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The cross sections for the rotational excitation of polar diatomic molecular ions by electron impact are
formulated within the Coulomb-Born approximation. The cross sections are finite at threshold. Explicit

calculations are reported for the excitation of CH*.

I. INTRODUCTION

Extensive studies have been carried out of the
rotational excitation of neutral molecules by slow
electrons but little attention has been given to the
rotational excitation of positive molecular ions.
Stabler! has calculated the rotational excitation
of homonuclear molecular ions taking into account
the interaction between the electron and the per-
manent quadrupole moment of the molecule.
Stabler used an expansion of the Coulomb-Born
approximation and retained only the lowest-order
term. His work was extended by Sampson? to in-
clude the effect of the long-range polarization
interaction.

In the case of a heteronuclear molecular ion,
the scattering is dominated by the interaction be-
tween the electron and the permanent dipole mo-
ment of the molecular ion. Various arguments
have been advanced® that demonstrate the validity
of the Born approximation for the description of
the scattering of electrons by neutral molecules

at low energies when the interaction is long range.

The arguments remain valid for molecular ions
provided the Coulomb-Born approximation is used
in place of the Born approximation and indeed
satisfactory agreement was apparently obtained
between the results of Stabler! for the scattering
of electrons by H,* and the more refined calcu-
lations of Chang and Temkin.*

We present here the theory of the rotational ex-
citation of heteronuclear positive molecular ions
by impact with slow electrons using the complete
form of the Coulomb-Born approximation. We
also calculate the cross sections for excitation
of CH*, a molecule of considerable astrophysical
significance.

II. THEORY

We consider the process
e +CH"(jm) - e+CH*(j'm"), (1)

where j and m are, respectively, the rotational
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and projection quantum numbers of the CH* ion.
We assume that the molecular ion can be de-
scribed as a rigid rotator having a permanent
dipole moment u.

The interaction potential between the molecular
ion and electron can be represented in the form

V=== 3 7 P800y @
' A=1

where T is the coordinate of the incident electron
relative to the center of mass of the molecule, §
is the internuclear coordinate, and @, is the Ath
electric moment of the charge distribution of the
molecular ion. Thus @,=pu and @, is the quadru-
pole moment of the molecular ion.
We write the total Hamiltonian in atomic units

in the form

H=H,+H', 3)
where
Hy=H, —-3V:-1/r, (4)
== 37 AP (74 3)Qy &)
A=1

and H,,, is the Hamiltonian for the isolated molec-
ular ion. With this choice of H,, the unperturbed
wave functio_’ns ¥ separate into a Coulomb wave
function, y(k,¥)= |k), and a spherical harmonic
function Y,,(S) representing the molecular rotator.

From first-order time-dependent perturbation
theory, the probability per unit time, dw, for an
electron to be scattered from E, to E, while the
molezule undergoes the rotational transition from
j=—j’ is given by

_2r 1 2 d%k
dw=% ...Z,:.. g1 Y Y o

where we have averaged over the projection quan-
tum number m of the initial states and summed
over that, m’, of the final states. If v, is the
initial velocity, the total cross section for the

788



10 ROTATIONAL EXCITATION OF

rotational transition j-j’is

a1 (dw
o5=11=3, ) aa, ¥

__1 Rk 1
“TE L, @D ) |8 a ) s,
' (6)

The nonrelativistic Coulomb wave functions are
given by®'©

[it,) =e="/20(1 + in)ethT

x \F(-in;, 1;i(k,r - 1';, -T))
and (7

(K,|=e"""s/2D(1 - in,)e‘kf';

X F(in,, 1; -i(k,r+§,-'f)) ,

where F, is the confluent hypergeometric func-
tion and n=-k~!. To calculate the integral in (6),
we expand the Coulomb wave functions into partial
waves,’'
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Il?() = Z 4n(-1)"etr M) y, ._,,,(ﬁ,)
m
X Yyu(P) By 7) " FyRy 7)
and (8)
(&, |= > 4n(- Drdemio) y, (k)

im

X Vi), 7) " F (ke 7)

where o,(n) =arg(I'(Z +1 +4n)) is the Coulomb phase
shift and F,(kr) is the regular solution to the
radial wave equation for orbital angular momen-
tum [,

F(kr) =e'W"/2M (2ky)H*1gthr

2r(21+2)
X F(l+1—=in, 21+2; 2iky) . 9)
Consider now the transition matrix element
Ap =y, H) =Yoo I(S) | ¥y(3)) ,  (10)
where

o A
I(3) 5<i;le,lk4> == E 4_"Q:A1_ Y;p (§)'<i;f,r-)\-lY)\“ (';’)li;) .

A=1 p==Xx 21

The angular integrations can be performed by means of the relation

0 0 0/\m, m, m,

f y,m(szl)Y,zmz(nl)y,amg(szl)dnf(<211+1>(212; 1)<2la+1>> v (ll L 13> < L L za>

and we obtain

& 2, () R =(n? Y il=1retren @y + 1)@+ 1)a e 1] (B M [
00 0/\my —m, pu

Wy mmy
X Yu.-m‘(ﬁl) Yxf mf(Ef)'M-)\-l

ity (11)
where the radial matrix element M/ is defined by
1 o
=A-1_ -A-1
M fo F, (kg )r ™ 7IF, (k) (12)
Hence
13)==- 30 37 3 «TMnum, Y1u®) Yy on (R)Yy n (RIME
N xi‘f mme
where
@ +1)@L+1)\ 2 (W N\ (L L A
Au = 5/2(_ 1\t , 07 . +0; ) 1,1 ( i f .
Timipm, (4 2(=1) e "1* 01 i~ \——g5 07— 0 00/\m, —m, u (13)
The transition matrix element A, can now be evaluated in the form
A= Z Z Gt)‘ﬁ,u'mm'yx,p(’sf)Mfﬁ;l , (14)
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where

4

" @ o o 7MY
G} srmmt =S T o w1+ DG+ D@ + D@+ D2 0 K (15)

n

. Substituting A,; into Eq. (6) and carrying through the integration and summations, we finally get

o(j=j=3 ox, (16)
A=1
where
. 3 2 ;! 1 H ;! 2 2
on(j=17=167(EL) o1 (3h) (77" M) wenenegen (U4 A e, (17)
i vr
000/ i3 000
Thus the calculations of ¢, reduces to the evalua- (1. £)= 327 &2y
tion of the radial matrix elements M,‘,f. TeMs 9  (e2™i-1)(e®™r-1)
d . .
x (—,Xo)d_ IF(-Zm s =My, 15 Xo0) Iz s
III. ROTATIONAL EXCITATION INDUCED BY Xo a 9)
DIPOLAR INTERACTION where
For the case of dipole transitions, A =1, the Xo=—4n;m,/E%. (20)
matrix element in Eq. (11) is equivalent to that
involved in the calculation of the bremsstrahlung Thus
cross section”*® and can be evaluated directly by o 3\ 7 a0, j §* 1\2
expressing the Coulomb wave function in parabolic o(j=j'=j£1)= W) k_";Ql(zj 1) (0 0 0) fe1
coordinates. The resulting expression is-exact
and we obtain the following useful relation: (21)

2
3 @y +1)(21,+1) bl 1V e 2
itf
11, 0 00O

9 1
= 64'”2_k‘—kf fEl(Tlivl)y

(18)

where ¢ =n,-7,, and fg, is a function related to
the E1 nuclear Coulomb excitation,®:®

TABLE I. Rotational excitation cross sections of CH"
by electron impact: e + CH* (j =0)—e + CH* (j =1).

E(eV) o, A2 E (eV) o A

threshold? 7409 0.20 229
0.005. 4809 0.31 173
0.007 3835 0.40 142
0.010 2619 0.50 121
0.017 1675 0.61 105
0.028 1071 0.75 91
0.045 709 1.01 73
0.072 491 2.04 43
0.10 370

2The threshold energy is 0.00351 eV.

To evaluate f,, we note that because y, is al-
ways greater than unity, it is necessary to use
the analytic continuation of the hypergeometric
function!®:

TABLE II. The rate coefficient 2 for the 0-1 excita-
tion of CH* at various temperatures 7.

T(°K) k(1078 cm®sec™?)
10 1.09
20 18.2
30 42.7
40 62.8
50 77.4
60 87.5
70 95.0
80 99.9

100 106
150 109
200 107
300 100
400 95.0
600 86.6
800 80.9

1000 76.9

1500 69.8

2000 65.9

3000 60.6
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I(y)I'(z -

ry)(a-z)

Fa,B,v,2)= W(-z)'af‘(a,1—'y+a,1-B+a;1/z)+I_,W—)(— z)” BF(IS 1-y+8,1-a+B;1/2).

Then using the relations®®

x(d/dx)F(a, b; c; x) =a[Fla+1, b, c; x) - F(a, b, c; x)]

(b-a)F(a,b,c; x)+aF(a+1,b,c;x) =bF(a,b+1,c;x)=0,

we get

Xold/dxo) | F(=in, , —ins , 1; Xo) |* = xold/dx ) [F(=in, , —in, , 1; xo)Flin, , ing , 15 Xo) ]

=i(nymy/C) [Flin, +1, iny, 1; X)) F(=iny , —ins + 1,15 x,)

=F(=in; +1,-ing, 1; X)) FGin,, ing+1, 1, x0)] -

Finally, by means of the Kummer relation®

F(=in +1,=in,, 1;x0) = (1= xo)* M * ") Flin, , in, +1, 15 %)

we arrive at the formula

1

32
fm(’h ’ §)—"" ﬂ —Enl 6211'{_1 Im{(l/ni)-F("’iy ”71 ’ 1- ig; I/XQ)

X [F(1- iy, =iny, 1+ig; 1/x,) +e* *F(1~ My, =ing, 1-14g; I/Xo)]'”hznf}:

where
¢ =2arg[I'(is)I(in,)/T(iny)]+ & In|x,| . (23)

The plane-wave Born approximation to o is
equivalent to the replacement of (22) by

3272 [k, +k
- 1+Ry
fm= g ln<k,—k,> . (24)

At threshold, the plane-wave Born approximation
gives a cross section of zero, whereas the Cou-
lomb-Born approximation (22) leads to a large
and finite cross section. Thus in the Coulomb-
Born approximation for large |¢],

Fe(E<0)=(327°/9VT)(1+0. 218 £ | %+ +),
so that at threshold,

fE:1=321%/9V3
and

iy~ (85) () o (1 .

(25)

We have calculated the expression fg, in Eq.

(22)

—
(22) numerically. With a value of 1.70 D for Q,,
appropriate to CH*,!! we have calculated o in the
energy range from threshold to 2 eV. The results
are given in Table I for the specific case

e~ +CH*(j=0)=¢~+CH*(j=1).

We have also computed the corresponding Max-
wellian-averaged rate coefficients and they are
presented in Table II.

The Coulomb field substantially enhances the
cross section near threshold and electron impact
excitation of the rotational levels of positive mo-
lecular ions may be a significant energy-loss pro-
cess in dense cold ionized plasmas. If emission
from the first excited rotational level of CH" is
detected in interstellar clouds, the cross sections
presented here will be a critical element in its
interpretation. The high efficiency of the rotation-
al excitation of polar molecular ions may modify
the process of dissociative recombination.
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