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■ C-H A P T E R 7

RES0N4NT SCATTERING

5.1 INTRODUCTION,

' In the previous chapters, the effect of various 

factors on the scattering cross section, was observed. Inspite 

of the best efforts made by various authors to explain the 

anomalies in the scattering cross section, the larger cross 

section of some of the polar molecules namely H2o, HgS,

could not be accounted satisfactorily. To explain the

larger cross section, Turner Cl9SS) made the major break 

through in the problem. He suggested that, the incident electron 

might be captured temporarily by the molecule, which means that 

there is a possibility of the formation of temporary negative 

ions. It was thought to bet, due to the rotational motion of the
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molecule. This type of phenomena is known as the resonance effect. 

Temporary negative ions may contribute in the diffusion cross 

section. The study of life time of the'negative ion and the 

capture cross section is therefore essential. In this chapter an 

attempt is made to study this phenomena*

Before we discuss resonances in molecules and 

molecular ions, that is states in which an electron is temporarily 

retained by a molecular system, we shall matte a brief review of 

the work done. Such a resonance is not a true bound that is 

stationary state but is a temporary state, capable of decaying 

"by electron emission. In collision processes the formation of a 

resonance from the target and projetile can be observed. It 

generally leads to a severe distortion of the projectile wave 

function. This will be the case provided the life time T of 

the resonance is long compared with the time the projectile 

takes to traverse the target.

Resonance in atoms have been reviewed by 

Burke ClSSs) and Smith Cl9S6) and resonance in molecule is 

reviewed by Bardsley and Mandl ClSSs)- In molecules a whole 

wealth of new features arise owing to the motion of the neclei.

In particular there can be an exchange of energy between 

electronic and neclear motion which shows up in elastic 

scattering and in inelastic processes such as vibrational and
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rotational excitation. The comparative long life time of a 

resonance will lead to severe distortion of the nuclear motion 

ana greatly enhanced inelastic cross sections. Another new feature 

results from the possibility of the molecular resonance complex 

dissociating and this process will occur in competition with the 

reemission of the electron.

The basic physical property of molecule is the 

large ratio of nuclear to electronic masses* This leads to 

nuclear velocities being very slow compared vith electronic
6 iw\evvelocities. This is the basis of the. Born affpgexlinati-ufl separation 

of electronic and nuclear motions* A modification of this approach 

also leads to a wave equation for the nuclear motion in an 

electronic resonant state. This equation allows for the decay of 

resonance in which the nuclei move, and in the case of electron 

scattering for the formation of the resonanc^ through electron 

capture by the target.

g.2 Types of resonance in molecules

For a resonance to occur there must be some 

mechanism for binding the electron temporarily to the target.

We can clasify resonances according to the means by which the 

projectile is trapped.

r
The simplest trapping mechanism is a potential
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barrier, let us suppose that the incident particle experiences a 

region of attractive potential surrounded by a region of repulsive 

potential. If the particle enters the region of attractive potential 

its escape will be hindered by the potential barrier surrounding it 

Resonance which are supported by potential barriers will be called 

shape resonances*

In the simplest shape resonance the electronic motion 

of the target is effected little by the presence of the incident 

particle* In this case the dominated terms of the wave equation 

are the terms containing ground electronic state.

There are other shape resonances in which the wave 

function is dominated by the terms corresponding to an excited

electron target state. In these the'incident electron excites a 

target state whose energy is less than the resonant energy. The 

extra electron has sufficient energy to escape from the target 

leaving it in the field of the excited target contains a barrier 

than its escape will be hindered and. the electron will become 

temporarily bound to the target.

The characteristic of shape resonances is that the 

wave functions are dominated by the open channel componants* In 

this the important terms are those corresponding to target states 

with energies less than the resonant energy.

2* Electron^excited'^eshbach resonances!-
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Feshbaeh resonances occur when the incident electron 

looses energy in exciting the target and finds itself with insuffi­

cient energy to escape, while the target remains in its excited 

state. Before the electron can he emitted it must reabsorbed 

energy from the target.

The simplest situation would be that the incident 

electron excites only a single electronic-target state, for which 

the vibrational levels lie above the resonant energy. In the more 

general case several electronic states of the target may be 

important but for a Feshbaeh resonance it must be,closed - channel 

componants which predominates*

, The fact that the open channel componants are small

means that the resonance is narrow* Thus Feshbaeh resonances are 

nearly always narrow although for large nuclear separations some 

becomes broad* The wave functions for narrow Feshbaeh resonances 

can be approximated by the removal of the open channel composants 

which turns them in to bound states*

Feshbaeh resonances in molecules can be divided in to 

two types, depending on whether the kinetic energy of the incident 

electron is absorbed in to the electronic or nuclear motion.

3. Nuclear excited Feshbaeh resonances *-

These are the Feshbaeh resonances in which the

kinetic energy of the incident electron is absrobed solely in to
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the nuclear motion of the target. The collision does not involve 

excitation of the electronic motion in the target.

The previous two types of resonance can be discussed 

■within the Born Oppenheimer separation of nuclear and electronic 
motion. In this third type the resonances are formed by an inter 

change of energy between these tv?o modes, and thus the existance 

of the resonance is a consequence of the breakdown of the Born 
Oppenheimer approximation. Thus inclusion of the nuclear motion 
is essential to the definition of these resonances* If the nuclei 
were kept fixed the resonances would become stable against electron 

emission.

The resonance of this type which have received most 
attention from both theoreticians and experimenters are the 
vibrationally excited Rydberg states with high pripcip^-e quantum 

numbers•
Nuclear excited Peshbach resonance have been observed 

in low energy electron molecule scattering and also in the ioniza- 

-tion of molecules by electron and photom impact. In this type of 

resonance in low energy electron molecule scattering, first low 

energy electron collides with a molecule and is trapped 
through the vibrational excitation of the molecule* Secondly the 

excess vibrational energy is lost in a collision with another 

molecule and the negative ion is stabilized.
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(a) Rydberg states of neutral molecules s-

4ssociated with every electronic state of molecular 

positive ions is a series of states of the neutral molecule 

formed by additing to the ion an electron in a hydrogenie orbital 

with high principle quantum number. The higher members of these 

Rydberg series have very small electron affinities and. the energy 

of many of their excited vibrational states will be above the 
energy of the lowest vibrational'level of the corresponding ion. 

Thus these states will leads to many resonances which may be 

observed in low energy electron ion collisions or in the ionization 
of neutral molecules just above thresold. The existence of these 

resonances was used by Beutler and Junger (1936) in the determina- 

-tion of the ionization potential of hydrogen.

Bxcited rotational levels of Rydberg states may also 

be unstable against electron emission and so leads to resonances* 

However these resonances will only be observed in those mambers 
of the Rydberg series for which the energy required to detach an 
electron is less than ( or of the same order as) the rotational 
spacing . For the case of hydrogen this means that the outer most 
electron must move in an orbit with principle quantum number of 
the order of 30 or more. It will be very difficult to observe these 
resonances in ionization experiments because of the very small 
probability for excitation of these levels* However it has been
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shewn by stabler (1963) that in thermal collisions of e3_ectrons 

with molecular positive ions the cross section for the formation 

of these resonances should be as high as 10"13 0r 10**14 Cm2 *

Both rotationally excited and vibrationslly 

excited resonant states have been examined as possible intermediate 

states in dissociative recombination. In thermal electron collision 

with molecular ions these resonances will be formed and they will
-12 -Khave life times varying from 10 to 10 ° second- If the Rydberg 

state can be stabilised against electron emission then recombination 

-will take place. Stabler found that this stabilization could not be 

achieved by further collisions or by the emission of radiation but 

Bardsley (i960) iias suggested that predissociation may occur 

sufficientlyK rapidly for these states to be significant in the 

recombination. However for predissociation to occur before electron 

emission it is necessary that the formation of the resonance should 

have involved vibrational excitation.

(b) large molecules i-

V
The resonances formed by vlbrationally excited 

levels of stable electronic states are of Particular interest in 

large'polyatomic molecules- In these energy which is tra inferred

from the incident electron is distributed among the many vibrational 

modes of the molecule. A .considerable time may then elapse before 

the excess energy is concentrated again in one mode so that it can
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be given back to the extra electronl Thus these resonances will 

have extremely long life times; in the order of microseconds-

(c) Polar molecules

We have observed in the preeeeding chapters that 

there has been controversy in the cause of the high momentum 

transfer cross section observed in thermal collision of electrons 

with polar molecules* The cross sections were claculated using 

Born approximation by Altshuler (1957) and all the observed cross 

sections were found to exceed the prediction of the theory- A study 
of this has been made earlier- Turher (1966) has pointed out that 

most of the discrepancies could be caused by the induced polariza- 

-tion of the molecules •

Turner suggested that high cross sections for 

these cases could be attributed to the formation of temporary 

negative ions- He assumed that the interaction between the electron 

and the polar molecules could lead to bound state with a very small 

electron affinity. The excited rotational'or vibrational levels 

of the state could then act as resonances in the electron molecule 

scattering.
The validity of this proposal dearly depends on

the existence of weakly bound states of the .Electron molecule
*
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system* Many authors have examined the spectrum of electrons moving 

in the field of a dipole. They found that if the dipole moment

exceeds critical value of 0.64 a *u* there are an infinite numbers 

of bound states*

Contrarary to the conclusion of several authors 

this fact does not mean that nuclear excited resonance can exist 

for molecule ■whose dipole moment is small* For molecule tne small 

dipole moment there will not be an infinite number of bound electro- 

-nic states of the negative ion, but the combination of the short 

range electrostatic interaction and the long range dipole field 

may be sufficient to support a single bound state.(Crawford,196?)•

5*3 Negative ions t-

Free electrons are captured to molecules in the 

gas phase in essentially two different ways* dissoeiatively and 

non-dissociatively. When electrons are captured via a dissociative 

process CAX+e->A + X ), collisional stabilisation is not 

required to produce a stable negative ion and the quantity of the 

importance is the capture cross section (fc as a function of energy, 

e . In the case of non-disso&iative attachment, electron can 

attach to molecules temporarily C AX + e AX*) or permanently 

(AX + e -> AX” —AX~ )* If the non-dissociative electron attachment 

process remains an isolated event the negative ion will auto -
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ionize. Stabilization of the excited negative ion can occur through 

collisions or radiation. Thus in the case of non-dissociative 

electron attachment the cross section for attachment, the life 

time for autoionization as well as the stabilization cross section 

are imPor&&nt.
?

Electron capture has been studied by both Swarm 

and Beam methods• The Swarm data are usually compared by plotting 

the attachment co-efficient <*:, or the probability of attachment 

per collision h, Vs E/P o? Vs the mean energy of agitation. Most 

of the early work on electron capture achieved by the Swarm method

is complicated because of unknown electron energs^ distribution. The
/

Beam data on the other hand are usually given as negative ion 

yields, ICG*), in a relative units Vs the electron energy, C •

Recent improvement of tne Beam method and its combination with the 

Swarm experiment allowed determination of capture cross section as 

a function of electron energy.

In general, large capture cross section and long 

life times can be visualized in two manners* (i) weak transitions 

from the initial state of the neutral molecule directly to a 

large number of final states of the ion, and (ii) the transition 

from the neutral molecule to the negative ion is strongly allowed 

but the excess energy is distributed among the barious internal
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degrees 6f freedom* JJnder assumption (i) large cross sections 

results because of the large number of final states and long life 

times are accounted for by the weak coupling between the initial 

and any of the final states* Under the assumptions Cii) large cross 

sections result from the large transition probability and the long 

life times are due to the time required for the system to return 

to a configuration -which -will lead to autodetachment.

In case of Polar molecules a temporary capture 

of the electron by the target molecules is suggested by Turner 

C1986) this gives rise to an enhancement of the total scattering 

cross section* The possibility of a bound state of an electron in 

the field of a dipole has been investigated by Wallis et al.Cl9gO),

With numerical calculation they have concluded that there is a
“1R

bound state for a dipole moment larger than 2*14 X 10 °8su*cm* 

Turner and Pox (1966) have calculated by variational method the 

bound state of the electron in the dipole field for dipole moment 

0*6 eaQ* On the other hand it is shown experimentally that the 

momentum transfer cross section for electron scattering by some 

Polar molecules j such as } BgO 9 are appreciably large

and do not agree with the results in usual theory* Considering 

these facts Turner has estimated the effect of the electron

capture on the scattering cross section
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According to Turners model a passing electron 

can exert a torque on the molecular dipole and might excite the 

molecule to higher rotational state. The electron might lose 

enough energy to form a "bound state in the field of the dipole.

If this state has a finite life time, the decay in to molecule and 

electron occurs promptly and this process contributes to the
i

scattering cross section.

Turner 'calculated the' capture rate and the life 

time of the capture state* He showed that the life time is 

comparable to the period of rotation of molecule. Y.Itikava (1967) 
considered the capture process and the decay process in an unified 

manner. He applied the second order perturbation theory in which 

the capture state is to be regarded as an intermediate state, has 

a finite life time*

In the Turners calculations it was found that 

the representation for the energy of the electron was approximate . 

Further though the wave function for the bound state has minimum 

dipole moment 2A(ea0, which was quite good, it was thought of 

trying new wave function for this positive energy representation

for which also A m^n was found equal to Turners value. It is

observed that the effect of these modifications is to increase

the life time and to decrease the capture cross-section. Again
■*
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the potential used in the calculations was of Point dipole model 

and there seems to he no work on the capture cross section for tne 

finite dipole model. These points are discussed in the present

chapter. The calculations are exactly in the same line as that 

of Turner (1S86) • ’ -

5.4 Resonance for point dipole i-

(i) General formulas*

In fig.1 molecule is represented as a rigid
\

dipole with charges ~ Q separated by a distance 2a. We choose 
the centre of the dipole as the origin of- a set of axis X Y Z 
which are fixed, in space and -which we shall call the laboratory 

system.' The polar and azimuthal angles of the dipole relative to 

X Y Z are denoted by ( r, fi , «f> )• We shall also employ polar 

and azitathal angles (S > ) of the electron relative to the

dipole. The total Hamiltonian of the system is

H - hm C Q, <P ) + Hq ( t9Q\ 4> )

.where Eu ( $, ) - - *»X®/2l is the Hamiltonian of a rigid'

rotator representing the polar molecules with moment of intertia I* 

© represents the total angular momentum of the dipole. The 

units of <5> is * • ©depends on C 8y <P). coordinates* HQCr 0 4> )
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is the Hamiltonian of the electron in the field of the dipole.

H (r, » - jyj*3' - Q_s_ + Q e
2m r_ ~v~~1 2

\ /

is laplacian operator in polar coordinates

H = iV- s”- -V- + V- •-6,1^1 ^2

Total Hamiltonian H, have eigen function . The eigen function 

was thought to he equal to the product of the eigen function

"V ( p,s <p ) of Hg and angular momentum eigen function 
yXM C & <f> ) • The eigen function Cr, 8, <J> ) was calculated for 

fixed dipole coordinates* Further it was assumed that these 

functions are related adiabetically as suggested by Born and 

Oppenheimer (192?) • Further more the Hamiltonian representing

the rotation of the molecule can be considered as a perturbation 

which couples the motion of the molecule and the electron. This 

was suggested first by Massey (1933) •

Consider an electron swarm moving through a gas 

consisting of H identieal randomly oriented polar molecules per 

unit volume* If initially an electron is in a positive energy 

eigen state t|». normalised to unit volume and the molecule is in an 

angular momentum eigen state, , then the transition probability
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for capture of- the electron to state with simultaneous 

excitation of the molecule to a rotational state yL ^ is given

given by W = 2jj, fi I f (3)

2j[ <%Vf I c' -ii •) l^'Vi > 1 V (B)
-5*2

It is assumed that the electron swarm is 

characterized by an energy distribution ©for which f(3)dB represents 

the probability of finding an electron with energy between 3 and 

3 + dB. It is understood that the energy 3 to be used in equation 

5»2 is the particular value of the electron kinetic energy for 

which- energy is conserved in the transition y^M ^

Transitions to a definite final state thus select electrons from 

the swarm in a narrow energy interval dB, the breadth of which 

is determined by the life .time of the final state*

iMi -*• ^ yiA

The capture cross section is defined in terms of 

the average speed vQ of the eleectron is °"c = W/V0N

f“‘ .....

' &>

with \ = J ( 2 B / m )1/'2 f (3) dSand * f (3) = 2......  B1^2 e“B/K!I!
Jw (K T)3/2

Here K * Boltzman constant.

5*3

5*4

5*5
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The quantity CTc Is measured experimentally provided the negative 

ions formed by capture are stabilized before they have a chance 

of decay, i*e« provided the life time of the ion is long compared 

with the time needed for transfer of the excitation energy to 

another molecule by collision. When the ions are stabilized the 

expression 5.3 , should be multiplied by a pressure .factor

•% IP/Cp + P ), where p Is the |aas pressure and p is the critical 

pressure} at -which the life time of negative ions is equal to 

the time needed for transfer of the excitation energy. The estimate 

below show that stable Ions are not formed, hence we make no use 

of pressure factor.

r
For the estimation of life time of the negative

ion it is necessary to calculate the matrix element « T~ « for
i

the decay between two states ■ M and % yL M , the life time
f f 1 i

T is given by T - * y 2*^%^ dn/dS ............. . 5.6

where dn/dS represents the density of the final states* The 

value of dn/dE for free electron and neutral molecule is given by

2 iK/ 2H • \V is the magnitude of the momentum of the electron

and hence /m (2 0 m )\ T* l*" ...... "5.?
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lii) Wive functions and evaluation of transition matrix*- 

(I) Initial statess-

To calculate the transition probability for 

electron capture explicitly, vje next determine the wave function 

involved. For the initial and final rotational eigen states of

, we choose the normalized spherical
\

harmonics as defined by Bethe and Salpeter Cl957)•

For the electronic wave function we assumed that 

the wavelength of an electron.in a swarm at thermal energies is 

long compared with the extension 2a of the molecular dipole and 

that in the trapped state the electron is only loosely bound over 

a volume with dimensions large compared to 2a• We then approximate 

the interaction of the electron with the molecule by the' interactior. 

of the electron with a point dipole* Expanding the potential 

energy part of H_ in terms of Legendre polynomials involving the 

orientation 9 of the position of the electron with respect to 

the dipole axis and keeping only the lowest order term, we obtain 

from equation 5*1

C - £ D e/ r2) Cos & ] *fc *

.... 5*8

where B * 2aQ is the dipole moment of the molecule and E is the
Vs

electron energy in the captured state ( Ec4o )* In terms of the

the moxecuJ-e. yL.1% a-nd
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initial kinetic energy E 6f the electron and the rotational 

excitation energy -AS of the molecule, the conservation of energy 

requires that AS is equal to E - Sc«

We regard the initial electron state as consisting
*f TT7 1 /oof the sum of plane wave e , with the wave number K = (2 ME )

Pi
incident along the positive Z axis in the laboratory system and
an outgoing spherical wave f ( 8 4>) e^^'of relatively small

/ r“
amplitude that represents elastic scattering from the dipole with 

a fixed orientation (9, dp) in space*

^ Cr) eiKZ + f ( ^ ) e;iKr 5*9

where f C & <* ) mirrij- J
f . „ - - jeiKh*r v(r*) wAr1) <jx>* 5.^0

Turner calculated the amplitude factor considering 

Born approximation. In chapter IV the effect of variation method 

to-scattering amplitude was made* Tt was observed that in some of 
the cases variational approach gave better results than Born 
approximation. Hence in the present study the variational 
amplitude factor is used in place of Born amplitude* Using 
variational method of I*.Mower (1955) exactly as it is used in 

Chapter IV the expression for f ) can be put up as

35 [1 * To f ® ) ]f C 4>) 2 i D~e m
" i%K

* * • 5*11
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lo write equation 5*11 explicitly in terms of 

(U,v ) and C<5, 4? ) , we-form the scalar product 6f K with the' 

unit vector D along the dipole axis in the direction from the 

origin to the charge + Q

K.D » KV - + PK + ..... 5.12
x y*

Here K K K are the componants of K in the laboratory system 
x y z

and *d (3 and are the direction cosine of D in this system*

°C = sin A Cosj>

P - SinA Sin V .... 5.13

Y - CosA-

The initial momentum KQ of the electron is directed along the 

positive Z axis and so,

" Kox‘Kx ■ 

*y " Koy ” Ky "

\ ‘ *<* - ** ’

- K Sin 6 Cos Q

- K Sin <9 Sin cp
1

X (1-Cos & )

5*14

As indicated in fig.1 K - 2k sin 1/2 & and so we write in place

of equation 5*11

f (S/Cf> ) 5 i D e m

x J 1 « 5_®_s
L 2 “v-’

- 4Sin 6 Cos - psin-d Sin<f» + 
Sin2<5/X

<Sin 8 Coscf> - P Sin (9 Sin 4>^+>_Y(l-Cos

Sin 8/x
5*21
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This expression combined with 5*9 gives the initial state electron 

wave function. Note that the f depends on the coordinates of the 

dipole in the laboratory system through *C0/>' and equation 5*13

(II) Bound state wave function

For the final bound state Turner choosed a function 

for the electron which is a sum of S and P states referred to angles 

( 8, ) of the electrons Position relative to the dipole axis* He

analysed this wave function and found that- smallest value of D for 

which bound state exist is 2-46 eaQ. It must be mentioned that the 

flexibility of his wave function was very great, later on he 

analysed the bound state problem by variation method and found that 

th© minimum value of D “ 0.9 eaQ. It was thought ( Desai et al 1S74) 

whether any other distribution function can be tried, and if so 

what results are expected from it. Thus an attempt is made to

consider

Jr N
1 + p2r2

( G Y o oo C_ Y ) 1 lo 5*16

where N * usual normalization factor p - parameter - z/aQ

Normalization is carried out in the usual manner requiring that

1 C2 I + 1 a2 I “ 1* This r distribution function is known
. 0 , 1

as Cauchy7s distribution function. Using this function the values
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for CQ and G1 were found and it came out to be same as Turner’s 

.value* Next the calculations are made for the minimum dipole 

moment on the same line as Turner * accordingly let

h > - <"t > + O y
As derived in detail in appendix I -the value of

H > becomes

4 K'» <=0 CiP2
"T*

How considering the value of. p = Z/a the value of H turns 

out to be exactly similar to Turner’s value as

H e2a0PS 1 + 4 Ct

</H> = Cl + 4 C®) 4 B e C G 
0 1

Then following the Turner the minimum value of the dipole moment 

CD), which can give the bound state can straight forward 

calculated by setting </ H' y =0, solving for B, and then 

again setting 3 B =0, gave the value of C, = j/ f~Q, The3Gi • V

value of Bmln ^ 2*46 X 10“18 esu* These values are naturally

same as Turner. Finally we express the angular variables in the
/

trial function 5.16 in terms aof the coordinates (-*iv ) and C # i3 )
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of the dipole and the electron in the laboratory system with 

Y00 * 3/ (4 IT ) , Ck “ 15/6 and « 3/ Je, we obtain
1

from the additional theorem for spherical Harmonics

The function y depends on ) and Y on ( 8, <P ) •

The exactly similar behaviour.of the wave

function suggests that this function may be used in
1 + p2r2 ' '

place of Turner’s wave function e“A /aoj harmlessly to the

problem* Moreover in the final results it is observed that choice
2t mfof this particular function gave better results then e ao •

To study the behaviour of resonance with.different aspects? the
V

three modifications in Turner’s work are applied, namely

Ci) In place of Born approximation scattering amplitude, 
the variational amplitude is used*

(ii) In the final bound state the modified wave function of 
the form 3/ 1 + p2r2 is used*

Ciii) Above mentioned two modifications are made simultaneously*
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Effects of these modifications in transition 

probability and hence to the life time of temporarily formed 

negative ion and capture cross section, are discussed in the 

next section.

5*5 ^valuation of the matrix element for transition probability

The matrix element in 5*2 can now be written 

with the help of equation 5*9 and 5*17 in the form

e1IS + f ( 8, 4> ) QyL m d r dJL
i i • * *5*18

in which d-h-® d (Cos dv and f (9, ) is understood to

depend on M. and V through the relationship 5*15 and 5*13* The

molecular rotational states yL ^ and yL are orthogonal and
f f iai

hence equation 5*18 can be written as ,the sum of three integrals
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«£L- r 7 .3/2
■J5 { ;; 1

ypn r x. +1 + oL 1 2 3 J
5*19

with

V
1/2 fr

j

—l.
i +

*yLM e^f 7LM«ar

f f r i i
dJV (5«20)

I *
2 t ¥-i

l/2 (r .* * .1 ..1— x <Yno ynn + Y + V* V >
1+ p2r2 * 00 00 ^0 10 yil Yn

'y, x © e yl M a3r a A
ii i 1

(5«2l)

J3 11/2 ( i*+"s;2 Cy°° Y°°+ y» xio + yn Yu}

l„m
f f

X ® f (6,^) eiKr
LA

dJr dJi (5*22)

The evaluation of these integrals is straight 

forward hut very lengthy- Moreover it was observed that for low 

energy ranges Ig —^0» The three corrections stated in the last 

section, gave three different form of Tf .

First of all an attempt is made to calculate 

transition probability consdgring the amplitude correction only-
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It is observed that variational amplitude together with wave

wm^'T* / Pi mfunction for final bound state as e o , gave as

Cfi * j a^Y2 ^2 < 51T )l/2
i K je

A -s
3

(1) + < ?1T)1/2 (si3) - 4_V_em Aafy }

(5*23)

a i
Cl)

where ^ } ^ S
(3)

are defined as

Cl) Lf ^Lf + L) [/^ ^Li ^ $
1 “i ' ° 'Lf, ^ + 1

+ P CL M.) S _ 7 ‘ ‘
1 -1 Lfi^-lj 

^ C5»24)

AS Cl)
fi “f

L„^f+ L) S « L » S%L^J b ..(5*25)

j<3)
fi-

UjL - 1) {LfMf) ^CI^) + . C- (IfMf) } (L^ )j
X

Lf + 1, L. - 1 + C \ + 1) C bj+ 2 ) CL^) \ CLjKp) +

C" CiL4M1) 5 ( S T *5111 f f If - 1 Li+ 1 J w M M
f i C 5*26)
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*sff ’ ^ [h<h +1> - *] ^ Vi “A

1/5 \ <L,+ 1 ) - 4+ ,+ + P
L f? i i i' a j L-lj

X S KH^ + 2/5 | Z± CLt + 1) + CMt- 2)JJ V (1^)

aiMiJ SZ ♦ !, X + . - fe CVf) ? <WSX1 1
f ’ i 2 f ’ i

f ‘W> CT £LiV S z
It

T + S' O' M ) f (LM.)S t rl
h + 2 . f f 11 V1’ i J

S
1, 1^ C5»2?)

where

< < X, M ) * P CL + 1, M) - (X + M + l) (1 - M +- l) 1 I
<2L + l ) <2L + 3 )

> CL, M) - '‘L CL + 1, -M + 1) -

/CL, M ) - CT (X + 1, M) -

Cr CL, M ) * i (1 + 1, -M - 1) ■

'cx - M + 1) CL- M + 2)
J 2L + 1 ) C2L + 3 )

M) CL - H + 2) i
a-

+ 1) C2X + 3 ) ~

CL + M + 1) CX + M + 2)
C2L + 1 ) C 2L * a )

]
1
X.

(5*28)

Then the attempt was made tosses the correction due to wave
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2_2r L
function of the form 1/ 1 + p s to point dipole potential, it 

is observed that in this case the transition probability becomes

\ -.1.
i'S/i' ~ 2

Ef ” iJL?-? ( a0/ z ^ te it )1/'z s£l) + / 317 s<a) )
1 T Tf L 1i "o" fj[ j

Bi ( + ®“t B±(t) + Q-t
C5»29)

^ere %Ct) and B^C-t) are the exponential integrals, t “ K/P 

p “ Z/an which leads to the value of t * ( 2m B ^
‘T‘

considering this value of t BjL (_t), (t), e15, were

calculated*

Finally simulteneou^ application of both the 

modifications were also studied whicHljgave the transition probabi­

lity of the form

“ i D e m (5 IT )
1/2

I K ^6PT!

, (1)

V 2_D_e_m • ^ S
”3 V“~

(1) 3}

{
s‘3) . 4Dem Aa£3)

2 j L 1 "aV" fi

-t

e B± C -t )

e”w 1. (t) + i e-*
i ....

Turners expression for ig

(5»30)

^ 2)1/2 { s$. + /^ sff } ,

* v5*(5*31)
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Considering an experiment at room temperature

transition probability for some of the molecules were calculated,'

for all the three modifications* By using these T^, as discussed

in section 5*4 the life time for temporary negative ion-and

capture cross section were calculated* The values of dipole

moment and moment of intertia for the molecules under study are

tabulated in table 1* Further table 2, 3 and 4 represents the

compar^gion of transition probability, life time, and capture

cross section f0r au the molecules, for I> = 2 —= 3. states

together with Turner’s results* It was further observed from, the

table that all these three modifications gave higher value of •

life time and lower value of cross section than Turner’s value*, .•
‘ «

The dependence of these quantities on C D/I)2 remains as it is*

For the calculations of life time and capture
_ *18cross section Turner took the value of B - 2 X 10 esu and

I = I0“4^gm*cm2 * These values are roughly comparable with -

water molecule* He calculated T * 1*3 X 10 13seconds, °^“2'*4-X 10 ^

He then tried to compare the life time with the rotational period

**13of the'state $ * 3, which is equal to 1*8 X 10 0 seconds* By

this observation he concluded that in the swarm experiment
be atWev»eA

electron in swarm can^ by means of the rotational excitation of
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the polar molecules* The attachment is Possible for the time less 

than or comparable to the rotational period of the molecule. The 

ions do not live long enough, however tobecome stabilised and 

their decay returns electrons to the swarm* By considering the 

exact value of dipole moment and moment of intertia for water 

molecules, the life time for negative ions by Turner’s formula is
1 r ^

found 6'*55 X 10“ ° seconds'* Applying variation method to the - ■ 

scattering amplitude and by using* this amplitude factor in place 

of Born amplitude, the calculations carried out for T gave the 

value as 8*139 X 10“15 seconds* The wave function correction gave 

the value of T as 1*2 X 10“^- and simultaneous application of 
both this modifications gave the value of life time as 1*5 x 10 14. 

Modifications does increases the life time, but for water molecule 

it remains less than the rotational period of the state 1=3*
Which means that,turner’s conclusion is correct for this Particular 

molecule. It was further observed that Turner’s conclusion is 
correct for the molecules having small moment of intertia. p0r^ 

the molecules like COg, HCN, GKqG1, CHgCN, <CH3^2° havinS larSe 

moment of inertia, the life time was found to higher than the 

rotation time of the state ,L ” 3* For example in the case of 

CO molecule life time according to Turner’s calculations turns
m t

-•TO . •out to be 3*07 X 10 seconds* While the modification in ~
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-9amplitude and wave function for final bound state gave 1.86 X 10 

seconds* Hence for the molecules having large moment of inertia

can attached the electron for longer time, which favours the 

existence of long lived negative ions. The increasing life time 

was found to reduces the capture cross section.

5.6 Resonance for finite dipole s-

the assumption of a point dipole, however it is well known that 

this presents lot of anomalies* It was found that finite dipole 

gave the potential resonance in momentum transfer cross section 

studies* Whether the extension of the finite dipole model does 

give more information in the capture cross section or not ? With 

this idea a study is made of this model to the resonance scattering 

phenomena *

potential is derived in chapter l¥« The expression for this is 

given by

In the earlier section discussions were made on

The•scattering amplitude for the finite dipole

f < 8,<$> )

on expanding SinKa, CosKa in terms of Xa the expression for 

f (64?) for finite dipole is obtained as
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f C<9,$) - fB C(9,c|?) + f { Q' cp )

vhsre ( S^cp ) = 2 i D e m v'k a2

10 b3-

here a = l/2 C Dipole length)

Substituting the values of fg V^and Ehwe get the value

of f ^ ) as,

f (6^ <p ) = iJD^ejm f - < Sin® Cos 4> - P> Sin & Sin<t> +*Cl-Cos8 )l
1 i- k 1 alJstl J

+ 2 i D e m KQ a2

10 ti1-

{ •tSin & Cos,<P P Sin 0 Sin <p + (1-Cos £ ) ]■

Transition probability Tf turns out to be
Ai

• By: (j.f 0 rf ■■} =? *

3 IT >VE . CM C3 TT l17® J* ,a j a^3) ....-(3.33)

J xi 1

To observe the effect of the wave function l/l+p2r2 in the

final bound state, the calculations were carried out exactly as 

diseussed in the last section,-here it was observed that )>

turns out to be

2
1 CConta.)
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H - e~a p2q p2 ^(1 + 4 G2)

l------ log C 1 + p£ a2)
4 2. '

2 p a

4 N e q G fi 
H o 1

/s'

2P (i+p2a2)
___a§

2 Cl + p2a2)

+ a
ip’

C V2 - tan’1 p/a )

The detail of this calculations are given in appendix H<

N ® Normalisation constatn - 2 P y. p (3/21 1/2 )

or
, - /^ H ) “ ^Ct + l + 8G2} _pC G .

where t ~ 1 • J*L ® a^P2
oF

O 1

)) = 4 N2
e q

2 3

log Cl + P2a2)
p^ _2

P ’ Ci+p2 <£2)

l+p2 2
+ a/p ^TT/z - tan"1 p/a

For / d H \ 
V Fc’ /

i2 _

2 as /-i” /"*2
o XJ x it *was obsey^ed that

1/2 J 4 /l( 64 A )":U/2
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The minimum value of the energy in Rydberg was calculated as

This value is definitely higher/than Turner’s value/Ts e a .
4~~ 0

This puts a serious restriction on ther choice of the dipole 

moments for the calculation of the capture cross section. In

that respect it must be admitted that Turner’s wave function 

is superior. Still however we thought of calculating the values 

Just for the comparision with the same study of point dipole.

Finally the calculations were carried out for 

T~ for the modified wave function to finite dipole potential
J_ • /

x
which lead*to

4h> “ 64 -1/2 (64 4 + )^2

which gave the minimum value of dipole moment as

D > ea
o esu»em.

(5.34)2
The comparision of transition probability 

. %capture cross .section and'life time for both this correction
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are exhibited in table 5, 6 and .?• The effect of finite dipole 

calculation was found to decrease the life time and to increase 

the capture cross section.

The second order time'dependent perturbation , 

theory, in which a temporary capture state is to be regarded as an 

intermediate one, was applied by Y.Itikiwa Cl967). They accounted 

for momentum transfer cross-section. The magnitude of the cross 

section however was comparable with the dr'rect scattering 'by the 

usual calculation. Tn the Born approximation further correcting 

the wave function as

K0 exp {-2 Cr/aQ)t ^ [gqY ( 00 1 Q 4> ) + C-jY CiO I Q ? )]

Turner and Fox C 1966) showed that this function can be useful
“1Rfor a dipole moment as small as 1*65 X 10 °esu.cm. Wh&fe$ also 

leads to the momentum transfer cross section comparable to the 

direct scattering by the usual Born approximation calculations.

From the equation 5-34 for transition probability 

for the finite dipole it is observed that transition probability 

consists of two terms 3)/1 and /I with other multiplying 

positive constants* Since D I Z are all the dependent variables 

exist- together it is very difficult to say that a phenomina
t

similar to potential resonance is possible or not . The inter -
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pretation becomes'more difficult for the modified mvs function.

Further from the,tables 5j 6 and 7 it cap be observed that for 

a finite dipole amplitude life time of temporary negative ions 

decreases. Ibis means that finite dipole favours the short live

negative ion formation to the first approximation.
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TABLE I
The dipole moment and the moment'of inertia for 

the molecules studied for resonance scattering.

-

No.

* • ““

Molecule Bipole moment 
in Bebye

*Moment of 
intertia
X 10“ ^gm CISp _■

• “ i “ » » “ •

C D/I f X 
1044

1 H o2U 1*85 1.923 0.9255

2 h a 0.93 3-113 0.00925

3 HGR 2»S3 18*93 0.02395

4 r CO
2 • 0.18 65*69 0.7509 X 10“'

5 EH3 ,1*46 4*516 , 0.1021

6 ch3ci 1*38 ‘
63 ®11f

8*876 X 10~4

7 CHgCN 3*96 91.22 0.001885

S (CH ) n3'2 1*30 83*47 2*424 X 10“4

9 ' HC1 1.03 2.71 0.1444

** * **
* Values of moment of inertia are ✓ -*taken from the « electronic
spectra of polyatomic molecules” by Herzberg published by 

Yannostrand, London (1966),
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Resonance for point dip.ole potential*

T 4 B X S 2

Comparative statement of square of the 

transition matrix’

• Square of transition matrix 
| ’ Tf. X 10’48

K0. Molecule Turner1s Variational
amplitude”
correction
only.

Wave
function
correc­

tion
only.

Symulteneous 
correction of 
amplitude and 
wave function 
both. '

1 2 3 4 5 6

1 $
H 0

2
- 0.8330 0.6664 0.4511 0.3610

2 IIS .
2

0.08032 0.06425 O.O435 0 .03481

3 HOW 0.02156 . 0.01725 0.01168 . 0.009349 .

4 C0o
2 6.757X10"’6. 5.466 X 

10”6
3 -66 xicr6 2.929 X10“6

5 1H_. 3 0.09406 0.07524 0.05094 0.04077

6 ch3gi 7.9g7 X
10«4 -

6.390 X’ 
10~4

5*496 X 
10“4

4*358 X 10"4

7 gh3cn 1.696 X 
10"3

1*357 X 
10-3

9.185 X 
10*4

7.350 X 10"4

8 . <0h3>2° 2*74 X 
10’4

2*193 X 
IQ"4

1.485 X
10"4

1.188 X 10"4

iaJI I i . « rt /N I m A .. n.nlo^q 0 .o5 G>?> 2.
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TABLE 3

Comparative statement of life time for temporary negative ions

3f- • • • » • e • * * * • » •
•Life time » T » X 1CT13 seconds

• »"■*••

3

4

9

2 3 4 5 6
— L ~ — — —

H 0
2

0.06551 0.08189 0.1210 0.1511

H S
2

0«6 794 0.8492 1*254 1*563

HCN 2 • 53l 3*163 4*673 5*839

GO
2 3074«o 10100.0 14900.0 13630.0

KH
3

0.5801 0.7251 1.071 1*339

ch ci 88*28 35*39 100.2 125*2

ch3gn 32*13 40 *22 59.40 74*23

teHs)ao 199.1 243*9 36 7.6 459.4

HCX 0 #4199 0 *5248 0.7752 0.9637
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. T & B L S 4

Gomparlsion of the capture cross section.

| Capture cross section x 10"14

1 2 I 3 
-

4
* • •

1 H 0
2 0.5554 O.44O2 0.3OO6 0.2276

2 ITS2 0.05356 O.O42O4 0.2893 X 
10-1

0.02195

3 HOT 0.01437 0.01139 7.73 x
10"3

5*389 X 10~3

4 G02 4.506' X 
10-6

3.572 X 
10~6

, 2 *439 X 
10"6

1.346 X 10"6

5 WH
3

0.0613 0.04353 0.03317 0.02511

6 . CH Cl .
3 5*326 ,X

-410
4*219 X

-410 *
2 . 332 X

10“ 4
2.183 X 10“4

7 . ch3cn 0.001131 0.3966 X 
10“3

6.12 X
10" 4

4*634 X 10~4

8 (CH ) o 
3 2 1»455 X 

10"4
1.153 X

DM p\10 0
7.374 X

1 IQ’5
5.961 X 10“ 5

9 HC1 0.03666 0.0337 0•O46 9 0.0355
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Resonance for the finite dipole potential-

T 4 B L S 5

Comparision of T.
fi

“ • • *• • ** * *" ~

...

l Tl * h
. -J-

~ X 10"48

—
No. Molecu le Turner’s Finite dipole

amplitude
correction.

Symalteneous 
correction of 
amplitude and 
wave function

1 2 3 4 5

-.— ?

1 H o
2 0.3330 0.3392 0.4542

2 H s 0.03032' 0.08043 0.04356

3 HCN 0.02156 0.02197, 0.01190

4 C02 6.757 X 10“6 6.757 X 10“6 3.657 X 10“6

5 NH
3 0.09406 0.09443 0.05114

6 GH3G1 7.9g7 X 10~4 ' 3.052 X 10-4 4*353 X 10“4

7 • GHgCN 1.696 X 10~3 1*756 X 10”3 9.504 x io“4

3 <GH3>2° 2.74 X 10~4 2.750 X 10“4 1.433 X 10~4

9 HC1 0.1299 0.1302 0 .07046
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Tr 4 B L S 6

Comparision of the life time.

*■“•*■*

r ~
i Life time « T « X 10~13 /seconds•

1 2 3 ‘ 4 5

1 H 0
2 0.06551 0.06501 0.1200

2 H s2“ 0.6 794 0.6731 1*253

3 new 2*631 2*434 4*590

4 GO2 3074.0 3074*0 I494O.O

5 SH
3 0.5301 0.5776 1*063

6 ch3gi 63*28 67* 74 125*1

7 ch3gn 32*13 31*09 57*44

3 COH3)2io 199.1 198*5 366*7

9 HGX 0 *4199 0*4138 0.7733

*“■' • *
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I 4 B I E 7

Comparision of capture cross section.

Capture cross section X 10

1 2 3 4 5

1 V 0.5554 0.5597 O.3O3I

2 H2S 0.05356 0.05368 0.02905

3 HCW 0.01437 0.01457 0.007366

4 C02 , 4»506 X 10~6 4.506 X 10"6 2.496 X 10"6

5 KH
3 . 0.06130 0.06153 0.3333 x 10”

6 ch3gi 5*326 X 10"4 5*369 X 10~4 2.906 X 10”4

7 o O 0.001130 0*001171 6.339 X 10"4

3 > 1.455 X 1Q~4 1.460 X 10*"4 7.893 X 10~5

9 HOI 0.08666 0.0S6B3 0.O4702
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APPENDIX I

Normalization of the wave function.

<r

Wave function (5.1s) is given in the form

’"Si { °oYoo + ^^0 <?* >

1 + p‘vc

For normalization ve must evaluate

Ifytr Ar * j

substituting the values we get

X = ff IfCi"*+”p2y2)2 l°o Yoo 4 °i Yio A r& ar sin « dS d<j
©a 7T i?r■ N2 / r2 dr
(l+p2 2)2 1^00 + 2 co W Y100 00 10

o\ Y2^" Sindd8 &d?

for C“ + c2 “ 1, we have

er
I If (Ti P2r2)2 ^ P C 3/2, 1/2 )

r ' 2 P~
o

C P~ Beta function P C P, r ) 85 115 | r )
f P. + r

N2 = 2_p2___ _

PC3/2,l/2)
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N = _2_P____
^(3/2, l/2)

i2.

Wow H

< T >

<T> + /V>

Cf jl

N
1 + p2r2 { cA y c 0 <f) + c, y (0 <*> )O GO 1 10-

x ( - */2m l/r2 C r2 ?„_) - */2m r2 121
^r p

x Vi +P2r2 { C0 Y0o (i * } + ci Y,0 <C* >
10

r2 dr Sin © d 8 d<$

2•where W “ 3/ Sin <9 (sin a ) + i a1-
•&e *e i---Sin2&

2 2we know that, 1* Kqq — ® end 1* *"* *“2

performing elementary integration we get

5 =

-c'*' <{. *•? y ■

e2 aQ p2

2
K2

( 1 + 4 G* )

f co Y00_+Jl Y10

( 1 + p2 y2 )

33 ,e Cos

C0 Y00 + Gl Y10 r2dr Sinfi d© d<3>

C 1 + p2 r2^
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perofrming integration

^ V > = - 4 D e Gq ci p2

“ e2aQ p2 ( 1 + 4 C2 ) 

2

putting

4 H >

P - 2 / aQ

C 1 + 4 c2 )

4 D e CQ Gl P2

/i

4 D e Cq

which gives the final wave function as

% * 2/Js C !/ 1+ p2 r2

1 /o(4jrr2 Cy* ^
\. 3 j oo oo

.*
10+ T10 + y:. Y*

11 11
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4PPSNBIX II

Calculation of H y for a finite dipole.

Finite dipole potential can be expressed as

K
r^'l PK CGos 6)V . -2eq ^ r~

k - od<d. * ^

Bow in ?>, as calculated above

< T > 2a„ p2 ..{ 1 + 4 0® Je ac P 
*2

considering C“ + G2 = 1 , and in the finite dipole

potential expression K ® 1 we get

V • - 4 W2

o'

e q C0 Ci
W"

dr +
Cl + p r2)2 «2'i 2 "2

o

Cl + p2r2)2 a dr

ci­
on performing elementary integration we get

< V> - - 4 NS e q G0 Gi 

3
2 P4 a2

log
C l + p2 i2)

-2 5 .
s +

2p2 Cl + p2 a2) 2Cl + p2 a2

a/2P < ^ /2 - tan"1 p/a )
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4h) = A (t + 1 S 8 ) - V CQ C

inhere t - , l 5 A - e2 aQ p2 and

V - 4 N2 e q. f iog (1 + p2)

2f3 1 —.4
u- Pa

a/p £ 17 /2 - tan"1 p/a )

For^ J \H_ \ 
\ fc’ /

0 . G0 1 - c:

9 ' , , , ,*■ “l/2
G1 * 1/2 + 4 A c 64 A + y )

For the minimum value of </. we get

</ H ■ 6 A - l/2 (64 ^ + v*~ , which gives
VnrVi-

"v > 2 A J20

Further substituting v M we get

d y _\/i5 V*18
e a = 4*92 X 10 esu«cm*

2 0


