
ADAS 

 

Electron-molecule collisions in fusion plasmas 

 

Roberto Celiberto  

 ADAS Workshop 

 Cadarache, 23-25 September 2012 
 

Polytechnic of Bari, 

Italy 

Institute of Inorganic 

Methodologies and Plasmas 

CNR, Bari, Italy  



0 2 4 6 8 10

0.0

2.0

4.0

6.0

8.0

10

12

14

Internuclear distance (a.u.)

X 
1


+

A 
1


+

B 
1


Be
+
(

2
S) + H(

2
S)

Be
+
(

2
P) + H(

2
S)

BeH+ 

P
o
te

n
ti

a
l 

en
er

g
ie

s 
(e

V
) 
R. Celiberto, R.K. Janev  & D. Reiter 

Plasma Phys. Control. Fus. (2012) 



0 2 4 6 8 10

0.0

2.0

4.0

6.0

8.0

10

12

14

Internuclear distance (a.u.)

X 
1


+

A 
1


+

B 
1


Be
+
(

2
S) + H(

2
S)

Be
+
(

2
P) + H(

2
S)

BeH+ 

P
o
te

n
ti

a
l 

en
er

g
ie

s 
(e

V
) 

F.B.C. Macados and F.R. Ornellas 

J. Chem. Phys. (1991) 



0.40

0.60

0.80

1.0

1.2

1.4

1.6

1.8

0 2 4 6 8 10

T
ra

n
si

ti
o
n

 d
ip

o
le

 m
o
m

en
ts

 (
a
.u

.)

Internuclear distance (a.u.)

X A

X B

F.B.C. Macados and F.R. Ornellas 

J. Chem. Phys. (1991) 



0.40

0.60

0.80

1.0

1.2

1.4

1.6

1.8

0 2 4 6 8 10

T
ra

n
si

ti
o
n

 d
ip

o
le

 m
o
m

en
ts

 (
a
.u

.)

Internuclear distance (a.u.)

X A

X B

F.B.C. Macados and F.R. Ornellas 

J. Chem. Phys. (1991) 

Coulomb-Born approximation 



0.0

5.0

10

15

20

25

30

35

40

4 5 6 7 8 9 10 11 12

C
ro

ss
 s

ec
ti

on
s 

(a
02 )

Energy (eV)

0         0

0 2 4 6 8 10

Internuclear distance (a.u.)

X 
1


+

A 
1


+

B 
1


Be
+
(

2
S) + H(

2
S)

Be
+
(

2
P) + H(

2
S)

BeH+ 

K. Chakrabarti and J. Tennyson 

Eur. Phys. J. D (2012) 

R. Celiberto, R. K. Janev and D. Reiter 

Plasma Phys. Con. Fus. (2012) 



0 2 4 6 8 10

Internuclear distance (a.u.)

X 
1


+

A 
1


+

B 
1


Be
+
(

2
S) + H(

2
S)

Be
+
(

2
P) + H(

2
S)

BeH+ 

K. Chakrabarti and J. Tennyson 

Eur. Phys. J. D (2012) 

0.0

5.0

10

15

20

25

30

35

40

4 5 6 7 8 9 10 11 12

C
ro

ss
 s

ec
ti

on
s 

(a
02 )

Energy (eV)

0         0

0         2

R. Celiberto, R. K. Janev and D. Reiter 

Plasma Phys. Con. Fus. (2012) 



0 2 4 6 8 10

Internuclear distance (a.u.)

X 
1


+

A 
1


+

B 
1


Be
+
(

2
S) + H(

2
S)

Be
+
(

2
P) + H(

2
S)

BeH+ 

K. Chakrabarti and J. Tennyson 

Eur. Phys. J. D (2012) 

0.0

5.0

10

15

20

25

30

35

40

4 5 6 7 8 9 10 11 12

C
ro

ss
 s

ec
ti

on
s 

(a
02 )

Energy (eV)

0         0

0         2

0         2        (no FCF)

R. Celiberto, R. K. Janev and D. Reiter 

Plasma Phys. Con. Fus. (2012) 



5 6 7 8 9 10 11 12
0.0

5.0

10

15

20

25

30

35

40

C
ro

ss
 s

ec
ti

o
n

s 
(a

0

2
)

Energy (eV)

40 
C

ro
ss

 s
ec

ti
o
n

 (
a

0
2
) 

 

30 

20 

10 

0 

5 6 7 8 9 10 10 12 

Energy (eV) 

 



0        2

0.00

5.00

10.0

15.0

20.0

25.0

30.0

0.1 1 10 100 1000 10
4

R
a
te

 c
o
ef

fi
ci

en
t 

(c
m

3
 s

-1
)

Temperature (eV)

Coulomb-Born 

R-matrix 



10
-8

10
-6

10
-4

10
-2

10
0

10
2

1 10 100 1000

Energy (eV)

v
f
 = 0

2

5

10

C
ro

ss
 s

ec
ti

o
n

 (
1
0

-1
6
 c

m
2
)

X(0)  A(vf) 

m 



10
-8

10
-6

10
-4

10
-2

10
0

10
2

1 10 100 1000

Energy (eV)

v
f
 = 0

2

5

10

C
ro

ss
 s

ec
ti

o
n

 (
1
0

-1
6
 c

m
2
)

X(0)  A(vf) 

 
)10(

39751.087915.0

3002.24181.0ln
1646.1)( 216

1.000 cm
xx

x
xAX 







0,0/ EEx 



10
-8

10
-6

10
-4

10
-2

10
0

10
2

1 10 100 1000

Energy (eV)

v
f
 = 0

2

5

10

C
ro

ss
 s

ec
ti

o
n

 (
1
0

-1
6
 c

m
2
)

X(0)  A(vf) 

)()( 0,00,0

2

0,0

,

,

0,0
,, Ex

M

M

E

E
Ex

fi

fi

fifi

vv

vv

vvvv 





















0.00

20.0

40.0

60.0

80.0

100

0.1 1 10 100 1000 10
4

Temperature (eV)

v
f
 = 0

5

10

2

1

R
a
te

 c
o
ef

fi
ci

en
t 

(1
0

-9
 c

m
3
/s

ec
)

X(5)  A(vf) 



0.00

20.0

40.0

60.0

80.0

100

0.1 1 10 100 1000 10
4

Temperature (eV)

v
f
 = 0

5

10

2

1

R
a
te

 c
o
ef

fi
ci

en
t 

(1
0

-9
 c

m
3
/s

ec
)

X(5)  A(vf) 





















































fi

fi

fi

fi

vv

vv

vv

vv
E

E
T

M

M

E

E
T

,

0,0
0,0

2

0,0

,

2/1

,

0,0
, )(



10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

1 10 100 1000

v
f
 = 0

2

4 6

Energy (eV)

C
ro

ss
 s

ec
ti

o
n

 (
1
0

-1
6
 c

m
2
)

X(0)  B(vf) 



10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

1 10 100 1000

v
f
 = 0

2

4 6

Energy (eV)

C
ro

ss
 s

ec
ti

o
n

 (
1
0

-1
6
 c

m
2
)

X(0)  B(vf) 

)(07746.0)( 0,00,0 xx AXBX   



0.0

10

20

30

40

50

60

70

80

0.1 1 10 100 1000 10
4

v
f
 = 0

56

2

1

Temperature (eV)

R
a
te

 c
o
ef

fi
ci

en
t 

(1
0

-9
 c

m
3
/s

ec
)

X(5)  B(vf) 



0.0

10

20

30

40

50

60

70

80

0.1 1 10 100 1000 10
4

v
f
 = 0

56

2

1

Temperature (eV)

R
a
te

 c
o
ef

fi
ci

en
t 

(1
0

-9
 c

m
3
/s

ec
)

X(5)  B(vf) 





















































fi

fi

fi

fi

vv

vv

vv

vv
E

E
T

M

M

E

E
T

,

0,0
0,0

2

0,0

,

2/1

,

0,0
, )(



0.00

2.40

4.80

7.20

9.60

12.0

0 2 4 6 8 10 12 14

0 1 2 3 4 5 6 7

0.0

0.30

0.60

0.90

1.2

1.5
P

o
te

n
ti

a
l 

e
n

e
r
g

ie
s 

(e
V

)

Internuclear distance (a.u.)

X 
2


g

+

A 
2


Internuclear distance (Å)

D
X         A

(R)

T
r
a

n
sitio

n
 d

ip
o
le m

o
m

e
n

t (a
.u

.)

R. Celiberto, K. Baluja & R.K. Janev 

Plasma Sources Science Tech. (submitted) 

BeH 



0.00

2.40

4.80

7.20

9.60

12.0

0 2 4 6 8 10 12 14

0 1 2 3 4 5 6 7

0.0

0.30

0.60

0.90

1.2

1.5
P

o
te

n
ti

a
l 

e
n

e
r
g

ie
s 

(e
V

)

Internuclear distance (a.u.)

X 
2


g

+

A 
2


Internuclear distance (Å)

D
X         A

(R)

T
r
a

n
sitio

n
 d

ip
o
le m

o
m

e
n

t (a
.u

.)

J. Pitarch-Ruiz, Sanchez-Marin, Velasco, Martin 

J. Chem. Phys. (2008).  

BeH 



0.0

2.0

4.0

6.0

8.0

10

12

14

16

2 4 6 8 10 12 14 16

C
ro

ss
 s

e
ct

io
n

 (
1
0

-1
6
 c

m
2
)

Energy (eV)

Born

R-matrix

TM MM

0  0 



0.0

2.0

4.0

6.0

8.0

10

12

14

1 10 100 1000

C
ro

ss
 s

ec
ti

o
n

 (
1

0
-1

6
 c

m
2
)

Energy (eV)

Born

R-matrix

TM MM



%!PS- Adobe- 3. 0%%Cr eator:  PScript5.dll Version 5.2%%Tit le:  KGLayout%%Cr eationDat e:  2/22/ 2007 19:12: 4

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

1 10 100 1000

6-6

10-10

0-0

8-8

3-3

(a

10
-8

10
-6

10
-4

10
-2

10
0

1 10 100 1000

0-0

0-1

0-2

0-3

(b

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

1 10 100 1000

6-76-5

6-4

6-8

6-3

6-9

6-6 (c

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

1 10 100 1000

10-10

10-9

10-8

10-12

10-7

10-11

(d

C
ro

ss
 s

ec
ti

o
n

 (
1

0
-1

6
 c

m
2
)

Energy (eV)

vi = vf  0  vf  

10  vf  6  vf  



%!PS- Adobe- 3. 0%%Cr eator:  PScript5.dll Version 5.2%%Tit le:  KGLayout%%Cr eationDat e:  2/22/ 2007 19:12: 4

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

1 10 100 1000

6-6

10-10

0-0

8-8

3-3

(a

10
-8

10
-6

10
-4

10
-2

10
0

1 10 100 1000

0-0

0-1

0-2

0-3

(b

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

1 10 100 1000

6-76-5

6-4

6-8

6-3

6-9

6-6 (c

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

1 10 100 1000

10-10

10-9

10-8

10-12

10-7

10-11

(d

C
ro

ss
 s

ec
ti

o
n

 (
1

0
-1

6
 c

m
2
)

Energy (eV)

vi = vf  0  vf  

10  vf  6  vf  

)10( ln
1

1
)(

.).(
)( 2163

2

'.

2

',0
',

1

cm
x

c
cx

xeVE

uaM

x

c
x

c

vv

vv

vv



























%!PS- Adobe- 3. 0%%Cr eator:  PScript5.dll Version 5.2%%Tit le:  KGLayout%%Cr eationDat e:  2/22/ 2007 19:12: 4

0

10

20

30

40

50

60

70

80

0.1 1 10 100 1000

0-0

2-2

4-4
5-5

6-6

1-1

8-8

10-10

3-3

(a

10
-19

10
-17

10
-15

10
-13

10
-11

10
-9

10
-7

10
-5

10
-3

10
-1

10
1

0.1 1 10 100 1000

0-0

0-2

0-1

0-3

(b

10
-16

10
-14

10
-12

10
-10

10
-8

10
-6

10
-4

10
-2

10
0

0.1 1 10 100 1000

T
e
 (eV)

6-6

6-4

6-5

6-3

6-7

6-8

6-9

(c

10
-13

10
-11

10
-9

10
-7

10
-5

10
-3

10
-1

10
1

0.1 1 10 100 1000

T
e
 (eV)

10-10

10-7

10-12
10-11

10-8

10-9

(d

R
a
te

 (
1
0

-9
 c

m
3
/s

)

Electronic temperature (eV)

vi = vf  

0  vf  

10  vf  
6  vf  



%!PS- Adobe- 3. 0%%Cr eator:  PScript5.dll Version 5.2%%Tit le:  KGLayout%%Cr eationDat e:  2/22/ 2007 19:12: 4

0

10

20

30

40

50

60

70

80

0.1 1 10 100 1000

0-0

2-2

4-4
5-5

6-6

1-1

8-8

10-10

3-3

(a

10
-19

10
-17

10
-15

10
-13

10
-11

10
-9

10
-7

10
-5

10
-3

10
-1

10
1

0.1 1 10 100 1000

0-0

0-2

0-1

0-3

(b

10
-16

10
-14

10
-12

10
-10

10
-8

10
-6

10
-4

10
-2

10
0

0.1 1 10 100 1000

T
e
 (eV)

6-6

6-4

6-5

6-3

6-7

6-8

6-9

(c

10
-13

10
-11

10
-9

10
-7

10
-5

10
-3

10
-1

10
1

0.1 1 10 100 1000

T
e
 (eV)

10-10

10-7

10-12
10-11

10-8

10-9

(d

R
a
te

 (
1
0

-9
 c

m
3
/s

)

Electronic temperature (eV)

vi = vf  

0  vf  

10  vf  
6  vf  

 139

',

0,0

0,0

2

0,0

',

2/1

',

0,0

', 10)( 


















































 scm

E

E
T

M

M

E

E
T

vv

vv

vv

vv 



Resonant processes 



Resonant processes 

  evH i 2





2H

Resonant processes 

  evH i 2



  evH f 2



2H

Resonant processes 

  evH i 2



 HH



2H

Resonant processes 

  evH i 2

  evH f 2



DEA   Negative ion sources 
 

H2(v)  + e    H2
–   H + H– 

 

H2(v’)  + e    H2
–   H2(v”)  + e 

 
 



Molecular Assisted Recombination (MAR) 

 

H2(v ≥ 4) + e    H2
–    H + H– 

 

H +  +  H–    H + H 

 

DEA   Negative ion sources 
 

H2(v)  + e    H2
–   H + H– 

 

H2(v’)  + e    H2
–   H2(v”)  + e 

 
 



0.0

2.0

4.0

6.0

8.0

10

12

14

0 1 2 3 4 5 6 7 8

P
o

te
n

ti
a
l 

en
er

g
y

 (
eV

)

Internuclear distance (a.u.)

X 
1


g

+

b
3


u

+

H(1s) + H(1s)

E, F 
1


g

+

C 
1
 

u

a
3


g

+

c 
3
 

u

H(1s) + H(2l)

H
2

Resonant processes 



0.0

2.0

4.0

6.0

8.0

10

12

14

0 1 2 3 4 5 6 7 8

P
o

te
n

ti
a
l 

en
er

g
y

 (
eV

)

Internuclear distance (a.u.)

X 
1


g

+

b
3


u

+

H(1s) + H(1s)

H
2

E, F 
1


g

+

C 
1
 

u
c 

3
 

u

H(1s) + H(2l)
H(n=2) + H (1s

2
)

H(1s) + H
-
(1s

2
)

14 eV resonance

10 eV resonance

3.75 eV resonance

 X
2


u

+

2


g

+

 
2


g

+

(Rydberg)

a
3


g

+

H
2

-

Resonant processes 



0.0

2.0

4.0

6.0

8.0

10

12

14

0 1 2 3 4 5 6 7 8

P
o

te
n

ti
a
l 

en
er

g
y

 (
eV

)

Internuclear distance (a.u.)

X 
1


g

+

b
3


u

+

H(1s) + H(1s)

H
2

E, F 
1


g

+

C 
1
 

u
c 

3
 

u

H(1s) + H(2l)
H(n=2) + H (1s

2
)

H(1s) + H
-
(1s

2
)

14 eV resonance

10 eV resonance

3.75 eV resonance

 X
2


u

+

2


g

+

 
2


g

+

(Rydberg)

a
3


g

+

H
2

-

Resonant processes 

Bardsley and Wadehra, 

1978… 



0.0

2.0

4.0

6.0

8.0

10

12

14

0 1 2 3 4 5 6 7 8

P
o

te
n

ti
a
l 

en
er

g
y

 (
eV

)

Internuclear distance (a.u.)

X 
1


g

+

b
3


u

+

H(1s) + H(1s)

H
2

E, F 
1


g

+

C 
1
 

u
c 

3
 

u

H(1s) + H(2l)
H(n=2) + H (1s

2
)

H(1s) + H
-
(1s

2
)

14 eV resonance

10 eV resonance

3.75 eV resonance

 X
2


u

+

2


g

+

 
2


g

+

(Rydberg)

a
3


g

+

H
2

-

Resonant processes 

Celiberto et al 

(2008, 2009, 2012) 



0.0

2.0

4.0

6.0

8.0

10

12

14

0 1 2 3 4 5 6 7 8

P
o
te

n
ti

a
l 

en
er

g
y
 (

eV
)

Internuclear distance (a.u.)

H(1s) + H(1s)

H
2

H(1s) + H(2l)
H(n=2) + H (1s

2
)

H(1s) + H
-
(1s

2
)

14 eV resonance

 
2


g

+
 (Rydberg)

H
2

 

H2(vi) + e  H2 ˉ(
2g

+)*  

H2(vf) + e 

H*(n = 2) + Hˉ(1s2) 

Resonant Vibrational 

Excitation 

Dissociative Electron 

Attachment 



X2u
+ 

X1g
+ 

States 2g
+ 

D. Stibbe & J. Tennyson 

J. Phys. B: At. Mol. Opt. Phys. (1998) 

 

2g
+ 

States 2u
+ 



States 2u
 States 2g

 

States 2g
 



States 2g
+ 



States 2g
+ 



States 2g
+ 

2g
+ 

Rydberg 



q = 85° 

D
if

fe
re

n
ti

a
l 

cr
o

ss
 s

ec
ti

o
n

 (
1

0
-1

9
 c

m
2
/s

te
ra

d
) 

D
if

fe
re

n
ti

a
l 

cr
o

ss
 s

ec
ti

o
n

 (
1

0
-1

9
 c

m
2
/s

te
ra

d
) 

H2(vi = 0) + e  H2 ˉ(
2g

+)*   H2(vf) + 

e  

Comer & 

Read (1971) 

 

Celiberto et al 

(2008) 



0.0

0.20

0.40

0.60

0.80

1.0

1.2

10 11 12 13 14 15

0         2

0         0

0         5

0         10

C
ro

ss
 s

e
ct

io
n

 (
1
0

-1
7
 c

m
2
)

Energy (eV)

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

8 9 10 11 12 13 14 15
C

ro
ss

 s
e
ct

io
n

 (
1
0

-1
8
 c

m
2
)

Energy (eV)

5         5

5         8

5         10

H2(vi) + e  H2 ˉ(
2g

+)*   H2(vf) + e  



H2(vi) + e  H2 ˉ(
2g

+)*   H2(vf) + e  

0.0 10
0

1.0 10
-3

2.0 10
-3

3.0 10
-3

4.0 10
-3

5.0 10
-3

10 20 30 40 50

R
a

te
 c

o
e
ff

ic
ie

n
t 

(1
0

-9
 c

m
3
 s

-1
)

Temperature (eV)

5        5

5        8

5        10

0.0 10
0

1.0 10
-3

2.0 10
-3

3.0 10
-3

4.0 10
-3

5.0 10
-3

6.0 10
-3

7.0 10
-3

10 20 30 40 50

R
a
te

 c
o
ef

fi
ci

en
t 

(1
0

-9
 c

m
3
 s

-1
)

Temperature (eV)

0        0

0        2

0        5

0        10



0.0

1.0

2.0

3.0

4.0

5.0

10 11 12 13 14 15

v
i 
= 0

2
5

8

10

C
r
o
ss

 s
e
ct

io
n

 (
1
0

-1
7
 c

m
2
)

Energy (eV)

H2(vi ) + e  (H2
–)* H*(n = 2) + H– 

 

Celiberto et al 

(2012) 



0.0 10
0

1.0 10
-3

2.0 10
-3

3.0 10
-3

4.0 10
-3

5.0 10
-3

6.0 10
-3

7.0 10
-3

8.0 10
-3

0 10 20 30 40 50

R
a
te

 c
o
e
ff

ic
ie

n
t 

(1
0

-9
 c

m
3
 s

-1
)

Temperature (eV)

v
i 
= 0

2

5 8

10

H2(vi ) + e  (H2
–)* H*(n = 2) + H– 

 

Celiberto et al 

(2012) 







Mario Capitelli 

University of Bari, Italy 

Kasturi L. Baluja 

 

University of Delhi, India  

 

Ratko K. Janev 

Macedonian Academy of Science and Arts, Skopje, Macedonia; 

 IPP, Forschungszentrum, Jülich, Germany 

Annarita Laricchiuta 

Institute of Inorganic Methodologies and Plasmas, CNR, Bari , Italy 

Detlev Reiter 

IPP, Forschungszentrum, Jülich, Germany 

Jonthan Tennyson 

University College London,  UK 

Jogindra M. Wadehra 

Wayne State University, Detroit, MI, U.S.A. 


