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Label Reaction g D, / DE
Vibrational excitation 3
VE1 e(e) + D2(X'E};v) —» D7 (X?ZF,B22], C?E) — e(¢) + Do(X ' E]; ') - :
VE2  e(e) + D2(X'E];v) — D5 (C*SF) — e(€) + D2(B 'S ;0) .
VE3  e(e) + D2(B'Xi;v) - D5 (C2E]) — e(€') + D2(B'E];0") kN T—————— [f ‘_'.’f"D“" -
B A : o .
Dissociative electron attachment = B
DA1  e(e) + D2(X'Z];v) — D5 (X22f,B?*S]) — D(1s) + D~ (1s?) _
DA2  e(e) + Do(X'Ef;v) = D5 (C?E}) — D(n =2) + D~ (1s?) ol
DA3  e(e) + D2(B'E];v) — D5 (C?S]) — D(n=2) + D™ (1s?) A
0 2 4 6 8 10 12 14
Dissociative excitation Intemuciear distance  (au.)
DE1  e(e) + D2(X'Sf;0) — Dy (X221, B?E},C22)) — e(€) + D2(X'E] s ec) — e(€) + D(1s) + D(1s)
DE2  e(e) + D2(X'Z};v) — D3 (B?2],C2E}) — e(€') + D2(b3SF; ec) — e(€') + D(1s) + D(1s)
DE3  e(e) + D2(X'E];v) = D5 (C?S)) — e() + D2(B 'S e.) — e(€') + D(2p) + D(1s)
DE4  e(e) + D2(B'Ef;v) — D5 (C2E]) — e(€') + D2(B'EF;ec) — e(€’) + D(2p) + D(1s)
DE5  e(e) + D2(B'Si;v) = D5 (C?*E)) — e(€') + D2(b*Si;ec) — e(€') + D(1s) + D(1s)
DE6 e(e) + D2(B'Ef;v) - D5 (C2E}) — e(€') + D2(X'E; ec) — e(€') + D(1s) + D(1s)
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Vibrational excitation S
VE1  e(e) + D2(X'Z};v) = D3 (X 25}, B2Et,C22T) — e(€’) + D2(X 2] ;') &
VE2  e(e) + D2(X'E];v) —» D5 (C?SF) — e(¢) + D2(B 'S 0)
VE3 e(e) + D2(B'Et;v) — Dy (CQZ;') — e(€) + D2(B'Z;0) o . —— °_ ‘_'f"°‘1" i
s . :E.'-‘xzzj .'/ SR 0(15):[-).-;1.5.2-)-_
Dissociative electron attachment E

DAl  e(e) + D2(X'SF;v) — Dy (X 2ZF, B2X]) — D(1s) + D™ (1s?)  t4
DA2  e(e) + Do(X 'S ;v) — D, (C28F) — D(n = 2) + D~ (1s%) '
DA3  e(e) + D2(B'E];v) = D5 (C?S]) — D(n=2) + D™ (1s?%)
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Dissociative excitation Intemuclear distance  (au.)

DE1  e(e) + D2(X'SF;v) — Dy (X?ZF, B2, C%S)) — e(€) + D2(X 2] ec) — e(€') + D(1s) + D(1s)

DE2  e(e) + D2(X'Z};v) — D3 (B?2],C2E}) — e(€') + D2(b3SF; ec) — e(€') + D(1s) + D(1s)

DE3  e(e) + D2(X'E];v) = D5 (C?S)) — e() + D2(B 'S e.) — e(€') + D(2p) + D(1s)

DE4  e(e) + D2(B'Ef;v) — D5 (C2E]) — e(€') + D2(B'EF;ec) — e(€’) + D(2p) + D(1s)

DE5  e(e) + D2(B'Si;v) = D5 (C?*E)) — e(€') + D2(b*Si;ec) — e(€') + D(1s) + D(1s)

DE6 e(e) + D2(B'Ef;v) - D5 (C2E}) — e(€') + D2(X'E; ec) — e(€') + D(1s) + D(1s)
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Vibrational excitation :5:
VE1  e(€) + D2(X'S};v) = Dy (X253, B2S}, C25}) — e(€)) + D2(X 1575 0) -
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Dissociative electron attachment § S
DA1  e(e) + D2(X'Z];v) — D5 (X22f,B?*S]) — D(1s) + D~ (1s?) :
DA2  e(e) + Do(X'Ef;v) = D5 (C?E}) — D(n =2) + D~ (1s?) 0: \
DA3  e(e) + D2(B'E];v) — D5 (C?S]) — D(n=2) + D™ (1s?) A
0 2 4 6 8 10 12 14
Dissociative excitation Internuclear distance  (au.)

DE1  e(e) + D2(X'SF;v) — Dy (X?2, B2, C%S)) — e(€) + D2(X'E] s ec) — e(€') + D(1s) + D(1s)
DE2  e(e) + D2(X'EZ};v) — D3 (B?E],C%E}) — e(€') + D2(b3ZF; ec) — e(€') + D(1s) + D(1s)

DE3  e(e) + D2(X'S;;v) = D5 (C?S]) — e(€) + D2(B 'S e.) — e(€') + D(2p) + D(1s)

DE4  e(e) + D2(B'Ef;v) — D5 (C2E]) — e(€') + D2(B'EF;ec) — e(€’) + D(2p) + D(1s)

DE5  e(e) + D2(B'Si;v) = D5 (C?*E)) — e(€') + D2(b*Si;ec) — e(€') + D(1s) + D(1s)

DE6 e(e) + D2(B'Ef;v) - D5 (C2E}) — e(€') + D2(X'E; ec) — e(€') + D(1s) + D(1s)
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Dissociative electron attachment - B
DA1  e(e) + D2(X'Z];v) — D5 (X22f,B?*S]) — D(1s) + D~ (1s?)
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DE1  e(e) + D2(X'Sf;0) — Dy (X221, B?E},C22)) — e(€) + D2(X'E] s ec) — e(€) + D(1s) + D(1s)
DE2  e(e) + D2(X'Z};v) — D3 (B?2],C2E}) — e(€') + D2(b3SF; ec) — e(€') + D(1s) + D(1s)

DE3  e(e) + D2(X'E];v) = D5 (C?S)) — e(€) + D2(B 'S ec) — e(€') + D(2p) + D(1s)

DE4  e(e) + D2(B'Ef;v) = D5 (C?E}) — e(€') + D2(B'EF;ec) — e(€) + D(2p) + D(1s)

DE5  e(e) + D2(B'Sf;v) — D5 (C?*2)) — e(€') + D2(b*Si;e.) — e(€') + D(1s) + D(1s)

DE6 e(e) + D2(B'Ef;v) - D5 (C%E}) — e(€') + D2(X'Ef;ec) — e(€') + D(1s) + D(1s)




Processes occurring for resonant electron-molecule scattering:

e"+AB(v) > AB~ - AB (w) + e~ Vibrational Excitation
- A" +B Dissociative Attachment
—-A+B+e” Dissociative Excitation
e"+ABT(v) > AB* > A +B Dissociative Recombination

MQDT approach for electron-D,* will be presented by loan Schneider
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Let’s consider electron-molecule scattering with the presence of two interacting resonances:
e +M->M; M, -e +M"

The process can be described by two discrete electronic states, |d;) and |d,), embedded-in and
interacting-with a single electronic continuum |k)

[¥) ~ |dy) + |dz) + k)

iy

Interaction between
electron and neutral molecule

Resonant bound state



The electron-molecule effective Hamiltonian

H=H0+U+V

Ho = |dy)(Ty +Vo +e){dq| + |do)(Ty +Vo +e){da| + [ dk k) (Ty +Vo +€3) <fc|

UMM.

V= [dk |d)Vy <E\ + |dy)Vop <fc\ + h.c.

-V is the neutral molecule potential

- €1, are the resonance energies respect to V/;,

- U describes the coupling between the discrete states

-V couples the discrete states with the continuum states



o Z ~T R 7 . s
S AR YUR E] &, (R) = ~VI(R)Xi(R).

s2_ R I7 . s
Ve B TR b reR.
seS

S = {X!T#,b3T, BIDH) = {X,b,B)
R—{X231 B8 G254} = (X°,B 7,07}

reR,



25, 4+1 g, 647 m? k
O'XS}—)S v'(e) = E :(28 +1 2g 2 R4 (Xv |£ > ’ 873,657
25, +1 g, K m
DA _ 2__
05y (€) = E (2.5' 12,0 2T R llm |£ €S,
25, +1 647r m?
DE s /
Zein () = Z © (25, + 1) 2g5 / de"k'xc VL) S ey
s 1 3 1 w 4
= {X15#,b35#, BT} = {X,b, B} ;

R B G2REY —(XFE)
AB™

AB(v)) AB(v))



D* + D(1s) 15}

D(2p) + D(1s) | 51

15}

R - ey

= __....--------------------........'.'..'.'.'.'.'.'::::.' 10
::..‘ D(1s) + D~ (152) | ol R FC‘
_: %:06- | ]
} =l R-matrix
Or : 02} e | calculations
T T T CTaX SR T,
0 2 4 6 8 10 12 14 NS TR T G

i Internuclear distance  (au. )
Internuclear distance (a.u.)



o(€) X

AB(v))

Bavoy\c& LCP mwodel...

AB~

Local Complex Potential model

Resonant contribution

N

A%B(vf)

“non-resonant”
contribution




Cross section (A?)

elastic

VE1 (0-1)

e+ Dy(X 12}, v=0)

100

10°

-11
10 VE1(10-11)

elastic

e+ D,(X,v) > e+ D,(X,w) elastic,
109 elastic \
10-2 L
VE1 (1-2)
1074}
VE1 (1-3)
1076t /
10-8 B
e+ Da(X 155, v=1) e
10—10 1
10-1 100
10" feane_ DA
elastic
10-1} VE1 (16-16)
VE1 (15-17)
VE1 (16-20) ,:
1073 :
NI
e+Dy(X 33, v=15) | DA2 \‘,L
10-5 ! ; ! 131 a's
1072 10-1 100 10!

103 VE110-13) : Pl
o
VE1(10-15) | :
DA1 '
1 .
10-5 1 1 :
107! 10° 10'

Incident electron energy (eV)

VE1

elastic
100.
VE1 (5-6)
10-2 L
VE1 (5-7) : \
| g A
i 1
VE1 (5-10)
107} i iy P
] " .
R
e+Dy(X'53,v=5) o |}
e
10—6 1 1 . s
10! 100 10"
______ ="
101 L DA1 \\
\—‘:.\
elastic . ."' ﬁ\
. .‘. P LT CLELL LT
TORL.  ANCT S R
'0 - a i '~..
10_1 B .‘0'
DE2
"'
'l
‘l
1073 !
s
4
.
! e+Dy(X 125, v=20) DA2 ¥ DE3
V
1075 : ‘ .
102 10-1 100 10!




Cross section (A?)

e + D,(X,v) > D(1s) + D~ (1s%)

e+ Dy,(X,v) > D(n=2)+ D (1s%)

elastic

VE1 (0-1)

e+ Dy(X 12}, v=0)

/

100

10°

10~

10-3 L

| VE1(10-11)

VE1(10-12)

VE1(10-15)

107°
10"

DA1l
DA2

10 0 elastic \ elastic
o 100+
10-—2 L
VE1 (1-2) VE1 (6-6)
1074} 102
VE1 (1-3) VE1 (5-7) I \\
| 3 A
-6 L : \
10 VE1(5-10); ¢
1074+ iy
10-8¢ Eoy
e+Dy(X 153, v=1) e+Dy(X 12, v=5) oAl § §
-10 . 1078 ! 1 .
Wi 100 10 10° 10!
o ~
10" Faac  OM 10"} s
-------- elastic :,:-:%‘
elastic i 8 : .-liix CLLLLLETT
. DE1 " - ‘::-}:-\ ........
VE1 (16-16) s o
10-1} 107"
VE1 (16-17) D2
' "'
VE1 (16-20) 1§ 3
1073} ] 0% ¢
: % |1 1 '}
e+Dy(x 12}, v=15) DA2 \i\ ’ e+Dy(X 125, v=20) pA2 BYDE3
10-5 1 : 1 I=i 8 N 10-5 1 1 2
1072 10-1 100 10' 10-2 10-1 100 101

Incident electron energy (eV)




Cross section (A?)

e+ D,(X,v) > e+ D(1s) + D(1s) DE1
e+ D,(X,v) > e+ D(1s) + D(1s) DE2
e+ D,(X,v) > e+ D(2p) + D(1s) DE3

100 E elastic \ 100 - a0 \ | =
o 100}
1072 102} |
VE1 (0-1) VE1 (1-2) VE1 (5-6)
107} 7 107} 1072 |
VE1(0-2)  VE2(0-0) & VE1 (1-3) vtiibﬂll | %
T3 ¢ H \
10—6 L / DE1 *.:’l"’ 10—6 - / VE1 (5-10) :
) | PO
(e e
108} N 108} o S
e+ Dy(X 12}, v=0) DAt} ':J e+Dy(X 125, v=1) iy
10-10 . ¥ L 10-10 . b =
10-1 10° 101 10-1 10° 10
1
101 P elastic e+ Dy(X "1, v=10) 10" fomae oA { 10}
elastic
| i | VE1 (16-+16) | )
10 VE1(10-11) 10 10
VE1 (15-17)
10-3 VE1(10-12) \_ 10—3 L ¥E) (15-240) :.: ' | 10—3 L :'"
. : A% (1 .':
NEIGIO-+ML. e e+Dy(X 15, v=15) DA2 \i\ {0 eaDyx 15 v=20) DAza Bes. |
-5 N H H -5 1 ; 1 I!_ 1. -5 1 1 ! \\
10 i 0 1 10 o -1 0 1 10 -2 -1 0 1
10 10 10 10 10 10 10 10 10 10 10

Incident electron energy (eV)



)

Cross section (A?

e+ D,(X,v) > e+ D,(B,w)

VE2

100 - \ 100 coing \
- 100}
1072t 1072t
VE1 (0~1) VE1 (1-2)
107} 107} 1072
VE1 (0-2) VE1 (1-3)
1075 1075 /
10—4 L
1078} 1078} O
e+Dy(X 155, v=0) e+ Dy(X 123, v=1)
-6
10-10 . 10-10 . 10 ]
101 100 10° 10-1 10° 10
101 = elastic e+Dz(X1Z§, v=10) 101 ---__~_D.A1 101}
elastic <
=l 11 VE1 (156-16) | 11
10 VE1(10-11) 10 10
VE1 (15-17)
10-3}  VEN10-12) e 1073 VE1H6#20’§ 10-3
H \
VE1(10-15) 15+ : . g
DA1 VE2(10-0) e+Dy(x 13}, v=15) ; DA2 \i\
10-5 A 10—5 1 : ! 131 s's 10-5
10~! 10° 10! 1072 101 100 10! 1072

Incident electron energy (eV)

15

Potentia energy (eV)
o

' T v v v T T T T
b1
\
\ [)+
1 2 o emem—m———————
\ e
\ e
3 “ 2 ’l
1 +
\ X )‘..g ’/
\ ,’

--------------
-
-

~
RN
1 1

51
:E '_" . Do FaeennTIIIT
OF
0 2 4 6 8 10 1
Intemnuclear distance (au.)
: TR
; e+Dy(X 125, v=20) A2 BPDES

| ~

10-1 100 101



Cross section (A?)

e+ D,(B,v) > e+ Dy(B,w)

elastic, VE3

10'7 e4+Dy(B 152, v=10)
100 L
=]
Ll oS ...
10-2 ............. elastic
10-3 L
VE3 (0-1)
10-4 | 10-5 VE3 (10-11)
1075} 107
e+D,(B 13}, v=0) o
1078 ' 107
102 10-1 100 101 10-2 10-1
100 e+ Dy(B 13}, v=20) 100
'."'..--.?-Es
10-2 L .."-.....---_.--' 10—2 LT
elastic
1074¢ VE3 (20-21) 10747
1076} 107%¢
—— DE6 g ‘:, ‘e CTLL Lo
SEmen. bl L L T P — BT L LI bbbl TP PR | P e
1078 ; : : 107°
0= 1071 100 10" 102

Incident electron energy (eV)



Cross section (A?)

e +D,(B,v) > D(n =2) + D (1s%)

DA3

10'7 e4+Dy(B 152, v=10)
100 L
= ¢
Ll
10—2 ............. 3 elastic
107>k
VE3 (0-1)
10741 L VE3 (10-11)
1076} 10-7
e+ DZ(B 126, v=0) --.-....-.""%91- ............... PN
10-8 ' 107
102 10-1 100 101 10-2 10-1 100 101
100} e+Dy(B %}, v=20) 100
10-2 [ ---.---....._....--__..o 10-2
elastic
107 VE3 (20-21) 1074}
1078t 107
,....-...DEG ." ..l A
1078 ' : 1078
0= 10”1 100 10" 102

Incident electron energy (eV)




Cross section (A?)

e+ D,(B,v) > e+ D(2p) + D(1s)
e+ D,(B,v) > e+ D(1s) + D(1s)
e+ D,(B,v) > e+ D(1s) + D(1s)

DE4
DES
DE6

e+D,y(B 15}, v=0)

10—3 L

1 10—5 L

10" ¢ e+Dy(B 15}, v=10)
_1_
kW
elastic

VE3 (10-11)

.
.
.
.
.
.
.
.
.
.
L
*
-
'0

-

-:.
wellunn, <

4
’

P

-
.
-~
-*

10-8 L 1 " 10—9 1 1 ““..
102 10-1 100 101 10-2 101 100 101
100 e+ Dy(B 13}, v=20) 100t
.......... DES
1072F = ttetmepineent 1072 poeeeeneaDES ... /
elastic
10 VE3 (20-21) 10
1076 1076
________ DE6 s e T
10-8 e M : 108
1072 10" 10° 101 102

Incident electron energy (eV)



Cross section (A?)

Compa rison with data tn Literature

1072}

1073}

1074

VE1 (0 - 3)

100

10!

1072

1074}

10—6 L

T

1078

10-10 L

D .

D- production
v=0

5
Incident electron energy (eV)

1071

1072}

10-3 L

VE1(0 - 2)




3
cm /sec)

9

Rate coefficient (10

Vibrational relaxation of Dy(X)

e+D,(X,v) > e+ Dy(X,w)

0 -
L I i e
_2__ e S ; ____________ ::J""“— ’-,-’. |
10 2o ,'/' I~ /,’ '/.
4 -7 ' : 37 5 _-
10 [ L 7 el 7 / " Moy
/ 2% ’ / .
6 / s g / % 7
100 / ’ @ 4 + / 1 Lt .
8 7 4 Il % /"’ vz Y —>0
-8 | / ’ ) B Z 3y o
10 / P ” ,/ % ._/ y —v-5
ST I / i v=0 | | / / i v=1 | =7 vl
10 : £ ’ : : / / , — elastic
. == y v+l
10°F ' ' 1 F ' ' 1 =" »—>vi2
O e msmsm====CaAEEa -= ¥y=>v+10
10 e s R ’r"—_-‘ ''''''' = e ——————————m e — — = — =1
i AT L s e B Spp————
X el S e _ A e S |
10 // '/' Y g
4 ’ A 20
10 [ / R4 S0 T 7
-6_ / / ‘_/ " ) i i ' ’._
10 i A— Y P — s i
g fomm YT / *ai
- o — - /7 n
10 / ; 1
a0 : vEAF | | iiecemesmatminei sl we i) v=20 |
10 ’ / !/, | 1 |
2 3 4 . . 3 4 5
10 10 10 10710 10 10 10

Electron temperature (K)



molar fraction
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Vibrational distribution function
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Conclusions

LCP (this presentation) and MQDT (loan Schneider’s presentation) models are the only serious
theoretical frameworks - completely ab initio - to describe state-resolved electron-molecule
collisions which are able to take into account correctly nuclear vibrations (and rotations).

| showed the LCP extension to calculate the vibrationally and electronically excited cross sections.

LCP and MQDT models are the only approaches able to calculate Dissociative Attachment and
Dissociative Recombination processes.

Molecular input data come from ab initio quantum chemistry approaches, e.g. R-Matrix.



Gutloole...

Inclusion of the other electronically excited states

H, cross sections and isotopic effects (work in progress...)
Including rotational motion

Inclusion of “‘non-resonant’ contributions

Extension of the LCP model for ionization cross sections

Thank you for your attention




