tial re com bi na tion co ef fi cient a(3p) as a func tion of elec tron tem per a ture.



and a(3d) on Te ob tained for pa ram e ters S3p = 1.75 eV, W3p = 0.15, W3d = 0.55 and
R0 = 2´10–10 m are pre sented in Fig. 7 and Fig. 8. Using the lin ear re gres sion method we got:

ln( ( )) ( , , ) lna 3 1 0 5 0 002p e eT K T= - ± ×  ,
ln( ( )) ( , , ) lna 3 2 0 257 0 0089d e eT K T= - ± × .

It is ev i dent that the cal cu lated re sults are in good agree ment with ex pected
dependences (1.4) and (1.6). To sum ma rize our re sults we need to say that For mula (1.1)
has been the o ret i cally pre dicted just for the case when a(k,Te) can be un der stood as
a(3p,Te), i.e. when a(3d) may be ne glected. How ever, the mea sured val ues cor re spond to
the de pend ence a ~ Te

–0,43. In [10] the au thors showed that such de pend ence can be ex -
plained, if to tal re com bi na tion co ef fi cient a con sists of con tri bu tions from 3p and 3d
chan nels and for a(3d) the mea sured de pend ence  a(3d) ~ Te

–0,25 [7] is taken into ac count.
The re sults cal cu lated from our more gen eral the o ret i cal ap proach are in good agree ment
with the dependences (1.4) and (1.6) for the par tic u lar chan nels. They give the o ret i cal ex -
pla na tion of the mea sured de pend ence (1.4) hence they supprot ex pla na tion given in [10].

5. Con clu sion

Al though the pre sump tion in tro duced in Chap ter 3 and the ap prox i ma tions lead ing to
this pre sump tion are open to ques tion and fur ther sur vey, our model out lines the in flu ence of 
the nu clear ro ta tion on the de pend ence of par tial re com bi na tion co ef fi cients on elec tron
tem per a ture which, as it is shown in Chap ter 1, can not be re li ably ex plained by the pre vi ous
stud ies.
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Fig. 8. Cal cu lated rel a tive par tial re com bi na tion co ef fi cient a(3d) as a func tion of elec tron tem per a ture.
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