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ERRATA

Page 112_

(1) Table 1 to be changed to Table 3.
(2) The normalised Stokes parameters in this table
(table 3 now) have been incorrectly quoted.

Each value of P,, P, and P, should be given

1 =2 3

the opposite sign i.e; Table 3(a), P,, P, and P

are now -0.31#0,05, +0.2120.06 and +0,14+ 0.05,

respectively. Similarly in Table 3(b).

Page 110
last line: Values of 0.42 and 0.26 to be changed to
-0.42 and -0.26.
Page 117

second line: Value of 0.13 to be changed to -0.13.




A crossed-beam apparatus was used to measure the polarisation
of the 33p1 - 3lsointercombination11ne (A = 253.7 nm) of mercury,
excited by electron impact,in the energy range from threshold at
4.89 eV to 7.5 eV. An isolope cell was used to absorb selectively
the radiation emitted from odd isotopes with non-zero nuclear spins
and, hence, eliminate the effect of hyperfine structure on the
polarisation. These results are compared with the polarisation of
the radiation when the effect of hyperfine structure was present.

The degree of polarisation is found to increase after the elimina-

tion of the hyperfine effect.

A delayed coincidence technique was utilised to measure the

electron-photon coincidence rates for the excitation/de-excitation
3

P1 < - 6180, in mercury by electron impact. The

process, 6180 a0l
electrons, inelastically scattered with an energy loss of 4.89 eV,
were detected in coincidence with photons emitted from the subse-
quent decay of the 63P1 state. These observations were made for
fixed electron energies of 5.5 eV and 6.5 eV at electron scattering
angles of 50° and 70°. The vector polarisation and coherence
parameters of the coincident photon radiation are evaluated in terms
of the Stokes parameters to determine the coherent nature of the
excitation process. Although the coherence of the above excitation/

de-excitation process increased after the elimination of the hyper-

fine effect, the process is still partially coherent.
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1. INTRODUCTION

1.1. Historical Background

The polarisation of atomic line radiation by electron impact
has been studied for a wide range of atoms. Such studies are
important in order to test the predictions of the general theory
for the polarisation of atomic radiation. Polarisation measure-
ments of electrom impact atomic line radiation date back to the
1920's when several experiments were conducted. The work of
Skinner and Appleyard (1928) on mercury is of particular interest
since they measured the polarisation of the radiation as a function

of the incident electron energy whereas all other earlier measure-

ments were performed at a fixed electron energy. They found the

polarisation to vary with the incident electron energy and obtained
for the 253.7 nm line of mercury a maximum of -0.30 at 6.7 eV.
Like all other experiments their measured polarisation was almost
Zero at the threshold of excitation. The theory of the polarisation
of line radiation by Oppenheimer (1927,28) and Penney(1932) made it
clear that there was a serious discrepancy between the experimental
observations and the theoretical threshold polarisations. This
discrepancy gave rise to a growing interest in the polarisation
studies of atomic line radiation by electron impact, especially
near threshold energy.

A renewed interest was stimulated by the new theoretical
approach to the problem by Percival and Seaton (1958) . They revised
the older theories, which failed to give unambiguous results when

the fine structure or hyperfine structure separations are comparab le




with the radiative line width, by taking into account the finite
level width of the excited fine and hyperfine structure states.

In the same year, Baranger and Gerjouy (1958) developed a theory

in which they associated the disagreement between experimental
results and theoretical predictions for threshold polarisation

with the formation of atomic compound states. However, the most
important applications of their atomic compound model were related
to angular distribution and polarisation of line radiation following
excitation through atomic compound states.

The discrepancy between theoretical predictions and experi-
mental data can in part be attributed to the energy spread normally
present in an electron beam. No electron beam can have a precisely
defined energy and the measured polarisation will be at best some
average over the electron energy spread. Since the earlier observa-
tions were in accord with a polarisation which fell to a low value
within a small energy range above threshold, it was necessary to
examine the behaviour of polarisation in the vicinity of the
excitation threshold with improved energy resolution. More
refined experiments on the polarisation of the 41D2 - 21P1 (492.2 nm)
line of helium by McFarland (1964), Heddle and Keesing (1967),
Heideman et al (1969) and Heddle et al (1974) have shown a
reasonable agreement between them in indicating a value consistent
with the theoretical threshold polarisation of 0.60, but the
polarisation in e;ch case was found to be varying rapidly in a
narrow energy range above threshold. Similarly the work of
Fedcrov and Mezentsev (1965) and Heideman et al (1969) on the

3 3
polarisation of the 71D2 - 61P1 (434.7 nm), 7 S1 - 6 Pl (435.8 nm)

and 63D2 - 61P1 (577.0 nm) lines of mercury exhibited sharp

changes near threshold. Ottley and Kleinpoppen (1975) carried out




polarisation studies of the 63P1 - 6180 (253.7 nm) line of mercury

and their work also showed a considerable structure in the
polarisation close to threshold. All of these measurements with
improved energy resolution clearly demonstrate that the earlier
experiments, which seemed to indicate that the polarisation tends
to zero when the incident electron emergy is lowered to the
threshold value, lacked sufficient energy resolution to reveal
detailed structure in the polarisation near threshold.

One common feature of the above mentioned polarisation measure-
ments of helium and mercury lines is the anomalous behaviour of
the polarisation as a function of electron energy in the neighbour-
hood of threshold. The polarisation, however, may not always vary
rapidly in the region of threshold as found by Hafner and Kleinpoppen
(1967) and Enemark and Gallagher (1972) for the lithium and sodium
lines. The polarisation for these alkali resonance lines was found
to increase monotonically when the incident electron energy was
lowered from higher values to the excitation threshold. The observed
anomaly in the polarisation of helium and mercury lines has been
associated with the existence of negative-ion states, which are not
confined to the neighbourhood of a threshold. Two possible

mechanisms for the excitation of an atom are:
*
(a) e+ A =+ A +e

il *
(b) e +A + A + A + e

1 A + hv

*
(a) 1is the direct excitation process where A is an

excited state of the atom, and

(b) is the process where the final excited state results




from an intermediate state. This intermediate state

is a negative-ion state with a lifetime of ~151%s.

Recently Heideman et al (1979) have suggested an additional
mechanism that may cause a polarisation anomaly in a limited energy
range around the ionisation threshold. This mechanism concerns the
influence of electron correlation effects as a result of which the
incident and atomic electromns may acquire significant orbital
angular momenta even if their velocities are very small. Consequently
the excitation of magnetic substates with HL > 1 may become quite
likely and the polarisation of the emitted radiation may deviate
appreciably from the value at threshold, where only HL =0
excitation is possible. This mechanism is, however, applicable to
transitions from an excited state whose excitation threshold is
close to the ionisation threshold.

The recent success of a new type of experiment, which is
different in its approach to the traditional experiment, has
considerably changed the state of investigation of atomic collision
physics. The introduction of coincidence techniques for the study
of electron impact excitation pProcesses has opened a wide range of
new aspects. The traditional work in electron-atom collisions has
usually involved averages over fundamental collision parameters
with the result that important detail is lost in the averaging
process. For example, measurements of the line polarisation
involve an average over all electron scattering angles since the
analysis of the radiation takes place without regard to the
electrons. New information on the details of the collision
process can be obtained by an experiment which allows an analysis

of only that radiation emitted from atoms which are excited to a




given state by electrons scattered in a particular direction.
The method of detecting inelastically scattered electrons in delayed
coincidence with photons emitted in a given direction provides a
technique for precisely this kind of measurement. In electron-atom
scattering experiments, the scattering plane is defined by the
incoming beam of electrons and the direction in which the scattered
electrons are detected (axis of the detector). Any electron having
excited an atom and scattered in a given direction is characterised
by the scattering angle and the amount of energy it has lost, implying
that all those electrons scattered in a particular direction and
detected in coincidence with photons emitted from excited atoms in
a given state have experienced the same scattering process. Although
the delayed coincidence technique has been widely used in nuclear
physics, the use of this method is rather new to atomic physics.
Besides the electron-photon coincidence method, outlined above
and used in the present experiment, two other commonly used delayed
coincidence techniques are, photon-photon coincidence and electron-
electron coincidence methods. The photon-photon coincidence method

was first used by Brannen et al (1955) to obtain the value of

11.2 + 0.2 ns for the lifetime of the '1381 state of mercury. It

has since been used by many workers for the 1ifetime measurements

of atoms and molecules (for example, Kaul 1966, Popp et al 1970,
Holt and Pipkin 1974, King et al 1975b and 76). The electron-electron
coincidence method was first reported by Ehrhardt et al (1969) where
the correlations between the outgoing electrons from the ionisation
of helium were measured. This technique of detecting the scattered
and ejected electrons in coincidenze for the measurements of the

ionisation of atoms by electron impact has been used by various




groups (for example, Weigold et al 1973, Ehrhardt et al 1974, Backx et
al 1975, Jung et al 1975).

The electron-photon coincidence method was first adopted by Imhof and
Read (1969) to determine the lifetime of the 418 state of helium. The
main advantage of this method is the complete elimination of the effects
of unwanted cascading from higher states. This technique has since been
used by Imhof and Read (1971la, b, ¢) and other workers (for example Smith
et al 1973 and 75, Shaw et al 1975) to measure lifetimes in atoms and
molecules, both neutral and ionic. King and Adams (1974) used electrou-
photon delayed coincidence method to determine the lifetime of the 63P1
state in mercury and found it to be 120.0 + 0.7 ns with an accuracy of
approximately 0.5%. Their work was extended by King et al (1975a) to
the lifetime measurements of five other levels of mercury. A detailed
review of the measurement of lifetimes in atoms, molecules and ions using
coincidence techniques has been given by Imhof and Read (1977). King et
al (1972) have shown in a coincidence experiment that threshold polarisa-

tions can be determined in electron-atom excitations at energies well above

threshold. They studied the polarisation of 311’ - 218 (501.6 nm) transition

in helium by detecting only those photons which were in coincidence with
electrons inelastically scattered in the forward direction.

The pioneer work in electron-photon angular correlation measurements
was carried out by Eminyan et al (1973) for the 2]? and 3]'P states of helium.
From the angular correlation in each case, they deduced the parameters
A and ' X |, where A is the ratio of the partial differential cross section
co for exciting the M = O substate to the total differential cross section
0 and X is the relative phase between the excitation amplitudes a, and a,
for exciting the magnetic substates M = O and M = + 1 of the nlp states.

This development led to series of measurements on helium by Eminyan

et al (1974 and 75), Tan et al (1977), Ugbabe et al (1977),




Sutcliffe et al (1978), Fon et al (1979) and Hollywood et

al (1979). This technique has been applied to the 2P state of
atomic hydrogen by Williams (1975) , Dixon et al (1978) and Hood

et al (1979). The electron-photon angular correlation measurements
have also been used on neon by Ugbabe et al (1977) and on argon by
Arriola et al (1975). This technique has been used by la.lcolm and
McConkey (1979) to study the A and I X | parameters as well as
threshold polarisations for the resolved 104.8 and 106.7 nm lines
of argon. Kleinpoppen and McGregor (1979) studied the angular
correlations for the 116.5 and 123.6 nm lines of krypton and
determined the collision parameters A and x. Standage and
Kleinpoppen (1976) reported linear and circular polarisation
measurements of the 31P - 218 (501.6 nm) photons detected in
delayed coincidence with the electrons inelastically scattered from
the 31P level of helium. Zehnle et al (1978) applied this method
for the vector polarisation analysis of the K(42P - 428) photons
for K - He collisions. Andersen et al (1979) performed similar
measurements of the Stokes parameters for the llg(32P - 328) photons

in a coincidence experiment involving lg+ - He, Ne and Ar collisions.

1.2. The Present Work

The work presented in this thesis was carried out in two stages.

In the first stage an experiment was performed to observe the influence

1
of the hyperfine structure on the polarisation of the 63P1 - 678y

intercombination line of mercury excited by electron impact. The
polarisation of electron impact line radiation depends on many
parameters: apart from the electron energy, the atom density and

the excited state configuration, the polarisation is also affected




by the level width and the fine and hyperfine structure separations.
An important result of the theory (Percival and Seaton, 1958) is

the dependence of the polarisation on the ratio of the fine and
hyperfine structure separations of the excited state. Hafner and
Kleinpoppen (1967) measured the polarisation: of the first resonance
lines of Lis, L17 and Naza and demonstrated that the polarisation was
very sensitive to the natural level width and to the fine and hyper-
fine structure separations of the excited states. mqir experimental
results are in good agreement with the theoretical calculations
(Flower and Seaton, 1967) of the threshold polarisation of these
lines. Unlike Hafner and Kleinpoppen who used isotopically pure
atoms, an isotope cell was used to eliminate the effect of the
hyperfine structure in the observed photon radiation originating
from the natural isotopic composition of mercury.

For the first stage, an existing crossed-beam apparatus was
used in which the target was in the form of an atomic beam of the
natural isotopic mixture of mercury. The atomic beam was inter-
sected by an electron beam from a directly heated tungsten hairpin
cathode. The use of a 127° cylindrical monochromator resulted in
an electron energy resolution of A~100 meV. The radiation from the
63P1 - 6180 transition was observed perpendicular to the direction
of the electron beam and the polarisation was measured as a function
of the incident electron energy in the range from threshold to
7.5 eV. The comparison of the polarisation measurements with and
without the isotope cell present was made to determine the effect of
the hyperfine structure.

In the second stage, an experiment was conducted using the

electron-photon coincidence technique to measure linear and circular




polarisations of the 63P1 - 6180 line of mercury in order to determine

the coherent nature of the excitation process.

In this case some modifications to the crossed-beam apparatus
were necessary to acc.omodate changes which were required for the
electron-photon coincidence experiment. For example, in order to
obtain higher currents in the interaction region, the use of a mono-
chromator was abandoned and a three stage electron gun was built
which produced an electron beam with an energy width of 400 meV.
This electron beam was intersected with the mercury beam and the
resulting electron-photon delayed coincidence rates were measured
by detecting inelastically scattered electrons in the scattering
plane and the subsequent decay photons perpendicular to the scattering
plane. These measurements were taken for a fixed incident electron
energy of 5.5 eV at an electron scattering angle of 50°. The
observations were then made at incident electron energies of 5.5 and
6.5 eV with electron scattering angles of 50° and 70°, after the
elimination of the effect of the hyperfine structure in the photon
radiation by the use of the isotope cell as in the first stage. With
these measurements it was possible to make a complete polarisation
analysis of the coincident photon radiation by the determination of
the Stokes parameters.

Some theoretical aspects regarding the polarisation of atomic
line radiation, electron-photon angular correlations and the Stokes
parameters are discussed in Chapter II. Chapter III describes the
apparatus for the first stage of the experiment and gives a detailed
account of the changes made for the second stage. Results of the
measurements for the two parts of the experiment are discussed
in Chapter IV. Chapter V contains the conclusions of the presert

work and suggestions for future work.




2. THEORY

2.1. Polarisation of Atomic Line Radiation by Electron Impact

The radiation emitted in the decay of atoms after excitation by
an electron beam is, in general, polarised and shows an anisotropic
angular distribution. Referring to figure 1, an atom at O, initially
in the ground state, is excited by an incident electron moving along
the Z0 direction. The excited atom decays spontaneously by emitting
a photon. The radiating atom can be characterised by an oscillating
dipole orientated in an arbitrary direction in space which can be
visualised as the resultant of three orthogonal component dipoles
placed along the 0Z, OX and OY directions. The radiation may be
considered as resulting from an incoherent superposition of the

radiation from these three electric dipoles.

X

Z

electron
beam

Fig.l. Atom as an electric dipole radiator

If the intensities of radiation of the three dipoles along 0Z, OX

and OY directions are denoted, respectively, by I“ 5 I.L and I.L'

assuming cylindrical symmetry about the 0Z axis, then the degree of

<

polarisation P of the line radiation is defined as




In - 4

(2.1)
Ill + {L

The total intensity of radiation perpendicular to 0Z in OY direction

P =

(see fig.l) is given by

o
I(90) = I“ + I.L (2.2)

The intensity of light for a single dipole in a direction

making an angle O with the dipole axis is given by,

I(0) = I, sin20
where Io is the intensity of the dipole
in a direction at right angles to its axis.

The combined radiation intensity of the three dipoles at a
point located in YZ plane and making an angle O with the Z-direction
(see fig.l1l) is thus,

I(0) =1

i s:l.nze + I.l. cosze + I.L

2
= I.I. + I" - cos G(I" - I.L)

From eqn.(2.1), I - = P(

" h

'n * %

.'.I(G)=IL+I -Pcosze (I

n + %L)

n
Since I" + I.I. =1I (96) from eqn. (2.2), therefore,

I(0) = I(90) (1 - P cos20) (2.3)

This relates the intensity of light observed at
an angle © to that observed at 90° with respect

to the electron beam direction.

The polarisation P can therefore be determined by measuring I“
and I_Land using eqn.(2.1) or by obtaining the angular intensity

distribution and using relation (2.3).




The atomic line radiation is polarised due to a non-uniform
distribution of magnetic substates of the excited state. The
polarisation depends on the transition probabilities for m and o
transitions between magnetic substates of the emitting state and
the state into which the atom decays. The m-radiation arises when
the eilectric vector of the radiation is paraliel to the electron
beam direction whereas the o-radiation has its electric vector
perpendicular to the beam. The intensities produced by these
radiations are referred to as I“ and li, respectively, being
polarised parallel and perpendicular to the beam direction. I" is
associated with transitions for which AIIJ = 0 and I‘Lw:l.th transitions

for which All.I = *1.

If A;; and A; are transition probabilities for m and 0 transitions,
respectively, of a magnetic substate with magnetic quantum number M
(which could represent IIL, HJ or l(r), then the total transition

probability is
m o

A=Ayt Ay

The branching ratios for m and ¢ transitions are, respectively,

and
A

m g
g 2
A

The intensity components related to m and ¢ radiations are

given by,

™ o]
A Au
M and I « I M
TQH L M AQH

where Qu is the cross section for a magnetic substate

with magnetic quantum number M.

The polarisation given by,




becomes

1 1
2 * 2 I W

The rate coefficients KTr and K for completely linearly
polarised and totally unpolarised light intensities, respectively,
are proportional to the respective line intensities and are given

by,

™ 1

oo g mexen g

x* - &

KTr + K

o w D

Considering the excitation/de-excitation process,

ls > 1p o ls, the total excitation cross section is given by,

9. Q0 g Q+1 “ Q—1

where Qo is the cross section for m-radiation with M = 0

and Q

1’ Q are cross sections for o-radiatioms

1

corresponding to M = 1.

Owing to symmetry about 0Z, Q+1 = Q-l' and therefore,

Q = q + 2,




Only the Qo component results in the excitation of T-radiation
- m
therefore, with K ‘:Qo and K . Q, the polarisation of the above

excitation process is given by Eqn. (2.4),

3Q°-Q°-2Q1 . QO-QI

P =
Qy + Qp + 2Q, Qy + Q1
The threshold excitation is governed -by the selection rule
AMp, = O and therefore only the substate with M; = O can be excited
when excitation from S to P state is considered. The incoming beam
of electrons has no component of orbital angular momentum about its
own direction and, after an excitation at threshold, the outgoing
electron has a very small energy and carries away no angular
momentum. Hence the component My, of the orbital angular momentum
of the atom about the incident beam direction is not changed by
the collision process at threshold that is, AML = 0.
Applying the threshold selection rule to the simple case of

excitation from a 1S ground state to a 1P state with subsequent

emission corresponding to a 1P =g 18 transition, one obtains Ql =0

and Q = Qo and hence Pthr = 100% using eqn.(2.5). An excellent

example of the 100% threshold polarisation of the above process

is provided by the measurement of the polarisation of the 41P1 - 4180,

A = 422.7 nm line of calcium by Ehlers and Gallagher (1973). The

threshold polarisations of the 63P1 - elso (A = 253.7 nm) and

61P1 - 6180 (A = 185 nm) lines of mercury should provide the
largest possible difference (+100%) for the line polarisation.

For threshold excitation of the 61P1 state, only the substate with
My = 0 is excited because of the selection rule AM; = 0. In the

subsequent decay to the ground state, only the transition with




AMJ = 0 is possible which gives m-radiation and hence Pthr = +100%.
For the excitation of the 63P1 state, only My = 1 substates can be
excited at threshold because of the fact that the appropriate

Clebsch-Gordon coefficient for the My = O with My = O is zero,

X

while all the other angular momentum coupling coefficients are

S=1,L=1,J=1

Mg =0, M, =0, My =0

non-zero (these coefficients are given in the paper by McConnell
and Moiseiwitsch, 1968). Thus when the 631’1 state decays back to
the ground state, only the transitions with AMjy = *1 can take place
which give rise to o-radiations and therefore P, = -100%. However
the polarisation is considerably reduced due to spin-orbit inter-
actions and precessional effects resulting from fine and hyperfine
interactions (Kleinpoppen, 1969). Allowance for departure from

LS coupling was made by Penney (1932) for the threshold polarisation
of the 253.7 nm line of mercury. He obtained Py,. = -80% for the
normal isotope mixture and -92% for zero nuclear spin.

Following the theory of Percival and Seaton (1958), calculatioms

for the polarisations of 61P1 - 6180 and 631’1 - 6180 lines of mercury

were presented by McConnell and Moiseiwitsch (1968). They included
the spin-orbit interaction and the effect of different isotopes in
their analysis. For the 63P1 - 6180 transition, they obtained a
threshold polarisation of -é8$ for the normal isotope mixture and
-89% for zero nuclear spin. The effect of resonances on the
polarisation has been discussed by Baranger and Gerjouy (1958).
They proposed that two negative-ion states are formed just above

the excitation threshold of the 253.7 nm line and predicted a




polarisation of 60% and 0% in the centre of resonances with total

3
angular momentum J = 2 and J =% respectively. Their calculations

ignored the effects of nuclear spin and assumed zero orbital angular
momentum of the outgoing electrons. Albert et al (1977) carried

out theoretical and experimental investigations of the resonances

in mercury and found that the two resonances, also observed by
Ottley and Kleinpoppen (1975) and Shpenik et al (1976), are formed
in the ?Dg,, scattering state with J = Fandnot 3 =3 analas
first proposed by Baranger and Gerjouy (1958). Comprehensive

reviews of the polarisation of atomic line radiation have been

presented by Kleinpoppen (1969) and Kleinpoppen and Scharmann (1978).

2.2, Electron-photon Angular Correlations

The theoretical formulation of electrona-photon coincidence
measurements where photons are detected in delayed coincidence with
inelastically scattered electrons has been worked out by various
authors. Macek and Jaecks (1971) related the coincidence rates
for electron-photon angular correlations to "collision parameters"
such as partial substate differential cross sections, excitation
amplitudes and their phase difference. Fano and Macek (1973) and
Blum and Kleinpoppen (1975,76) have described the electron-photon
angular correlation in terms of '"target parameters" such as orienta-
tion and alignment parameters and to multipole moments of the atom
excited during the collisional excitation process. A recent review
of electron-photon angular correlation in atomic physics is given
by Blum and Kleinpoppen (1979). The theory of electron-photon
correlations is most easily demonstrated for the excitation/de-

1

1
excitation process, 1180 +n"P; >+ 185, in helium where the




compensation of the spins of the atomic electron simplifies the
theoretical analysis. Moreover there is no complication from spin-
orbit coupling either in the atomic structure or in the scattering
process. The helium atom is initially in a 1S state with only one
magnetic substate and after excitation, the atom is in a n]'P state
with three magnetic substates. Based upon the assumption of coherent
excitation of the degenerate magnetic substates, the excited state

of helium can be represented by a linear superposition of magnetic

substates:
v > = a+1|11 > + a°|10 > 4+ a_1|1 -1 >

where the amplitudes an,ll = 0, %1, describe the
excitation to particular magnetic substates |JM > of
the excited state. These excitation amplitudes are
functions of the incident electron energy and the

electron scattering angles.

The state vector l\b > = Z" a.ulJl >, describing the coherent
superposition of magnetic substates, can be normalised by assuming

some normalisation constant a so that,
2
<yply>=aa=]|al|“=0 (2.6)

where ¢ is the inelastic differential cross section for

exciting the 1P state.

Moreover < Y |y > = (Ty- a;, < Jm~|) Cyay [ oM >)

* -
=i N 8y S 2

By using the orthogonality relation < JM‘|JM > = 3,",

e - 8
<V v > = Gy -ty you

2
znl’ul




Since from eqn. (2.6), < ¢ l Yy > =0 , therefore,

Xul%lz = 0o, so that

+ 0. +0

0o 1

where o M=0,%* 1, is the partial differential

u ’
cross section for exciting the M substate.
Since the scattering process has mirror symmetry in the
scattering plane, a+1 -_a_l

Thus c+1 = o‘_l and hence

2 2
o=0, + 20, = ]a°| +2|all

The coherent excitation of the magnetic substates requires a
fixed phase relation between the excitation amplitudes. For any
given excitation process, determined by the excitation energy and
the scattering angle, the amplitudes a, and ao are expected to

have fixed relationship to each other:
a = Iall exp (1a1) and a, = |a°| exp (1ao)

where ao, al are the phases of the excitation amplitudes.

Since | Y > is defined only up to an overall phase factor,

%

'1 and a, is therefore defined by,

may be taken to be real and positive. The relative phase X between

al=|al|exp(1x)wherex=(a1-ao)

The parameter A is defined as the ratio of the partial differential
cross section for the excitation of the M = O substate to the total

differential cross section for the n1P state. It is given by,

%0
g

= lag 27 lal?+]al?)>

A= 0




The angular distribution of the coincident photon radiation
is determined by the angular corrlation function N as used

by Eminyan et al (1974),

N = A sin2 By + ( l—%—i ) (cos? 6 + 1) -

Y

1-2
( =3 5102 6 cos2 (dy - ¢ + 2.7

3
{A1 - 2A)} cos X sin 2 BY cos (¢Y = bg)

where GY is the polar angle for the detect:l.o; of
photons and ¢e and ¢Y‘ are, respectively, azimuthal
angles for the electron scattering and the photon
emission.

In theexperimental study (Eminyan et al, 1974) of electron-
photon angular correlations for the excitation procéss under
consideration, the electron beam is incident in the Z direction
on the target located at the origin of coordinates (as in fig.l).
Scattered electrons are collected in a particular direction Se s
the polar angle for the detection of electrons, by an analyser
whose position defines the scattering plane, which is taken to
be the XZ plane. Therefore, <be = 0 for all detected scattered
electrons. Photons are counted, without regard to polarisation,
by a detector placed in any direction in the scattering plane on
the opposite side of the electron beam from the analyser, that

is, ¢.Y =T, In this case, eqn.(2.7) becomes
= 2 ™ 2
N A sin B.Y I 4 | A) cos G.Y

- A - A)}i cos X sin 26,




The collision parameters A and X can be determined from the

coincidence experiment by fitting the experimental data to the

angular coi'relat:l.on function. Since X appears in a cos X term in

eqn. (2.8), the data yields only the absolute value | X | of the
phase difference.

The above analysis is based upon the assumption of coherent
excitation of the magnetic substates. However the basic assumption
of coherent excitation cannot be tested by the coincidence experi-
ment when photons are detected only in the scattering plane.
Incoherent excitation of the magnetic substates would also be an
interpretation for the electron-photon angular correlation data
from observation in the scattering plane, that is, the angular
correlation function of eqn.(2.8) can also be fitted to a model
of incoherent excitation whereby two oscillators are oscillating
randomly parallel to the main axes of the polarisation eclipse.

It implies that a more rigorous test of the "degree of coherence”
of the substate excitation can only be based upon a complete

analysis of the polarisation state of the photons. If completely
coherent excitation of the substates occurs then no phase random-

ness should exist between the excitation amplitudes a, and a; ,

0
and consequently the photon radiation should be completely
polarised. If there is randomness in the phases of the excitation
amplitudes then there should be randomness in the polarisation state
of the photons which result from the transitions of the substates.
The degree of coherence of the excitation process must then be

related to the characteristics of the coherency of the photon

radiation.




The polarisation state of the coincident photons can be
determined by the elements of the "coherency matrix" or equivalently,
the Stokes parameters. The observables in photon polarisation
measurements can be directly related to the intensities of any
two mutually orthogonal components of the electric vector at right
angles to the direction of propagation. For the photon radiation
observed along y-axis, perpendicular to the scattering plane, the
elements of the "coherency matrix" can be determined (Born and Wolf,
1975) by the linearly polarised light vectors with components along z-
and x-axes (see fig.1l).

1(p - wt) 1(¢g - wt)
Let E, = ES and E, = Ex, e

represent these components of the electric vector for a light wave,
where w is their common angular frequency and ¢; and ¢, are their
phases.

If the x-component is subjected to a retardation § with

respect to z-component by means of a compensator (% plate in the

present experiment) then the intensity I(2,8) of the light in a
direction making an angle 0 with the z-direction can be analysed
by passing the light through a polariser with the appropriate
orientation. The component of the electric vector in the xz plane

making an angle 0 with the z-direction is given by,
id
E(a,8) = Ez cos o + Ex € sin a
. *
.. I(a,8) =¢E(a,8) E (a,8)>
ié

(Ez cos a + Eg }36 sin a) (E; cos o + E; e " sin a)

-1
CE,ER cos? a +(ExEX>sin? o +<EE8C cos a sin a

+<EXE;>sin a cos o %6




2 2 -id
= Jzzcos a + Jnsin a + Jzx e cos a sin a

ié
+ sze sin a cos a

where the J's are the elements of the "coherency matrix"

of the light wave,

3 i(¢, -
Yoz z zx Ei’o LBz xo® 1

J=

=1(¢, - ¢,)
E o z)u:ig

The diagonal elements of the matrix represent the intensities
of the components in the z- and x~-directions and therefore the trace
of the matrix is equal to the total intensity of the light. Following
Born and Wolf (1975), a '"coherence correlation factor" is defined

as follows:

un is a measure of correlation between the two orthogonal
linearly polarised components of the radiation, parallel and perpen-
dicular to the incident electron beam direction. I - | is the
"degree of coherence" between these two orthogonal components and
8zx = ¢1 - ¢z is their "effective phase difference'". The radiation
will be coherent if the phase difference, Bzx’ remains constant in

time and if Bn changes rapidly in a random manner with time then

the radiation will be incoherent.

The coherence correlation factor can be determined from the
measurements of the Stokes parameters of the photon radiation as
first demonstrated by Standage and Kleinpoppen (1976). The Stokes

parameters (P., P P3) and the elements of the coherency matrix

1) Pz!




are related by the formulae,

Jzz + JIxx
Jzz - Ixx
Jezx + Ixz
i(Jxz - Jzx)

These parameters can be determined by observing the intensity,
I(x,8), of the light for different values of o (orientation of the
polariser) and § (delay introduced by the compensator) and solving
the corresponding relations obtained from eqn.(2.9). In terms of

the intensity measurements pertaining to a particular pair a,§;

these parameters are given by
P, 1(0°9,0) + 1I(90°,0)
P, 1¢(0%,0) - 1(90°,0)

Py 1(45°9,0) - 1I(1359,0)

™ m
P3 1(45°,7) - 1(135°,7)

The four Stokes parameters can thus be expressed in terms of

the polarised intensities of the photon radiation:
= I(0° + I(90°)
I(09 - 1I(909)

I(45° - 1I(1359)
I(RHC) - I(LHC)

I (o) is the intemnsity of light, linearly polarised at an angle
a with respect to the electron beam direction. I(RHC) and I(LHC) are,

respectively, the right- and left-handed circularly polarised




intensities of the photon radiation. When the Stokes parameters
(Pp, P;, Py, P3) are normalised to Po, the total intensity, then
11'1 and Py are equal to the linear polarisations measured with

reference to the incident electron beam direction and at 45° to

this direction, respectively, and P3 is equal to the circular

polarisation. These normalised Stokes parameters, are thus given

by,

I(09) - 1(909)

I(0°) + I(909°)

I(45° - I1(1359)

I1(459) + I(1359)

I(RHC)- I(LHC)

P3
I(RHC)+ I(LHC)
The coherence correlation factor ((eqn. (2.10)) is then related to

normalised Stokes parameters ((eqn. (2.11)) as follows:-

(1 - p2 )%

A useful quantity which characterises the coherence of the
emitted light is the "vector polarisation" P. The three normalised
Stokes parameters P;, Py, P3 form the components of this three-
dimensional vector whose magnitude is the '"degree of pol.arisat:l.on"

given by,




Pl = ?+p2+ Paz)* (2.14)

A photon beam is completely coherent that is, every detected

photon is in the same polarisation state if and only if the "degree

of coherence'" and the "degree of polarisation” are equal to unity.




3. APPARATUS

3.1. Apparatus for the Polarisation Measurements

The general description of the main parts of the apparatus,

shown schematically in figure 2, is given in the following sections.

3.1.1. The Vacuum System

The vacuum system consisted of two cylindrical stainless steel
chambers, bolted together, forming a single chamber of length 830 mm
with an internal diameter of 350 mm. There were two NW 350 end
flanges and .va.r:lous smaller flanges to take feedthroughs and other
components as required. All flanges were flat and the vacuum seals

were achieved using viton O rings. The system was evacuated by two

mercury diffusion pumps, an Edwards 6M3 A and a Leyhold-Heraeus

Quick 505. Both diffusion pumps were fitted with water-cooled

baffles and liquid nitrogen cold traps.: The vacuum chambers could
be isolated from the diffusion pumps by means of electro-pneumatic-
ally operated butterfly valves, Edwards QSB6P. The diffusion pumps
were connected in parallel to an oil-sealed rotary vane pump,
Leybold-Heraeus D12A, which was used as the backing pump. There
was an electromagnetic isolating valve in the common part of the
backing line. The base pressure achievable in the vacuum chamber
was v1.5 x 10" ° Torr.

The effective pumping speed of the system was determined using
the intrinsic speeds of the pumps for air. The numbers used in
this connection, in sections 3.1.3 and 3.2.2., are therefore only
rough estimates since the intrinsic speeds of the pumps for mercury
are not known. The effective speed Se of a pump depends on the
2 .3 1

+ = , due to conductances

1_1 1
compound conductance C, c Cy Ca Cs3




C;, C2 and C3 of cold trap, baffle and butterfly valve. The
effective pumping speed Be is related to the intrinsic pumping
speed Sp through the compound conductance C by the formula.
(Dennis and Heppell, 1968),

2 wx ,

Se P
However due to the Cryo-pumping action of the liquid nitrogen cold

traps for mercury vapour, the overall pumping speed was assumed to
be twice the speed for air.

In this way the overall pumping speed S, of the system was found

to be 750 !.sec-l.

3.1.2 The Mercury Beam Source

The mercury beam source consisted of an oven made of stainless

steel with a capacity of 50 m% connected to an aperture made from

1‘m bore stainless steel tube, 200 mm long, with a wall thickness

of 1 mm. The mercury beam was produced by heating the oven, and

the tube along its length. The heating to the oven was achieved

by heating rods, made by winding a 0.5 mm thick kanthal wire around
grooved ceramic rods. These rods, coated with cataphoretic
suspension of aluminium oxide to prevent shorting, were inserted

in holes in the oven. The tube was heated by means of the kanthal
wire, which was wound around the tube after insulating with glass
fibre sleeving. The winding of the wire in each case was carried

out in a bifilar manner. The temperatures of the oven and the tube

were obtained from chromel-alumel thermocouples and both the oven
and the tube were held at 120°C to within +3C° by the use of
temperature controllers (Pye, 17-90B). The tube was bent such that
the mercury beam effused vertically downwards and was collected in

the liquid nitrogen cold trap of the diffusion pump. The pressure




in the chamber with the beam on was v2.5 x 10-'6 Torr, allowing for
the calibration factor of 0.3 for mercury, compared to 1.5 x 10-6

Torr with the beam off.

3.1.3. The Mercury Beam Density

When the system is running in an equilibrium state then the
effusion rate N is related to the pressure P through the overall
pumping speed S, by,

N=3.54x 10]'9 SoxP
where the numerical factor converts the flow rate
in Torr % sec-1 into atoms sec-l.

For the mercury background pressure of V1 x 156 Torr and the
overall pumping speed of 750 2 ‘sec-l, the flow rate accord:l.ng to
eqn. (3.1) is,

N=2.7 x 10'® atom sec”? (3.2)

The source configuration plays an important role in achieving

a high beam intensity. The beam emerging from the source should

be strongly peaked in the forward direction. A simple aperture

source has the disadvantage of a broad cosine distribution of
intensities and therefore a long canal source was used in the
present experiment.

The beam formation by long tubes has been studied by Giordmaine
and Wang (1960) who derived expressions for intensities and verified
them experimentally. They showed that the peak intensity and the
collimation of the beam are essentially determined by intermolecular
collisions in the tube. Depending on the ratio of the mean free path
A in the tube to the radius r and length 2 of the tube, different

results for the beam intensities are obtained. At very low pressures




with A > > £ and A > >r, simple molecular flow takes place. As

the pressure is increased to the point where the mean free path is

no longer large compared to the length of the tube but is still

greater than the radius throughout the tube (A > > r )\ < 2) then
the peak intensity on the axis (0 = 0) at the exit from the aperture

is given by (Giordmaine and Wang, 1960),

T

v =
1 3 rN % atoms sterad sec (3.3)

( )

1¢0) =
2t g5 *

where § is the atomic diameter, V is the average velocity
of atoms in the beam, r is the radius of the tube and N is
the flow rate.
As the pressure drops towards the discharge end of the tube,
a point Vis reached at which the mean free path is equal to the
remaining length of the tube, called the 'effective length'. Hanes
(1960) verified experimentally that the properties of flow through
a tube are essentially determined by this final section, effective
length, of the tube. Thus the portion of the tube upstream from
the effective length contributes little to the collimation of the
bean.
The mean free path A in cm 1is related to the pressure P in

Torr through the relation (Ramsey, 1956),

0

Po

A= 7,921 x 102

where o = w 62 is the collision cross section.
In the present experiment, mercury pressure in the oven was
"~ 1 Torr and in the chamber was v 10-6 Torr. The pressure in the
tube was assumed to be " 10_3 Torr in order to calculate the mean

free path )\ in the tube. Thus the mean free path was about 5 cm
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and, with r = 0.05 cm and 2 = 20 cm, the condition, X >> r and
A <42, for the application of equation (3.3.) was fulfilled.

The average velocity of atoms in the beam is given by (Ramsey,

g o mxtT\? 91rl:TNai
V = = (3.4)
8m ! 8A

where k is the Boltzmann constant, T is the absolute

1956) ,

temperature, m is the mass of the atom, Na is the

Avogadro's number and A is the atomic weight.

The forward peak intensity at a distance d cm from the

aperture is given by eqn. (3.3) to be,

™

I = I(o)/d? = 1 <37 r N)i atoms cm 3 sec-l

2
2t g5 4a 585

In the present experiment, the values of the different

parameters in eqn. (3.5) are as follows:

4.25 x 102 cm (Lew, 1967)

1l cm

2.4 x 10% cm sec”!  (Calculated fromeqn.(3.4))

0.05 cm

1

2:7 % 10® atoms sec” (given by eqn. (3.2))

Substituting these values in eqn. (3.5), the intemsity in

the interaction region comes out to be,

-2 -1
I=1.4x 101% atoms cm ° sec
Hence the beam density is given by,

S x 1017 atoms m
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3.1.4. The Electron Gun

The electron gun, shown schematically in figure 2, was a
simple diode device in which the cathode was a directly heated
hairpin of tungsten wire of 0.1 mm diameter. The tungsten
filament was housed in a stainless steel block, which served
as an anode, and was insulated from the holder by boron nitride
spacers. A stainless steel slit of width 0.5 mm and height
12 mm, mounted on the block, acted as the entrance slit of the
monochromator. The whole assembly was carefully shielded with
a well sooted tantalum cover to stop light produced by the
filament from reaching the detector and also to prevent electrons

escaping from the gun.

3.1.5. The Electron Spectrometer

3.1.5.1. Introduction

The energy spread in the incident electron beam generated by

a pure metallic themionic cathode is given by,
Alii = 2,54 kT (k, the Boltzmann constant,

= TléT ev/°K)

= 2,54 T/11600
where T is the temperature of the cathode in °K and
AEi is the full-width at half maximum expressed in

electron volts.

For the cathode used in the present experiment, T was

estimated to be v 2000 °K, therefore,




0.44 eV

Even with low work function cathodes operating at tempera-
tures low enough, it is not possible to achieve AEi less than 0.25 eV.
The solution to the problem of improving the energy spread in
the beam is to adopt an electron spectrometer to filter the incident

beam and reduce the half-width below that of its thermionic source.

3.1.5.2. Review

Electron electrostatic spectrometers of various types are
nowadays widely used in the field of atomic physics to serve as
monochromators or energy analysers. The introduction of
spectrometers has enabled many hitherto unobserved features, such
as electron impact resonances (Schulz, 1973), to be detected.

The two most commonly used electrostatic deflection analysers
are the 180° spherical and the 127° cylindrical analysers. The
electrostatic field, established between two concentric or two
coaxial electrodes, deflects the electrons according to their
energies. These two electrodes have the shape of concentric
spherical shells and cylindrical sectors, respectively, for the
spherical and cylindrical analysers. The best focussing of the

electron beam is achieved if the deflection angle is equal to

T radians (180°) for the spherical analyser and /_127_ radians (127°)

for the cylindrical one.

The energy dispersing properties and the focussing action
of the spherical electrostatic deflection analyser were first
described by Purcell (1938). A detailed survey of the design,
construction and operation of this analyser is given by Brunt et al

(1977).




The theory of the cylindrical analyser was developed by
Hughes and Rajonsky (1929). They investigated the path of electrons
in a radial, inverse first power electrostatic field produced by a
difference of potentials between two coaxial cylindrical surfaces and

showed that re-focussing of electrons took place at a deflection

angle of ‘% (127° 17’). Hughes and McMillen (1929) built such a

cylindrical analyser and established experimentally that it could

- ST ok T e TS A PR

be used as an energy selector. Rudberg (1930) utilised a similar

D =R e

analyser for his measurements on energy loss of electrons in nitrogen.
It has since found wide acceptance in a variety of applications.
Both the 180° spherical and 127° cylindrical analysers have
their advantages and disadvantages. The 180° analyser is inherently
a double focussing device and provides focussing in two directions
thereby giving a good efficiency for the transmission of electrons.
Also this analyser has a resolving power about twice that of a 127°
cylindrical analyser of the same radius of curvature (Purcell, 1938).
In the 127° analyser, on the other hand, the problem of space charge
is less serious than in the 180° analyser (Froitzheim et al 1975).
In this experiment, the 127° cylindrical type was used because its

design was mechanically simpler than the spherical one.

3.1.5.3. The 127° Cylindrical Analyser

A schematic diagram of such an analyser showing electron
trajectories is given in figure 3. It consists of two electrodes
which are coaxial cylindrical sectors having radii of curvature R, and
32 ,(Rz > Rl) , maintained at potentials V; and V5 respectively.

The mean, Ry = E—;—- is the radius of the central path of
electrons through the analyser. o and B are the angular divergences

of the beam in the radial and axial planes respectively.
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The electric field inside the analyser at a radial distance r

from the inner electrode is given by,

Vi-Vg
e(r) = (3.6)
r fn (Ry/Ry

Electrons passing through the analyser on a circle with mean

radius R, have a velocity Vo and kinetic energy, E_ = eV,, the

o

mean pass energy of the anslyser,where Vo is the potential corre-
sponding to the nominal energy Eq.
If an electron moving along Ro is to have a circular path in

the anslyser then the following force equation must hold,

mv »
o

Ro

e e(no)

e(Vy - Vp)

e . (3.6
R, fn(Ry/Ry) ' using e, (3.9)

»
Since 2 mvo2 = eV,,the mean energy of electrons through the

analyser is therefore given by,

e(Vy - Vg)

eV, =
2 2a(Ry/Ry)

Thus electrons emerging from the entrance slit along Ry with

energy E, will be transmitted by the exit slit when the following

focussing condition is fulfilled,

(Vy - Vy)

Vo =
2 tn (Rg/Ry)

It can be shown that the potential of the inner electrode is,

V=V, {1 +22n (Ry/R}

o

and that of the outer one is,

Vg =Vo {1 +22en (R/R)I.




In general these potentials are nearly symmetric with respect
to V, and are chosen in such a way that the entrance slit, the exit

slit and the middle trajectory of the analyser are at the potential

Vo

The energy resolution of the 127° cylindrical analyser is

given by (Rudd, 1972),

AEy AR 82 where AR is the width of ident-
—_— = — +
E, R,

—a
4 ical entrance and exit slits.

It implies from the above relation that, in order to obtain
narrow resolution, the analyser should be operated at low energies
and also the value of AR should be small. The effect of a and 8
can be reduced by a pre-selector injection system.

A serious problem in analysers is the space charge build up
by unwanted electrons arising from collisions with the slits and
walls of the analyser. This effect has been controlled with the
use of grids by Marmet and Kerwin (1960). They replaced the solid
cylindrical electrodes by high transparency grids with collector
plates behind them. This resulted in the unwanted electrons leaving
the selector field and being collected by the outer collector plates.

A special problem encountered with electrostatic deflection is
the effect of fringing fields at the ends of the electrodes in the
region of slits. The internal electric fields, for which these
analysers are designed, are considerably distorted at the ends.

The electric field does not go discontinuously from its maximum
value to zero as the boundary of the region between the electrodes
is passed but falls off gradually. This field has the effect of
lengthening the electrodes so that the analyser will function as

though the angle were somewhat greater than 127°. In arder to




reduce end effects, it is possible to put the object and image points

at some distance from the actual entrance and exit planes of the
analyser. The result is that the entire 127° is not needed and a
smaller sector angle can be used. Pavlovic et al (1972) used a

sector angle of 112° and Roy et al (1975) employed an angle of 121° 6.
As mentioned in the next sectign, the sector angle for the monochromator

used in this experiment was 120°,

3.1.5.4. Mechanical Design of the 127° Monochromator

The 127° cylindrical monochromator, shown schematically in

figure 2, was built to a design by Raible (1974) following the
principles outlined by Marmet and Kerwin (1960). The dimensions
of the monochromator were as follows:

radius of inner grid

radius of outer grid

mean radius

radius of inner
collector plate

radius of outer
collector plate 22 mm

The two grids formed a channel 6 mm across and 23 mm high.
Slits of different widths and heights could be used (typically
AR = 0.5 mm and height = 12 mm).

Copper was used for machining these electrodes except for the
slits which were made from molybdenum. The deflecting grids were
made from 86.5% transparent tungsten gauze and were bonded to
cylindrical copper frames with silver epoxy paint. Behind these

transparent electrodes were the solid collector plates, held more

positive than the grids, to collect electrons which passed through




the grids. All electrodes were sooted in order to reduce the
possibility of electrons being reflected off the walls. These

sooted electrodes were assembled on two 120° copper sectors, each of
radius 26 mm. Ceramic rods and washers were used for holding electrodes
in position and also provided the insulation and the correct spacing
between them. The field section (sector angle of focussing electrodes)
was 1200, and not 127°, to minimise the effect of fringing field

at the input and output planes of the monochromator. The complete

© assembly was held together by an outer stainless steel eylindrical

block which could be used as a heating jacket to bake the monochromator.

3.1.6. The Electrostatic Lens System

The electron beam emerging from the monochromator was focussed
at the desired energy on to the atomic target by a 't:l.ve element
(Lg, Ly, Lg, L3, Lg) electrostatic lens system (fig.2). The element
(L;) after the exit slit (L,) was a stainless steel electrode with
an aperture of rectangular cross section 5 mm x 20 mm. A piece of
tungsten gauze, 86.5% transparent, was spot-welded on to the aperture
in order to restrict the divergence of the electron beam resulting
from the aperture. The three elements (Lg, L3z, Lg) lens were designed
according to calculations by Read (1970) with aperture to aperture
spacings of 0.5 D where D, the diameter of the apertures, was 5 mm.
The elements L, and L3 were split in halves and were mounted with
spacings between respective halves perpendicular to each other in
order to deflect the electron beam up/down and left/right to achieve
proper alignment. The deflection of the beam was controlled by

varying the potential difference between the two halves of the same

element whereas the focussing was affected by the potential difference




between the mean potentials of the two elements. Lj and Ly were

held at ground potential while the potentials on Ly and L3 were varied.
In this way the electrons were accelerated between Lo to Ly to

the interaction energy and were focussed at the interaction region

by Ly, Lz, L3z, Ly. The elements (Lg, L3, Ly), rectangular in shape
with circular apertures, were made of stainless steel and were
insulated from the mounting rods by boron nitride washers. The

lens system was covered with a well sooted box of tantalum to

restrict stray electrons.

3.1.7. Power Supplies to the Electron Beam System

Power supplies to the electron beam system are shown schematically
in figure 4. All power supplies used for the system were highly
stabilised constant d.c. voltage sources. Variations in the output
voltage of these supplies due to temperature effects over a period
of 24 hours were less than 0.2 mV. A potential distribution box was
built in which 12 ten-turns Helipot (Beckman Instruments Ltd)
high precision potentiometers (100 k Q, 5W) were connected in
parallel. The input to this potential box was a 0-100 V power
supply (Eepco, PCX 100). Most elements of the system derived
voltages from this potential box other than cathode and anode, which
had individual 0-40 V supplies (Kepco, PCX 40). All the voltages
were relative to one reference potential which was biased with a
0-40 V supply to off-set these voltages. The ramp voltage was
obtained using a digital to analogue converter (Advance Electronics
DA 120 B) in conjunction with a multichannel analyser and was used

together with off-set voltage to scan the energy of electromns in

the interaction region over the desired range between 4.5 to 8.0 eV.
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A 0-2A constant current power supply (Kepco, CC7) with variations
on the output current of less than 0.2 HA, was used for heating

the tungsten filament.

The advantage of using such a system of power supplies, which
are derived from a single imput source, is that any proportionaté
drift in the voltages would be equally experienced by all the
elements involved and hence the ratio of the voltages would be the
same. However, the cathode and the anode had individual supplies
because if they were connected to this system of power supplies
then any changes in the voltages across the potentiometers due
to the emission current would alter the voltages on the elements

of the electron beam system.

The power supply used for heating the filament was a constant
current power supply and therefore any change in the resistance of
the filament would change the voltage across it so as to keep the current
constant. The use of a potential divider on the filament, which was
obtained by connecting a 500 Q potentiometer across it, was to make
sure that the potential on the emitting point of the filament was
constant irrespective of any changes in the potential across each
end of the filament. Thus the cathode potential was kept constant

by supplying this potential at the midway of the potential divider

assuming that the emitting point of the filament was the mid point.

A single-pole double-throw switch S was used to connect the
reference potential to earth when the incident energy of electrons
was not ramped and had to be fixed by manually adjusting the off-set

voltage for the individual polarisation measurements (section 4.1.5).




3.1.8 The Faraday Cup

A simple Faraday Cup, in the form of a stainless steel cylinder
of diameter 10 mm, length 25 mm, wall thickness of 2mm and enclosed
in a rectangular stainless steel cuboid of wall thickness 2.5 mm,
was used to collect electrons passing through the interaction
region. The insulation between the cup and the enclosure was
achieved by boron nitride washers. The outer box was held at
ground potential while the inmer cup was connected to an electro-
meter (Keithley, Model 610 CR) to measure the electron current.

The function of the outer box was to eliminate the collection of
unwanted electrons as well as to ensure a field free interaction
region. The significance of a long inner cup was to provide a
greater collection efficiency for electrons. The Faraday Cup (fig.2)

assembly was mounted at a distance of 15 mm from the interaction

region. For coincidence measurements it had to be moved to a

distance of 110 mm to keep it out of the way of the analyser.
The inner and outer surfaces were covered with soot to reduce
reflection of electrons and hence increase the collection

efficiency.

3.1.9 Annulment of Electric and Magnetic Fields

The presence of electric and magnetic fields in the interaction
region can considerably affect the trajectories of electroms. It
is, therefore, necessary to reduce all extraneous electric and magnetic
fields which might disturb the prescribed electron paths.

In this experiment the electric fields were cancelled by keeping
all parts of the components viewed by the interaction region at earth

potential, and thereby providing a field free region. .Shields on




electron gun and lenses restricted stray electrons and eliminated
the penetration of potentials into the collision region. The effect
of electric fields produced by the potentials on the connecting
wires was minimised by keeping these wires away from the interaction
region. All surfaces around the interaction region, visible to the
electron beam, were coated with soot. In addition to reducing the
reflection coeficients, the sooted surfaces limited the production
of secondary electrons. McGowan (1961) demonstrated the advantages
of using soot for the purpose of obtaining a stable, low reflectiwvity
surface, particularly in low energy electron beams where reflection
dominates over secondary emission.

The effect of a magnetic field is particularly serious when
performing a deflection type of energy analysis with low energy

electrons. The magnetic field deflects the electrons before,

during and after analysis so that fewer than expected reach the

detector. It is extensively mentioned in the literature (Lindau
and Hagstrom 1971, Preston et al 1973) that the successful operation
of a low energy electron spectrometer requires the reduction of
stray magnetic fields to an acceptable level. The maximum magnetic
field B max (in Gauss), which may be tolerated, can be evaluated

by means of the following relation (Powell, 1968),

3
B _=6.74 14 (3.7

2
max a

where E is the electron energy expressed in eV, d is the
maximum tolerable beam deflection in cm and s is the

electron path length in cm.

The magnetic field was mainly due to the earth's magnetic field
but was influenced by the mild steel girders erected for the suspension

of the vacuum system and by the liquid nitrogen dewer used. The




field was reduced to less than 10 mG over the region traversed by
the electron beam and to less than 5 mG in the centre of interaction
region by the use of three mutually perpendicular pairs of rectangular

Helmholtz coils. For an operational energy of 2 to 4 eV and a

T
distance of v 3.3 cm, given by —Jzzno, through the monochromator, the

above values of the magnetic field were consistent with the limit set by
eqn. (3.7).

In order to eliminate any magnetic field from the apparatus
itself; the vacuum chambers, components inside the system and the
framework for the Helmholtz coils were made from non-magnetic materials.
The magnetic field from the currents for the heating of the filament
and the mercury beam source was cancelled due to the opposite flow

of the currents in adjacent wires.

3.1.10. The Interlock System

An interlock control unit was incorporated in the system which
used, for its operation, the pressure trip level on the ionisation
gauge control unit and a thermal switch monitoring the temperature
of the water circulating in the baffles for the diffusion pumps.
This interlock unit would completely shut down the system in the
event of the following faults,

(i) electric power failure
(ii) rise in pressure inside the vacuum chamber.

The rise in pressure would be caused due to a leak developing
in the system, the failure of the liquid nitrogen supply to the cold
trap or the closure of the butterfly valve as the result of a fault
in the compressed air.

(iii) failure of the cooling water supply.




Should any of the above faults occur then the butterfly valves
would close and the diffusion pumps together with all power supplies

would switch off. The system would not switch on again unless the

control unit was reset.

3.1.11. The Isotope Cell

3.1.11.1. Introduction

The radiation emitted from the excited mercury atoms in the
interaction region originated from the naturally occurring isotopic
mixture (table 1.). The even isotopes with nuclear spin I = O have

abundance of 70% while the two odd isotopes 1993g and 2013g with

1
nuclear sping I = E'and-% have abundance of 17% and 13% respectively.

Table 1l: Isotope contents in natural mercury (Weast, 1975)

The functicn of the isotope cell was to filter out that part of
the observed radiation which had hyperfine effect due to non-zero
nuclear spins of the odd isotopes of mercury. The radiation could
only be absorbed in the isotope cell if it interacted with a mercury
atom in the cell having the same nuclear spin as the emitting atom.
The isotope cell contained mercury isotopes 19953 and 2013; in the
proportion of 48.7% and 48.1% respectively, with the remaining
3.2% being even isotopes arising as impurities in the odd isotopes

(table 2). By raising the temperature of the isotope cell and thus

increasing the saturated vapour density of mercury atoms in the




light path, the cell could be made increasingly opaque to the

radiation

from the odd isotopes (I # 0) which would be absorbed

by the odd isotopes in the cell. The radiation intensity from

the even isotopes (I = 0) should only slightly change due to the

small fraction of even isotopesin the cell.

199

0.00

201

0.00 2.48

Table 2: Purity of the odd isotopes used in the cell.

The isotope cell had sufficient mercury to maintain saturated

mercury vapour at each stage of the experiment as can be verified

by the following consideration.

For n moles at low pressure, the ideal gas equation reads :

pv=nRT (3.8)
where p is the pressure, v is the volume, T is the

absolute temperature and R is the gas constant.

Since n = i'- ,where m is the mass and M is the molecular

weight of the gas,

therefore eqn. (3.8) becomes,

RT

Hence (3.9)

)
Now supposing that at a certain temperature, say 100 C, the




mercury vapour 1is no more saturated and can be treated as an ideal
gas then the mass of the vapour is calculated by using eqn. (3.9) to
compare with the mass of the mercury in the isotope cell. If the
calculated mass is less than the mass in the cell then the vapour
is still saturated at this temperature.

The parameters of eqn. (3.9) in the present case are,

M = A = 200
= radius of the cell = 1 cm
= length of the cell = 0.5 cm

erg mole ! x~1

100°C

373°K

0.2729 mm of Hg (corresponding mercury vapour pressure
as taken from the table compiled by
Weast, 1975)
Equation (3.9) yields,

m = 0.0037 mg

Since 0.6 mg of mercury (0.3 mg each of the two odd isotopes,
see the following section 3.1.11.2) was introduced in the cell, it

implies that 0.5963 mg of mercury is still in the liquid form and

therefore the mercury vapour 1is saturated even at 100°c. It

shows that with this mass of mercury in the isotope cell, we could
go to quite high temperatures and would still have saturated mercury

vapour.




3.1.11.2. Comstruction

199
Mercury isotopes ( Hg and 20]!3) in the form of deposits on

gold leaves were supplied by ANVAR, 13 Rue Madeleine Michelis, 92200
Neuilly-Sur-Seine, France. A quartz cell of 20 mm inside diameter
and 5 mm inside length with a wall thickness of 1 mm was used to hold
the isotopes. The procedure adopted to do this is shown schematically
in figure 5. A side arm, made of pyrex, was attached to the pyrex
tube leading to the quartz cell. Small pieces of mercury impregnated
* gold leaves, containing equal amounts v 0.3 mg each of the lgeﬂg and
the 201!13 isotopes, were placed in the side arm. The whole assembly
was then attached to a mercury free vacuum system via a glass-to-metal
seal. After the evacuation, the cell was flamed to outgas it. A
tesla coil was run over it a few times to help the outgassing. The
mercury was then distilled from the gold foils by heafing to about
200°C. A length of cloth, dampened in water, was wrapped round the
point where the side arm was connected to the cell. Liquid nitrogen
was poured on to the cloth, the purpose being to trap the mercury
vapour being emitted from the gold foil by freezing it out. The
whole glass assembly was thenpulled off by the glass blower and the
mercury was collected in the cell by dipping it in liquid nitrogen
and allowing the side arm to warm up. The quartz isotope cell was

sealed h.nd then pulled off from the rest of the pyrex assembly.

3.1.11.3. Assembly

The isotope cell was enclosed in a brass housing which served
as the heating jacket. The isotope cell assembly is shown schematically
in figure 6. The diagram shows the lower portion of the brass casing

that holds the isotope cell. Both this lower portion and the upper
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half of the casing, which was fitted on to the lower half, had knife
edged apertures of 12 mm diameter. The brass housing was well sooted
before assembling the isotope cell in it. The heating of the brass
' Jacket was accomplished by a series of 4-way ceramic rods with
kanthal wire threaded through their holes. A stabilised power
supply (Farnell L30D) was used to heat the jacket of the isotope

cell. The temperature of the jacket was monitored by a chromel-

alumel thermocouple and was maintained to within % °C by the use

of a temperature controller (Pye, 17-90B).

3.1.12. Photons Detection System

The optics and the electronics for the detection of photons

are shown schematically in figure 2.

3.1.12.1. The Optics

The photon radiation from the interaction region was collected by
a quartz lens of focal length 70 mm which also acted as the vacuum window.
The lens with its focal point on the interaction region rendered a
parallel beam of light. The limiting aperture on the lens was
provided by a stainless steel cover terminating in a truncated cone
of minor diameter 25 mm. The cover was well sooted inside to prevent
reflections of photons. The radiation, after passing through a
rotatable Glan-Taylor polariser of an effective aperture of 12 mm,
was focussed on to the photo-cathode of a cooled photomultiplier
tube (EMI 6256 S) by a second quartz lens of focal length 200 mm.
The photomultiplier tube was cooled using Peltier cooling modules
(Mectron Frigistor Ltd) in order to reduce the dark current counts

o
of the photomultiplier. When cooled down to -2 C, the dark current of the




photon multiplier was " 1 count/sec. The isotope cell of effective

aperture 12 mm was introduced between the second lens and the photo-
multiplier in order to eliminate the effect of hyperfine structure
in the observed photon radiation. A1ll components of the optical

system were mounted outside the vacuum chamber.

3.1.12.2. The Electronics

The pulses from the photomultiplier were fed into an amplifier
(NE 4603). The pulses, after amplification, were analysed in a
discriminator (NE 4602). The settings of the time constants on
the amplifier and the discriminator level were chosen for the best
signal to noise ratio. The output pulses from the discriminator
were monitored on a ratemeter (NE 4607) and were fed to a Intertechnique
Didac 800, multichannel analyser (MCA) for the collection of the
data. The MCA was operated in its multiscaling mode and its contents

were printed out on a teletype for analysis.




3.2, Apparatus for the Coincidence Measurements

A schematic diagram of the essential parts of the apparatus

is given in figure 7. Apart from the vacuum chambers, almost all

other parts were modified in order to overcome the shortcomings

experienced with the previous apparatus and to add essential

components such as a turntable and an electron analyser.

3.2.1. The Vacuum System

Unlike the previous arrangement, where the electron beam source
and the mercury oven were mounted from different flanges, the entire
collision system was mounted from the same end flange on the chamber.
The main advantage of this system was that all components were
accessible at the same time for a proper alignment of the mercury
and electron beams. The optical system for the detection of photons
was mouhted from the other end flange on the chamber.

The problem with the previous vacuum system was twofold, firstly
the base pressure attainable in the chamber was rather high (v 1.5 x
10-6Torr) and secondly the Edwards 6M3A diffusion pump would cease
to function after nearly two weeks running. The likely cause of the
failure of the pump was the migration of the mercury pump vapour
past the water cooled baffle into the liquid nitrogen cold trap where the
vapour would freeze and did not trickle down to the mercury reservoir.
The result was that the quantity of mercury in the pump would run
short developing an artificial leak to the backing line with a
consequent increase of the pressure in the chamber. The way this
problem was handled in the previous stage was to isolate the vacuum
chamber from this pump by closing the butterfly valve on this pump,
thus allowing the system to run on one diffusion pump.. The defective

pump would then be switched off and the liquid nitrogen cold trap




allowed to warm up (generally overnight). The trapped mercury would
melt and be collected again in the reservoir. Next day the pump would
be switched on again and the system would run satisfactorily for
another couple of weeks when the same procedure would be repeated.
This solution was only temporary and during the time this pump was
off, no data could be collected because the mercury beam had to be cut
off since the mercury beam was ﬁre& into the cold trap for this
pump . :

Before starting with the coincidence measurements,it was
decided to remedy these problems namely, the high base pressure and
the defective diffusion pump. In order to find the cause of the
high pressure the whole system was thoroughly checked for leaks.

It was found that there was a leak with the first quartz lens which
was used as the vacuum seal between the chamber and the outside.
The lens assembly was modified and a new viton O ring was placed
between the lens and its assembly. This alteration proved useful
and the base pressure reduced to a valve € 1 x 10-6’1‘01'1-.

The faulty diffusion pump was replaced with a new Edwards
Diffstak (Model 160 - 700) diffusion pump which used santovac 5 oil
as the working fluid. There were two obvious reasons for the choice
of this pump, (i) it did not have a liquid nitrogen cold trap and
thus the consumption of liquid nitrogen was reduced by more than
half, (ii) <for the size of the chamber, this pump had sufficient
pumping speed (700 £ aec_l) to give the desired pressure. However,

a mercury diffusion pump had still to be used to collect the mercury
beam in the cold trap. The two pumps were exchanged and the Leybold-
Heraeus Quick 505 was now used for this purpose.

There could be problems in using an o0il diffusion pump in

conjunction with a mercury beam. The new pump was used after




enquiring from the manufacturers that Santovac 5 oil did not react
with mercury. This information proved to be true since with this
system no problem in this direction was noticeable and it worked
satisfactorily.

The overall pumping speed of the new system was v 1350 % sec-l.
With the system running on the Diffstak alone, the base pressure attain-
able was v 6 x 10-8torr. On opening the butterfly valve on the mercury

diffusion pump, the base pressure rose to 1.5 x 10-7'1‘011.-, allowing

for a calibration factor of 0.3 for mercury. Thus more than half of

this base pressure was due to the mercury vapour from the cold trap

of the mercury diffusion pump.

3.2.2. The Mercury Beam Density

In order to improve the collimation of the atomic beam, a honey-
combed assembly of stainless steel capillaries was fixed to the end
of the tube on the mercury oven. The length and diameter of each
capillary were, respectively, 1 mm and O.1 mm. Also the tube was
brought to within 5 mm of the interaction region to increase the beam
density. The capillary source reduced the effective area of the
aperture by v 50%. The working pressure in the chamber with the
mercury beam on was v 1 x 10-6Torr compared to 1.5 x 10-7Torr with
the beam off. The oven and the tube were operated at 150°C and 220°C,
respectively, to maintain this pressure. The mercury beam density
under these conditions was calculated, using egn. (3.5), to be

T% 1018 atoms m-s.

3.2.3. The Turntable

3.2.3.1. Description
A stainless steel turntable assembly was built on which the




electron gun, analyser and the Faraday Cup were mounted. The stain-
less steel support plate on which the turntable rotates had a
diameter of 200 mm and was mounted from the end flange using six
stainless steel rods. The diameter of the turntable was 110 mm

and was held in the support plate by two rings made of teflon.

The upper ring was fixed on to the support plate while the lower

one was sandwiched between the turntable and the support plate. The
electron gun and the Faraday Cup, facing each other, were fixed in
positions on the support plate while the analyser was mounted on to
the turntable so that it could rotate with the turntable.

The turntable was rotated by means of a system of gears
(Reliance Gear Co. Ltd) consisting of a phosphor bronze gear with a
stainless steel worm to prevent seizing whilst under vacuum. The
gear was fixed to the turntable and the worm, attached to a stainless
steel shaft, was held in two stainless steel ball races anchored on
the support plate. The gears were turned using a rotary vacuum feed
through (Vacuum Generators) coupled to the shaft by a stainless steel
flexible drive. The gears had a reduction ratio of 90:1 that is, for
90 turns of the worm the gear would move through 1 turn. Santovac 5,
a very low vapour pressure oil, was used to reduce friction in the

gears between the stainless steel worm and the phosphor bronze gear.

3.2.3.2. Angular Calibration

The angular calibration of the turntable was performed by using
a piece of the resistance wire from a ten-turn Helipot (Beckman Ltd).
The total resistance of the portion of the wire used was 22.74 * 0.02

K Q. This wire was set into the groove cut in a teflon ring located

around the turntable beneath the phosphor bronze gear. A spring




action copper slider from the potentiometer, fixed on to the support
plate, shorted the potentiometer wire to earth at this point. The
resistance between either end of the wire and earth was a measure of
the angular setting of the turntable. In order to measure this
resistance, connections from both ends of the wire were taken outside
by means of an electrical feed through.

A basic equation relating angular variation to the resistance 61
the wire was derived which allowed the angle of the turntable to be
determined to within * 0.15°, 1In order to obtain this equation, six
lines at intervals of 60° and four lines at 90° apart were inscribed,
respectively, on the turntable and the support plate. Choosing one of
the four lines on the support plate arbitrarily as the reference line,

the turntable was rotated in steps of 60° with respect to this line.

The resistance R; between one end of the wire and earth was measured

for every 60° rotation of the turntable. Calling the starting position
of the turntable (again chosen arbitrarily) as 0° and the subsequent
positions as 60°, 120° and so on, the resistance R, corresponding to
these positions was measured. A graph between angles 0 and resistance

R
1
R, was plotted from where the slope (m = 9 ) of the line (R; = m® + c)

was determined to be 0.066 KQ/degree.
The equation R; = m0 + c can be written as

@ =m” Ry + ¢’

1

= . . /KQ
066 15.15 deg./K

15.15 Ry + ¢~ (3.10)

The angle 0° for the analyser was the straight through position
that is, the position where the analyser was in line with the electron

gun. For this position, the value of the resistance was found to be




13.60 KQ. For these values, 0 = 0° and R, = 13.60 KQ, eqn. (3.10)

yields the value of c¢” = 206, and therefore,

6 = 15.15 Rl - 206
which is the basic equation relating 96 to 31 .
Using eqn. (3.11), a ready reckoner chart was constructed which
was followed to set the turntable (hence the analyser) to the required
angle. To do this, the rotary feedthrough was rotated until the
resistance R; corresponding to the desired angle was reached. In this

way the analyser could be set to any angle, in the range -40° to 700,

by measuring the resistance R; and using eqn. (3.11)

3.2.4. Cancellation of Magnetic Field

With the arrangement used for the previous measurements, even
after the cancellation of the magnetic field in the interaction region,
there was an appreciable magnetic field gradient in the vacuum chamber
in the vicinity of the analyser. The cause was the incorrect sizes and
separations between individual pairs of the Helmholtz coils. The
Helmholtz coils were arranged for convenience around the vacuum system
since the field cancellation in the previous measurements was only
required over a limited interaction region. In the present measurement,
however, field cancellation is necessary in the interaction as well as
the scattering region. Apart from the deficiency in the Helmholtz coils,
the following components were found to be magnetic,

(i) one of the four steel wires with which the chambers
were hanging from the girder,
the flexible drive used for adjusting the position

of the mercury oven,




the kanthal wire used for heating the tube from
the mercury oven,
the chromel/alumel thermocouple used for monitoring
the temperature of the tube,
different liquid nitrogen dewers resulted in different
magnetic fields.
The first two of these items were highly magnetic. These sources
of magnetic field were eradicated as follows:
(1) nylon webbing was used for hanging the chambers,
(i1) the flexible drive was removed from the system,
(iii) molybdenum wire (0.2 mm thick) was used for heating
the tube,
a copper/constantan (purely non-magnetic) thermocouple

was used,

the same liquid nitrogen dewer was used all the time in the

same position. With this dewer in position, the
magnetic field was cancelled by means of the Helmholtz

coils.

3.2.4.1. The Helmholtz coils

Two new pairs of Helmholtz coils were constructed and one of the
previous pairs was used as the third one. These three mutually
perpendicular pairs were based on the system of square coils
described by Firester (1966). According to him, the field (in Gauss)
at the centre of the pair of square Helmholtz coils is given by,

B = 1.629 NI (3.12)
5

where N is the number of turns on each coil, I is the current

in amps. and s is the length in cm.




The lengths of the coils were 96.5 cm, 64.5 cm and 107.5 cm,
respectively, for the cancellation of the vertical, along the laboratory
and across the laboratory components of the earth's magnetic field.

The separation between each pair was fixed, according to Firester (1966),
to be 0.5445 times the length of one side of the pair. The number of
turns on each coil were calculated by using eqn. (3.12) and each pair
was connected in series for delivering currents through the coils.

With all these modifications, the residual magnetic field was v 1 mG

in the centre of the interaction region and within 5 mG over a distance

of 15 cm from the interaction region.

3.2.5. The Electron Gun

For these measurements, the electron beam was obtained directly
from an electron gun system. A monochromator was not used with the
electron gun in order to obtain the maximum possible electron current
in the interaction region which otherwise would have been considerably
reduced due to the transmission loss through the monochromator. The
energy resolution of v 400 meV was adequate for these measurements
(see section 4.2.3.).

A three stage electron gun (figure 7) was designed in the light
of the principles described by Simpson and Kuyatt (1963). A tungsten

hairpin filament of 0.1 mm diameter was used as the directly heated

cathode. The electrode Ko was held at the same potential as the cathode

and had a shaped surface to favour the forward emission. The element I‘l
is the anode with a piece of tungsten gauze spot welded on the aperture
to 1limit the divergence of the beam. KO,L]_ is the extraction stage and
the two element lens Ll' L2 formed the acceleration stage. The three
element lens Lg, L3, Ly acted as the focussing lens system while the

two element lens L4, Lg provided the deceleration stage. All these
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elements were made from molybdenum and used boron nitride washers
to insulate them from the mounting rods with baron nitride spacers
in between them providing the correct spacings.

The output from the electron gun was matched to the three element
lens system Lg, L7, Lg in order to focus the electron beam in the
interaction region. This three element lens system was the same one
which was used before on the output of the monochromator. Before
assembling the gun, all elements were cleaned using the electrolytic
process described by Rosebury (1965). Also the elements of the
matching lens system v‘rere taken apart and reassembled after having
been chemically cleaned. Shields S1 and S2, made of tantalum and
covered with soot, were used to restrict stray electrons. A stainless
steel truncated cone of diameter 2.5 mm was fixed on the mounting rods,
at ground potential, to restrict the electron beam in the interaction

region.

3.2.6. Electrical Connections

Connections to the elements of the electron gun and analyser were
made by oxygen free copper wire (0.25 mm thick) inserted in fibre glass
sleeving for insulation. Connections to the injection optics for the
analyser and the electrostatic lens system on the electron gun were
made by teflon insulated single strand (0.4 mm thick) silvered
copper wire. The reason for not using the teflon wire on the
electron gun was the heat generated by the filament which would
damage the teflon insulation on the wire. Also for the analyser
elements, copper wire was preferred since it was more flexible

than the teflon wire. Stiff connections on the analyser could

damage the delicate connection pins on the electrodes. New connect-

ions using oxygen free copper wire (0.5 mm thick) were made for

the mercury oven heaters. The heating wire on the tube was already




replaced (section 3.2.5) with molybdenum wire. All these connections
were taken outside through electrical feed throughs (EFT 19) to be
connected to power supplies. The connection from the Faraday Cup
was taken outside separately through a single conductor electrical

feed through (EFT 20) where it was connected to the electrometer.

3.2.7. Power Supplies

Another potential distribution box similar to the one described
in section (3.1.7) was assembled in which 10 ten-turn Helipot
potentiometers (10 KQ) were connected in parallel. The input power
supply to the previous potential box (PBl) was changed to a 0-425 V,
50 mA constant d.c. voltage source (Kepco Model 425M). The input

to the new potential box (PB2) was the 0-100 V, 0.2A power supply

previously used with PBl. The elements of the analyser and the

injection optics derived voltages from PBl whereas the elements of
the electron gun and its associated electron optics obtained voltages
from PB2. PBl and PB2 were biased, respectively, with 0-40 V and
0-100 V power supplies in order to off-set the voltages derived from
these potential boxes. The cathode had an individual power supply
0-40 V and the constant current power supply 0-2A was used for the

heating of the tungsten filament.

3.2.8. Detection of Electrons

The electrons scattered in the interaction region were focussed
on the entrance slit of the analyser by means of a four element
(Lg, Ljg, Li1, Ljp) lens system (£ig.7). The elements of the lens
system were made from stainless steel and used boron nitride washers
and spacers for insulation and correct spacing. A well sooted shield

S3, made from tantalum, was used to cover the lens assembly in order




to restrict stray electrons. There was a stainless steel truncated
cone of 1 mm diameter on the first element which was kept at ground

potential so that there was no field penetration into the interaction

region. Electrons scattered at a particular angle and moving in a

field free region entered the cone of acceptance solid angle
V3.5 x 10-3 sr.

The 127° electron monochromator, previously used to improve the
energy resolution of the incident electron beam, was now employed
as an energy analyser (fig.7) for the scattered electrons. The
widths of the slits were changed from 0.44 mm to O.54 mm so that
more electrons could reach the electron detector. The electrons

after energy selection through the analyser were detected by a channel

electron multiplier.

3.2.8.1. The Channel Electron Multiplier

A Mullard B 318 L channel electron multiplier (fig.7), mounted
in a teflon block, was housed in a stainless steel tube which was
fixed at the output of the analyser. The cone of the channeltron
was kept as close as possible at fm from the exit slit of the
analyser so that the maximum number of electrons could enter the
channeltron. Keeping the channeltron close to the exit of the
analyser also reduces electrons reaching the channeltron without
going through the analyser. The filter circuit (C;, Cs, Ry, Rp)
for the high voltage input to the channeltron and the decoupling network
(C3, R3) on the output signal (fig.8) were built inside the cover of
the high voltage feedthrough (Vacuum Generators) on the outside of the
vacuum chamber. The high voltage to the chenneltron was provided by

a Fluke power supply (0-6 KV, Model 408 B).
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3.2.8.2. Alignment of the Electron Injection Optics

A proper alignment of the axes of the incident electron beam
and the atomic beam with the axis of the analyser injection optics
is important for the detection of the scattered electrons. This
alignment was achieved by fitting alignment rods on the cones of
the analyser injection optics and the electron gun optics. Adjust-
ments, if necessary, could be made until the axes of these rods met
at the axis of the turntable. The atomic beam tube could be adjusted to

align its axis with the point of intersection of the rods.

3.2.8.3. Suppression of Unwanted Electrons

It is important to suppress unwanted electrons in order to
reduce the background signal. The shields S1 - S4 (£ig.7) were
intended to restrict stray electrons but many electrons were still
reaching the electron multiplier by-passing the analyser. To stop
these stray electrons, thin copper foil was used for covering all
possible openings on the analyser and the channeltron mount.
Tungsten gauze was wrapped over the fibre glass sleeving on the
tube, from the mercury oven, to prevent it from charging up. The
gauze was then sooted and connected to earth potential. Likewise
a stainless steel cover, properly earthed and well sooted, was
fixed on the turntable over the teflon ring. The main function
of shielding and earthing these components was to ensure a field

free region.

3.2.9. Detection of Photons

The first lens assembly used for the collection of photons in

the previous measurements could not be used with the coincidence




measurements hecause of the modifications to the apparatus. The need

to modify the arrangement for the collection of radiation also provided

an opportunity to adopt a better way of obta:l.niné the vacuum seal

between the chamber and the outside, which so far had been achieved

by the lens itself.

A new stainless steel lens holder was designed and mounted from the
support plate of the turntable. A quartz lens, with a focal length of
100 mm and effective apperture of 40 mm, was used to collect the radia-
tion from the interaction region. The lens was positioned with its
focal point on the interaction region in order to produce a parallel
beam of light. The vacuum seal on the chamber was accomplished by
means of a quartz window of 10 mm thickness and effective aperture of
25 mm. The refractive index of quartz and hence the focal length of
a lens varies with wavelength, therefore, consideration should be
given to distances when using focal lengths in the ultra-violet region
as against given values in the visible region. According to the data
supplied by the manufacturers (Scientific Optics Ltd.), the index of
refraction, for the grade of quartz used,showed only slight variations
with wavelength. The tabulated values of refractive indices indicated
a change of <3% for the focal lengths in going from the visible to the
ultraviolet region and, therefore, no correction was made in the

distances calculated on the basis of the given focal lengths.

The radiation after being collected by the first lens passed
through a rotatable linear polariser (Glan Taylor) and was focussed on to
the photomultiplier tube (EMI 6256S) by the second quartz lens of focal
length 200 mm. The effective aperture of the polariser was increased
from 12 mm to 18 mm so that more photons could reach the photon

detector. This arrangement was used for linear polarisation analysis.




68.

A
A 2 (A = 253.7 nm) quartz retardation Plate (Melles Griot, O2WRQ 005),

with an effective aperture of 18 mm, was placed in front of the linear
polariser for circular polarisation measurements. The crystalline optic
axis direction on the % plate, indicated by a pair of diametrically
opposite dots, was lined up with the electron beam direction. The
isotope cell was introduced, as before, between the second lens and the -
photomultiplier in order to eliminate the effect of hyperfine

structure in the measured photon.radiation. The complete optical
arrangement is shown schematically in figure 7. Apart from the first
lens, which was inside the vacuum chamber, all other optical components
were mounted, as before (section 3.1.12.1), outside the chamber. No
interference filter was used since, for the results presented here,

the energy of the bombarding electrons was not high enough to excite

the 61P state.

1

3.2.9.1. Alignment of the Optical System

The optical system of quartz lenses was checked for alignment by
shining light from a He-Ne laser (Scientifica & Cook Electronic Ltd)
on a point in the centre of interaction region. This point was
defined by the intersection of the mercury tube axis with the axes of
rods fitted into cones on the electron gun optics and the analyser
injection optics. The image of the light spot on the rods was seen
on a transparent paper screen placed in the position of the photo-
cathode. Double checking of the system, in case of any misalignment
of the laser beam, was performed by illuminating the rods with a
torch light through the flange on the side of the chamber and looking
for the image of the rods on the paper screen. In each case, the
position of the image was found to be off centre by the same amount.

The position of the image was brought to the centre of the screen




after tilting the optical axis by placing shims in between the

flanges.

3.2.9.2. Elimination of Background Photons

The presence of unwanted photons give rise to the background
signal and therefore it is necessary to eliminate the light coming
from sources other than the interaction region. The two main sources
of this light were, the white hot tungsten filament in the electron
gun and the ionisation gauge head inside the chamber. The shield
on the electron gun was inadequate and a lot of light from the
filament was reaching the photon detector. To stop this light, a
thin copper foil covered with soot was wrapped around the electron
gun and on to every possible opening in the electron beam source.

In order to prevent light of the ionisation gauge head from reaching
the photon system, a stainless steel baffle after covering with soot

was placed on the ionisation gauge head inside the chamber.

3.2.10. The Timing Electronics

A schematic diagram of the timing electronics used for the
coincidence measurements is shown in figure 7. Pulses from photon
and electron detectors were fed into fast amplifiers (LRS, Model
VV100B). These gain-of-10 pulse amplifiers were mounted on the
chamber, as near as possible to the output signals, to eliminate
pick up of electrical noise. The pulses from these amplifiers were
further amplified by another X10 fast amplifier (LRS, Model 133).
The amplified pulses were then fed into ORTEC, Model 473 constant
fraction discriminators (CFD). A delay of v 500 n sec. was intro-

duced in the photon channel by means of 200 meters of coaxial cable

(Uniradio 43). The electron timing pulses from the CFD provided




start pulses for an QRTEC, Model 467 time-to-amplitude converter (TAC)
while the delayed photon timing pulses were used as stop pulses. The
output signal from the TAC, whose amplitude is proportional to the
time difference between the start and stop pulses, was connected to
the multichannel analyser (MCA). The MCA stored the pulse height
distribution spectrum from the TAC and its contents were printed out

on a teletype for analysis.

3.2.11. Elimination of the Electrical Noise

Any electrical noise in the detection system for the coincidence
measurements would give rise to unwanted counts and therefore had to
be eliminated. The mains earth was isolated and all power supplies as
well as the vacuum chamber were earthed by using thick copper braid.
The earth leads were terminated at one common point to prevent spurious
signals due to earth loops. The common point of the earth line was
connected to a solid copper rod buried in the ground outside the
laboratory. The temperature controllers previously used in conjunction
with power supplies for the heating of the mercury oven, tube and the
isotope cell were removed because their contacts on making and breaking
were generating electrical noise. These components were now directly
heated by stabilised power supplies and even without controllers, the

temperatures were maintained constant to within +1 °c.

The most serious source of the electrical noise was the liquid
nitrogen filling system. The two time clocks (T.C.1 and T.C.2) used in
the liquid nitrogen filling system were mains operated. T.C.1l was a
24 hour clock which operated T.C.2 every 6 hours. T.C.2 operated a
solenoid valve for the duration of liquid nitrogen filling which was

normally 5 minutes. The filling system, during 5 minutes of its

operation, contributed 30% of the 6 hours data due to electrical




noise from the time clocks and the solenoid valve. In order to over-
come this prohlem, a switching circuit was designed and built which
would stop the accumulation of data by inhibiting the output from the
TAC and stopping the scaler from counting whenever the liquid nitrogen
system operated. The system would start accumulating data after the
liquid nitrogen filling was over. The wiring on T.C.l. was changed so
that one end of the contact on the clock was now connected to ground
(OV). Similarly one of the contacts on T.C.2. was connected to ground.
The other ends of these contacts were utilised to trigger the switching

circuit.

3.2.11.1. The Switching Circuit

The circuit diagram of the switching device is shown in figure 9.
It utilised two integrated circuits (74LS 221) as timers, two silicon
transistors (BFY51) as drivers, one integrated circuit (74LS 00) as a
flip-flop and a 12V relay. All these components were mounted and
wired on a printed wire board which was later fitted inside a panel
box. The front panel of this box contained the two time clocks,
switches and sockets for connections to the TAC and the scaler. The
supply of +10V was obtained from the interlock control unit (section
3.1.10). The supply voltage (+5V) for the integrated circuits was
derived from a fixed voltage regulator (type 7805) which with its

associate components was also wired on the board.

The two timers which are used to start and stop the switching
circuit are triggered by the two clocks in the liquid nitrogen filling
system. Each of the two timers when triggered produces a pulse of

width 350 usec. after a delay of 0.7 sec. The pulse width and the

delay were determined by the components in the timing circuits. The

delay of 0.7 sec. was used in timer 2 so that any electrical noise from




the mains voltage associated with the mechanical bouncing of the contact
on T.C.2. vanished before the scaler and the TAC would start to accumulate
data. In the case of timer 1, the delay eliminated any repetitive
triggering. The output pulses from these timers preset or clear the
flip-flop and stop or start the scaler.

When the flip-flop is preset then the output 2Y is high and 1Y is low.
In this situation the transistor TR1l is OFF and TR2 is ON. TR1l does not
conduct and therefore the relay contacts are open, which means the liquid
nitrogen filling system is off. Since TR2 is ON and is conducting, there
is a voltage drop of "lv across it, therefore the inhibit output to the
TAC is low and it operates normally.

When the liquid nitrogen system starts then the timer 1 is triggered
by T.C.1l. The pulse from the timer clears the flip-flop and stops the
scaler. In this case, TR1l is switched ON and with a voltage of V1v
across it, there is a voltage ot‘ n9v across the relay. The relay operates
and starts the time clock T.C.2. This clock in turn operates the solenoid
valve and the liquid nitrogen starts to flow into the cold trap. TR2 is

now OFF and remains so during the time the liquid nitrogen is filling the

2 1
cold trap. Consequently there is a voltage drop of “6v (5 of 10v, 3 across

1kQ and—:- across 2kQ) to the inhibit input of the TAC, which is therefore
inhibited. After the set time for filling is over then the timer 2 is
triggered by T.C.2. The pulse from the timer presets the flip-flop and
starts the scaler. In this case,TRl is switched OFF and stops the relay
from operating while TR2 is turned ON and resets the TAC which then
starts to function.

If the liquid nitrogen filling was required outwith the timings on
the clocks then the switching circuit could be operated manually by
pressing push-button switches S1 and S2. The single-pole double-throw
switch S3, connecting the live line of the mains voltage to the relay,

was generally in the on position. L.E.D's 1 and 2 were used to

indicate the state of the switching circuit.
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4. THE EXPERIMENT

4.1. Polarisation Measurements

4.1.1. Introduction

The experiment involved the measurement of the relative intensities
I" and I.L of the emitted light with electric vectors orientated,
respectively, parallel and perpendicular to the electron beam direction.
The radiation was observed at right angles to the electron beam as a
function of the incident energy. The polarisation P was calculated
for each electron energy at a given isotope cell temperature from the

relationship,

A multichannel analyser (MCA) was used for the collection of data
for these measurements. The MCA used in this experiment had 800 channels
and any number of channels could be preselected. The MCA operated in a
repetitive mode over the number of channels selected for a preset
number of sweeps. The parallel output from the channel address of the
MCA was fed into a digital-to-analogue converter which produced a ramp
voltage as the channel number advanced. This ramp voltage after being
off-set by a bias supply (figure 4) was applied between the elements
of the electron beam source and the interaction region (ground
potential). In this way the electron energy was scanned synchronously
with the channel advance of the MCA. The pulses from the photon
detector, after amplification and shaping, were thus stored in individual

channels corresponding to the incident electron energy.

Measurements of this type are very sensitive to fluctuations

in the operating conditions such as atomic beam pressure and electron




beam current variations. The effect of these drifts in the experimental
parameters can be minimised by the continuous scanning of the signal and

integrating the individual scans.

4.1.2. Data Collection

In the present experiment the mean height of the ramp voltage was
V24 mV and with 140 channels scanned in one sweep, a voltage range
between 4.5v to 8v was covered. Each run consisted of measuring I.“
‘followed by I.L’ for a given isotope cell temperature in the range from
4°C to 50°C, for 180,000 sweeps lasting up to eight hours with a preset
dwell time of 1 msec per channel. The dwell time per channel was taken

to be short so that any drifts in the experimental parameters were

equally spread over all the channels. The number of sweeps were

selected so that a statistically meaningful spectrum was obtained.

The number of counts accumulated in the MCA were printed out on
a teletype and were punched on a paper tape. This paper tape was used
as input data for a programme which was run on an ICL 4130 computer
for polarisation calculations. The background signal, determined
from the first few channels below the threshold for excitation, was
subtracted from the data per channel for I“ and I.l.’ The statistical
uncertainty in the polarisation was calculated by assuming that

Poisson statistics was applicable.

Since the intensities I" and I.I. were observed separately, a
method of normalisation was necessary in case there were drifts in the
electron current or the atom density between the two measurements.

For this purpose individual measurements for I“ and I.L at each isotope
cell temperature were made at fixed electron energies of 6.2 eV and

6.7 eV (£fig.13) for a duration of 1000 to 6000 seconds. The determination




of the correct incident electron energy was carried out by the
procedure descrihed in section 4.2.3. These energies were selected
for the spot polarisation measurements since at these energies the
polarisation is not susceptible to drifts in the electron energy
unlike the changes that are caused in the vicinity of the two
resonances due to the negative-ion states being formed in the
excitation function at electron energies of 4.9 eV and 5.5 eV
(Ottley, 1975). The long counting time ensured that the errors
involved in these observations were small. The average value of

the measurements at these two energies was used to normalise the
data, obtained by multiscaling, for any change in the collision
parameters. A run was also taken on the MCA with the isotope cell
removed from the opticil system so that a comparison of the polarisation
data with and without the hyperfine effect could be made. This data
too was nomalis.ed to the spot polarisation measurements without the
isotope cell. All of the above measurements were taken for a fixed

electron energy resolution of V100 meV.

4.1.3. Pressure Dependence of Polarisation

The radiation emitted from excited atoms may be absorbed by atoms
in the ground state before it can reach the photon detector (Moiseiwitsch
and Smith, 1968). As compared to transitions between excited states,
the resonance lines are easily absorbed by the atoms in the ground

state. For instance, in mercury at 1 Torr the 253.7 nm line is

-2
appreciably absorbed in a distance of 10 mm (Holstein, 1947). It

implies that a high density of mercury atoms along the path length
between the interaction region and the vacuum window would result in
a significant absorption of the resonance radiation. A photon, re-

emitted after absorption by one of these atoms will not have a preferred
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direction and will thus cause depolarisation of the atomic line
radiation. It is, therefore, necessary to ensure that the atom
density is low enough so that the absorption is negligible. In

order to assess the effect of pressure depolarisation, the polarisation
was measured as a function of the mercury vapour pressure at a fixed
incident electron energy of 6.7 eV (£ig.10). It is clear from this

measurement that the onset-of depolarisation takes pPlace at a mercury

pressure of 3 x 10-6 Torr and therefore all data was taken at a mercury

pressure of v 1 x 10-6 Torr, well below the region of pressure

depolarisation.

4.1.4 Sources of Error and Corrections

The polarisation data from the measurements of I and I

u i were

corrected for errors arising from the following sources:
(1) divergence angle of the electron beam
(ii) finite angle of the photon detection system
(iii) misalignment of the polariser axis

(iv) instrumental polarisation.

4.1.4.1. The Divergence Angle of the Electron Beam

Ideally all the electron paths should be along the Z-axis (see
fig.1l) but due to focussing of the electron beam at the interaction
region, electrons are inclined to this direction. This divergence of
the electron beam would result in the measured I|l and IJ_ being
different from the excitation functions for the ideal case and
consequently the measured polarisation would be different from the
true polarisation. The relationship between the polarisation P,
of the radiation emitted from atoms excited by electrong moving along

Z-axis and the measured polarisation Pp, of the radiation from atoms




excited by electrons lying within a cone of semi vertical angle B
about the Z-axis is given by (Ottley, 1974),

Pm
_ 3.2 1 2
1- 3+ 2P

P =

The divergence angle B, of the electron beam was estimated from

the geometry of the system to be » 0.10 + 0.02 radians.

4.1.4.2., The Finite Angle of the Photon Detection System

The emitted radiation is observed along the OY direction (see
fig.1l) but due to the focussing effect of the collecting lens, photons
are detected along directions inclined to the Y-axis. The collection

of such photons would result in the depolarisation of the measured

polarisation. The equation relating the polarisation P, of the

radiation along Y-axis to the measured polarisation Py, of the radiation
detected within a cone of semi vertical angle Y about the Y-axis is

given by (Ottley, 1974),

The finite angle y, of the photon detection was worked out from

the geometry of the collecting lens system to be ~ 0.18 + 0.04 radians.

4.1.4.3. Any Misalignment of the Polariser Axis

A misalignment of the polariser axis with the electron beam
direction would alter the polarisation value of the observed radiationm.
If the misorientation between the polariser axis and the electron beam

direction is an angle a”, then




Here Iz and Ix are the light intensities polarised, respectively,

parallel and perpendicular to the electron beam direction and, I and

i
I.l. are the measured light intensities polarised, respectively, parallel

and perpendicular to the polariser axis.

The measured polarisation Pm. is given by,

Iy -4
Ill + I.l.

(Iz - Ix) (cosza' - s:l.nza‘)

247 Ly ”
(Iz + Ix) (cos<a” + sin<a”)
P cos 2a”

This equation shows that the measuredpolarisation would be less
than the true polarisation. If the angle a” is known then the
polarisation value can be corrected by

Pm

cos 2a”

The radiation intensity I(a) was measured for different values of
the polariser angle a with respect to the electron beam direction and
was fitted to the following function, which represents the intensity

distribution of partially polarised light,

I(a) = 11 + I2 cos 2(a + a”)

where Il and ]:2 are, respectively, the unpolarised and

polarised fractions of the total intensity.

The angle o” was determined from the least squares fit to this
function and the values of a” were found to be
-4.74 £ 0.93 (degrees), without the isotope cell

-4.46 * 0.40 (degrees), with the isotope cell.




4.1.4.4 Any Instrumental Polarisation

The instrumental polarisation results from a different sensitivity

of the optical system for transmitting and detecting III compared to IL‘

The measured polarisation Pp is related to the true polarisation P

through the instrumental polarisation T by the equation (Ottley, 1974),

T+ P

P, =

1 + 7P

Since 7 is small, therefore the 7P term in the denominator can be

neglected.
(4.2)

If the polariser axis is rotated through an angle a with respect
to the electron beam direction then, following the procedure of the
preceding section (4.1.4.3), the polarisation value will vary as

P cos2a.

The measured polarisation Pm, after taking into account the

instrumental polarisation 7, will be given according to eqn. (4.2),
P, = P cos2a + 7

This equation was used to determine the instrumental polarisation
by measuring Pm for different values of o and plotting these values as
a function of cos2a (f£ig.11l). The intercept on the ordinate axis was
found by making a least squares fit of the data points to a straight

line. In this way the values of 7 were found to be

m 0.022 * 0,007, without the isotope cell

and ™ -0.013 * 0.005, with the isotope cell.

The instrumental polarisation was checked for different temperatures
of the isotope cell and in each case was found to be equal to the above

value within the experimental uncertainties.
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4.1.5. Results and Discussion

Figure 12 illustrates the variation of the observed photon intensity

with the increasing isotope cell temperature. The total observed

radiation intensity (I " + I.L) has been plotted as a function of the

isotope cell temperature. The background counts, determined after
removing the cathode potential and thus cutting off the electron beam,
were subtracted from the data for I” and IJ_. The resulting total.
intensity was normalised to the Faraday Cup current and the pressure.
The graph, when examined closely, can be divided into three regions
describing the absorption of radiation as the temperature of the
isotope cell is increased. In the first region up to a temperature of
15°C, the absorption of the radiation is predominently from the odd
isotopes. In the second region up to 30°C, the absorption from the
even isotopes also starts to show up. In the third region after 30°C,
where almost total absorption from the odd isotopes has taken place,
the absorption is now mainly from the small amount of the even isotopes
in the isotope cell. It may be pointed out that the even isotopes

contribute 70% of the observed radiation from the natural isotope

mixture of mercury.

Figure 13 shows the results of the individual polarisation measure-
ments at different isotope cell temperatures for two fixed incident
electron energies of 6.2 eV (fig.13(a)) and 6.7 eV (£fig.13(b)). As
mentioned in section 4.1.2., these energies were chosen, beyond the
resonance at 5.5 eV, in order to avoid the influence on the polarisation
of the resonances at lower energies. It can be seen from these observa-
tions that practically total absorption of the radiation from isotopes
with non-zero spins (I # 0) occurred at the isotope cell temperatures
in excess of 30°C. As a result, the polarisation levels out beyond this
isotope cell temperature, demonstrating the fact that the isotope cell

did in fact selectively filter out the radiation. The fractional
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polarisationa of -0.36 and -0.32, respectively, for electron energies
of 6.2 eV and 6.7 eV without the isotope cell (i.e. with hyperfine
effect present) increased to -0.51 and -0.45, respectively, by the
absorption of radiation from isotopes with I # O (i.e. after the
elimination of the hyperfine effect in the observed radiation).

This substantial increase in the polarisation clearly indicates the

influence which the hyperfine structure has on the polarisation of

the 63P1 - 6180 intercombination line of mercury.

Figure 14 illustrates the polarisation state of this mercury
line as a function of the electron energy. The data provides a
comparison of the polarisation without the isotope cell (i.e. hyper-
fine interaction present) and with the isotope cell at a temperature
(40°C) where total absorption of the radiation for I # O occurred
(i.e. hyperfine interaction olim:lxiated). According to the calculations
of McConnell and Moiseiwitsch (1968), neglecting the effect of singlet/
triplet mixing, the threshold polarisation for the 63P1 - 6180 line of
mercury is -1.00 for zero nuclear spin and -0.77 for the natural isotope
mixture. Including the singlet/triplet mixing in the 63P1 state of
mercury, the threshold polarisation is predicted to be -0.89 for I = 0
and -0.68 for the natural isotope composition. The experimental result
without the isotope cell is in close agreement with the predicted curve
of McConnell and Moisewitsch (1968) at energies above the 5.5 eV
resonance but the occurrence of the resonances clearly has a large effect
on the polarisation at lower energies. In the presence of the isotope
cell (hyperfine interaction absent), the polarisation is more negative
at energies above the resonances as might be expected from the more

negative theoretical polarisation at threshold. In this case the

fluctuations caused by the resonances are even larger.




4,2, Coincidence Measurements

4.2.1. Introduction

The scheme of the collision system can be described by referring
to figure 7, where in a cartesian coordinate system, the electron beam
is considered to be incident in the Z-direction on the atomic target
located at the origin and the photons are observed along the Y-direction.
The position of the electron detector, which lies in the X-Z plane,
defines the scattering plame. At a fixed incident electron energy, the
127° cylindrical analyser was set to a particular scattering angle and
was tuned to accept electrons which had lost 4.89 eV energy corresponding
to the excitation of the 63P1 state of mercury. These inelastically
scattered electrons were detected in the scattering plane whilst the

photons emitted by the excited mercury atoms were observed perpendicular

to the scattering plane.

Pulses from the electron and photon detectors, after processing
through amplifiers and constant fraction discriminators (CFD), were
fed into the time-to-amplitude converter (TAC). The TAC output signal,
whose amplitude was proportional to the time interval between consecutive
start and stop pulses, was fed into the multichannel analyser (MCA)
operating in the pulse-height analysis mode. In this way electrons and
photons from the same scattering event produced a definite time

correlation in the resulting time spectrum on the MCA.

The necessary steps leading to the data acquisition of the

coincidence measurements are given in the following sections.

4.2.2, Setting of the Discriminator Level for the best

Signal to Noise Ratio

The following procedure was adopted to set the discriminator levels

for the electron and photon pulses in order to obtain the best signal




to noise ratio.

1)

Pulses from the electron multiplier, after x 10 amplification

through a fast amplifier (LRS, VV100B), were connected to the
negative input of a slow amplifier (NE 4603). The purpose of
this amplifier was: to produce pulses which were compatible
with the MCA. The output from this amplifier was connected
to the MCA in pulse-height analysis mode. A pulse height
distribution spectrum was thus obtained for the electron signal
(£igure 15(a)).

A pulse generator (Philips PM 5775) was used to give out
fast negative pulses at a reasonable repetition rate. These
pulses (v 5 nsec wide) were comparable in width and amplitude
to the pulses from the electron multiplier after x 10
amplification. In other words, pulses similar to the ones
from the channeltron were obtained and connected to a x 10
amplifier (LRS, 133). The output from this amplifier was
connected to the CFD whose discriminator threshold was set

to some value (say 2V). The amplitude of these pulses was
varied until the cut-off occurred, i.e. no pulses of
amplitude higher than the setting on the discriminator level
of 2v were detected.

These pulses of amplitude set to a given discriminator level
were connected to the MCA through the slow amplifier (NE 4603)
and a pulse height distribution spectrum was obtained for
these pulses of fixed amplitude.

The two pulse height spectra, obtained in (i) and (iii) and
stored in two subgroups of the MCA, were compared by
displaying them together on the screen of the MCA. From
this, it could be exactly seen where the set discriminator

level fell in relation to the electron pulse height
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distribution. The procedure in (iii) was repeated for a

few settings of the discriminator level and it was found

that a discriminator level of 1.0 v was required to eliminate
noise without a&tecting the real signal (figure 15(b)). A
similar procedure was used to set the discriminator level

for the photon signal from the photomultiplier.

4.2.3. Determination of the Incident Electron Energy

The energy of the electron beam in the target region, at ground
potential, should be given by the difference of the cathode and ground
potentials. However, in practice, the effective potential difference
between the target region and the cathode is different due to the
existence of a "Contact potential". The contact potential depends
on the material of the cathode and the material surrounding the target
region. It is, therefore, necessary to evaluate this contact potential
for the correct determination of the electron energy. The contact
potential was found by the following two ﬁethods,

(1) The cathode potential with respect to ground was changed

in steps of 100 mV and photons were observed at each potential.
A graph of photon counts versus cathode potential (fig.16)

was plotted. The potential corresponding to the intersection
of the extrapolations of the onset and background counts
determined the threshold of the excitation. The difference

between the observed potential and the threshold potential

(4.89 V) for the excitation of the 63P1 state is a measure

of the contact potential. In the case of the measurement
illustrated in fig.16, the measured potential for the
threshold comes out to be -4.43 v and therefore the contact
potential is -0.46 V. The energy of 5.5 eV, for instance,

would be given by the cathode potential of -5.04 V with
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respect to ground, allowing for this contact potential
of -0.46 V.

The elementsof the electron beam source were ramped over
an energy range covering the second resocnance occurring

at 5.5 eV. The data, with the axis of polariser set

to Oo with the electron beam direction, was accumulated

in the MCA for a length of time until a reasonable
excitation function was obtained. The excitation

function so obtained was then scanned slowly so that

the cathode potential pertaining to the channel in the

peak of the resonance could be measured. The difference
between this potential and the potential corresponding to the
peak of the resonance at 5.5 eV provides the contact

potential.

4.2.4. Energy Loss Spectra

Electrons scattered in the interaction region in a particular
direction were energy analysed by the 127° cylindrical analyser when
tuned to the emergy loss for a given excited state. Those electrons
transmitted by the analyser were detected by the channel electron
multiplier and the energy loss spectrum was obtained on the MCA, in
its multiscaling mode, by scanning the reference voltage of the
analyser with the ramp voltage.

An energy loss spectrum, taken at an incident electron energy of
10.5 eV with an energy resolution of 0.40 eV at an electron scattering
angle of 70°, is shown in figure 17. The spectrum shows a series of
peaks corresponding to different energy levels of the excited states.
The energy scale was calibrated with reference to the elastic peak
occurring at zero energy loss. Sharp features were observed at energies

of 4.88, 5.47, 6.72, 7.91 and 8.83 eV. The energy positions of these
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features are in excellent agreement with the energy levels of Moore

(1971) at 4.89, 5.46, 6.70, 7.93 and 8.84 eV respectively.

The energy resolution of the system was sufficient to resolve

the 63P state (E = 4.89 eV) from the 63P2 state (Elosa = 5.46 eV)

1 loss

but could not resolve the 63P0 state (Bloss = 4.67 eV) which was buried

in the shoulder of the 83P1 state. However these metastable states do
not f:oso any problem for coincidence measurements since the time on the
TAC window (2 usec) is very much shorter than the lifetimes of 5.56 sec
and 6.67 sec, respectively, for the 631’0’2
Electrons scattered into the detector after the excitation of these

states (Krause et al 1977).

states do not affect the number of real coincidences but only contribute

to the accidental rate.

Energy loss spectra at incident electron energy of 10.5 eV at
electron scattering angles of 50° and 35° are shown in figure 18. The
feature corresponding to the energy loss of 7.93 eV is uot observed

in these cases.

Figure 19 shows a term diagram of mercury with energy levels

corresponding to the data by Moore (1971). The diagram shows the

transition under investigation that is, the 631’1 - 6180 (253.7 nm)

intercombination line. Also shown is the spin allowed non-inter-

combination line at A = 185.0 nm, arising from the transition

611’1 - 6180. The 253.7 nm line of mercury is not typical of inter-
system combinations, which are in general weaker than lines due to
transitions between levels of the same system. This particular

line, though nearly fifty times weaker than the corresponding singlet-
singlet line, is very bright because it provides the only route by

which an atom can return from the triplet system to the ground state.

The effect of the incident electron energy on the relative

intensities of inelastically scattered electrons, resulting from the




excitation of atoms to 63P1, 63Pz and 61P1 states, was observed by
taking energy loss spectra for different impact energies at a scattering
angle of 70°. The data so obtained on the MCA was printed out and the
number of electron counts pertaining to these states were normalised to
the Faraday Cup current and pressure. The normalised count rates were
then plotted as a function of the incident electron energy (£ig.20). It
can be seen that the intensity of the inelastic electrons for the 63P1
state (excitation state under investigation) falls with the increasing
incident electron energy or in other words the maximum sensitivity is
for impact energies close to the threshold of excitation. On the

basis of this observation, incident electron energies of 5.5 and 6.5 eV
were chosen for coincidence measurements. Moreover scattering angles

of 50° and 70° were used for the detection of inelastically scattered
electrons because the analyser could not be moved beyond 70° due to

the positioning of the tube from the mercury oven. At scattering

angles less than 500, on the other hand, the contribution from the background

electrons becomes very large resulting in a deterioration of the signal

to noise ratio.

An energy loss spectrum obtained at an incident electron energy of

6.0 eV at a scattering angle of 70° is shown in figure 21. It can be

3
seen from this observation that the sensitivity for the 6 P1 peak is

greater than those of the elastic and the 83P2 peaks. However, the
sensitivity of any peak could be maximised by adjusting the voltages
on the injection optics and the analyser elements for an optimum
focussing of the scattered electrons relating to that peak. The
energy loss spectrum of figure 21 was taken after the best focussing

3
of the inelastic electrons corresponding to the 6 P1 peak.
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4.2.5. Data Acquisition

The 'true coincidences', due to electrons and photons from the
same scattering event, appear in certain channels of the MCA correspond-
ing to a range of times. These times are determined by the resolution

time of the apparatus and by the lifetime of the excited state. The

lifetime of the 63P1 state is 120 nsec (King and Adams, 1974) and, in

comparison, the resolution time of the apparatus was very short.

The resolution time of the apparatus was estimated to be ™~ 5 ns.
. The major contribution to this resolution time results from the spread
in the time of flight of electrons from within the atomic beam of finite

width. Inelastic electrons of energy 1 eV (E ~ 6 eV, E v 5 eV)

impact
move with a velocity of 5 x 107 cm sec-l. The spread in the time of

loss

flight of electrons due to a 0.2 cm width of the atomic beam in the
interaction region is ~ * 4 ns. The spread in timing pulses from the
electron and photon dectors with risetimes of 5 ns and 10 ns,
respectively, are fractions of these times. Finally the resolution
of the timing electronics was measured to be better than 1 ns and was

negligible by comparison.

The 'true coincidences' on the MCA must be separated from a
background due to 'random coincidences' which are distributed through-
out the time spectrum of the MCA. These 'random coincidences' arise
when the start and stop pulses of the timing unit originate from
different scattering events where the electrons and photons have no
common origin. The times of such coincidences are randomly distributed
and therefore they contribute a uniform background to the time spectrum
of the MCA. In this way a 'true coincidence peak' on top of a back-
ground of 'random coincidences' was obtained on the MCA when the time
origin of the 'true coincidences' was brought into the .range of

observed times by means of an additional cable delay inserted into




the stop channel of the TAC (see figure 7). The number of 'true
coincidences' was found from the counting rates of the true and
random coincidences as follows:

'True Coincidences' appeared in a group of 40 channels correspond-
ing to a time window Atl in the time spectrum of the MCA. 'Random
Coincidences' were measured in 155 channels pertaining to a time
window Atz in a region which had no or at least a negligible number
of true events, i.e. before the origin of true coincidences or long
after this origin. The number of 'true coincidences' was found by
subtracting the coresponding background, measured in Atz, from the
total number of coincidences (true and random) appearing in Atl.

If Nl and Nz are the coincidence counts in time windows Atl and
Atz, respectively, then the total number of 'true coincidences'

Nc is given by

At1
where R = ——

RN,
2 At,

The statistical uncertainty of Nc was calculated by assuming

that Poisson statistics was applicable when the standard deviation

o(N) is given by /N. Thus the standard deviation of Nc is given by

¥
O(N) = (N, +R" N,)

The total number of 'true coincidences' Nc was normalised to the

total number of scattered electrons N accumulated during this time.
N o(N))

The resulting values N_c_ and N vere thus insensitive to small
e e

variations in electron beam current, target density and efficiency of

the electron detector. In order to keep a constant check on the
stability of the system, count rates of electrons and photons were

observed before and after each run.
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Electfon—photon coincidence counts were measured for various
positions of the polariser angle o at fixed incident electron energies
and scattering angles. The data so obtained was fitted to a cosine
function of period T (eqn. (4.1)). The radiation intensities
I(a = 0°, 45°, 90°, 135%) were determined from the fitted values of
the data. After introducing the -j} Plate in front of the linear
polariser, similar measurements were performed and I(RHC) and I(LHC)
were determined for a = 45° and 1350, respectively. All these
intensities were then measured after the elimination of the hyperfine
interaction by the same technique as used previously (see Section 3.1.11,
also described by Zaidi et al 1978). Accordingly the isotope cell was
inserted in the optical system. From the measurements of these
intensities, the Stokes parameters (Po. Pl, P, P3) were calculated

2
by using eqn. (2.11).

4.2.6. Pressure Dependence of Coincidence Signal

As mentioned in section (4.1.3.), the imprisonment of resonance
radiation or resonance trapping takes place when the radiation emitted
from an excited atom is absorbed by atoms in the ground state. A
photon, re-emitted after absorption, will no longer be correlated in
time with the scattered electron that caused the initial excitation.
The experimental results would thus be affected by resonance trapping
and therefore it is necessary to check the effect of pressure on the

coincidence signal as well as on the photon and electron intensities.

The coincidence signal was measured as a function of the mercury
vapour pressure at an incident electron energy of 5.5 eV and scattering
angle of 70° with the polariser set with its polarisation axis at an
angle of 135° with the electron beam direction. This gngle of the
polariser was chosen because at this angle the coincidence signal

was maximum and hence it was not susceptible to any variation in
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the angle. It can be seen from this measurement (fig.22) that the

coincidence signal reduced significantly at pressures in excess of

4 x 10 %1orr.

With the same excitation parameters (Eimpact = 5.5 eV, 9e = 70°),
a study was made of the photon and electron intensities as a function
of the mercury pressure. The background counts for photons and electrons
were determined by switching off the heating to the tube on the mercury
oven and thus blocking the atomic beaﬁ. These background counts were
subtracted from the photon and electron count rates and the resulting
counts were normalised to the Faraday cup current. The normalised
count rates were then plotted against the mercury pressure (fig.23).
The results show a linear increase in the photon signal up to a pressure
of v1x 10-6Torr followed by a gradual rise and afterwards a decrease
in the signal (fig.23(a)). The results exhibit a_linear dependence of
the electron signal on the pressure (fig.23(b)). To ensure that the
effects of resonance trapping were unimportant, the operating pressure

was taken in the linear range of the photon signal, i.e. at a pressure

less than 1 x 10 °Torr.

4.2.7. Sources of Systematic Error

Besides the pressure dependent effects described above, the
following possible sources of systematic error were taken into account.
(i) A pile-up distortion of the delay time spectrum,
caused by stop pulses being unrecorded due to prior
arrival of another stop pulse, originating from an
uncorrelated event, could result in a loss of coincidence
signal at longer times. The possibility of such a pile-

up distortion was remote in the present experiment owing

to low counting rates v 1KHz of the start and stop pulses.




The detection of photons of correct wavelength reflected
from surfaces around the interaction region could give a
false contribution to the coincidence signal. 1In order to
reduce reflection coefficients, surfaces from which
reflected photons might be detected were blackened.
Spurious electrical noise would affect the coincidence
3ignal. Every possible effort was made to eliminate any
source of such noise (see section 3.2.11). The absence of
spurious events is indicated by the uniformity of the back-
ground of random coincidences during the runs (see fig.24).
The results could be affected by changes in the sensitivity
of the photon detection system. The absence of any
significant drift was demonstrated by the reproducibility

of the data from run to run.

4.2.8. Results and Discussion

Figure 24 shows a delayed coincidence spectrum for an incident
electron energy of 5.5 eV at a scattering angle of 70° with the polariser

making an angle of 135° with the incident electron beam direction.

Figure 25 illustrates an example of the variation of the
coincidence radiation intensity as a function of the polariser angle

o
for an incident electron energy of 5.5 eV and scattering angle of 50 .

Initial results were taken with the incident electron energy of

3
5.5 eV because, as mentioned in section (4.2.4), this state (6 Pl)

exhibited maximum sensitivity at energies close to the excitation
threshold. However the existence of a resonance at this energy could
have affected the results and therefore results were also taken at an

energy of 6.5 eV, away from the resonance.
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Standage and Kleinpoppen (1976) performed a similar experiment
on helium for linear and circular polarisation measurements of the
31P - 218 (501.6 nm) photons detected in delayed coincidence with
electrons inelastically scattered after the excitation of the 31P
state. Their measurements of the vector polarisation and coherence
parameters provided direct experimental evidence of the coherent
nature of the excitation process. 1In their case, for the excitation
of the 31P state of helium, the connection between the collision
parameters and the photon polarisation is simple. The components of
the vector polarisation 'P' can be expressed in terms of the

parameters A and x (discussed in section 2.2) by the following

relations (Blum and Kleinpoppen 1979),

P1=2)\—1

P, =-2{2(1 - A)}i cos X

p3 =.2{\(1 - A)}i sin x

They were able to extract the values for )\ and le from the
linear polarisation data and found an overall agreement with the
previous angular correlation measurements of Eminyan et al (1975).
However in the present experiment, for the excitation of the 63P1
state of mercury, these simple relations are not valid due to fine
structure splitting and spin-orbit interactions. Nevertheless the
measurements of the vector polarisation and the coherence correlation

factor can still provide useful information regarding the coherent
nature of the excitation process.
The advantage of using the coherence correlation factor compared

to the vector polarisation is that information about the effective

phase difference between two orthogonal light vectors is obtained.




The effective phase difference between light polarised along the

z and x directions is given by

-1
Bzx = tan fi) (eqn. (2.13))
Py

where the relative intensities Iz and Ix are

calculated from the data for Pl (eqn. (2.11)).

The magnitudes of vector polarisation and coherence correlation

factor are deduced by using the relations,

S N S
2] (P + P, +P)) (eqn. (2.14))

B P: - %)i (eqn. (2.12))

(|
zx 1
-P?.

The experimental results are given in table 3. The components
Pl, P_, l-"3 of the vector polarisation, the degree of polarisation IE_I
and the coherence parameters |u| and Bzx' together with Iz and Ix
are tabulated here as functions of incident electron energy and
scattering angle. These measurements were taken for fixed incident
electron energies of 5.5 eV and 6.5 eV at electron scattering angles
of 50° and 70°. Values of 0.40 and 0.27 (table 3(a)), respectively,
for the degree of polarisation and the degree of coherence, determined
for an incident electron energy of 5.5 eV at a scattering angle of 50°
without the isotope cell (i.e. when the effect of hyperfine interaction
was present), increased to 0.65 and 0.55 (table 3(b)), respectively,
when the isotope cell was present and the effect of hyperfine structure
had been eliminated. This comparison clearly shows the substantial
influence of the hyperfine effect on these parameters.

k¥

In comparison with the 118 *> 3P 218 process in helium (Standage

and Kleinpoppen, 1976) which is completely coherent, that is |P| = |u| =1,

the values of |P| and |u| obtained in the present experiment, as given




‘300730 ourjaiodiy ay) ojBUTWII® 03 §B 08 [[90 adojost oy} Suysn ueye) siynsoy -(4)

‘juesexd sevm 309379 ouryiediy oyj os puv [[80 8do3OST 8Y3} 3INOYI M ULNE] S}Tnsey : (B)

‘UOT}BTASD pIBpPUB}S OUO jussaxdel SOTIUTEIILOUN TBIuUSWIIedxe pajond ‘Lrnosem uy ssecoxd

U0T3183 [OX0-8p/UOT} B [OXO omac oS ﬁmnc << omac ey} o0y siejewsaed wojoyd JuUSpPIOUTO) T

€0°0 ¥ ¥9°0 29°0 | 80°0 ¥ €9°0 |LO°O

v0'0 ¥ LE'O 19°0 | LO0°0 ¥ ¥9°0

¥0°0 ¥ €7°0 L0°0 7 09°0

¥0°0 ¥ 62°0 80°0 ¥ §9°0

- £ 2 ADHANT
| a| g £ NO¥LOETE

SHALIANVEVd SIIOLS AISITVNUON INIAIONI

QILVNIRITE 103349 ENIJYAJXH ()

€0°0 ¥ ¥€'0( €0°0 ¥ 99°0| €I°0 ¥ 6S°0 | SO°0 ¥ LZ2°0| S0°0 7 OFP°0 |SO°0 F PI‘O- S0°0 ¥ TI€’0 A® S°¢

£ z T ATONV ADYANT
(pex) =
sl | a | L = _ ONI NOHLOFTH

g SHALANVEVd SHNOLS TASITVWHON -4ALLVOS INIAIONI

INISTHd LOAAAd ANIJHAdAH (¥)




in table 3 and reported before (Zaidi et al 1979), indicate that the

1 3 1
6 so -+ 6 P1 + 6 SO excitation/de-excitation process in mercury is not

completely coherent even when the effect of hyperfine structure has
been eliminated. This discrepancy may be attributed to fine structure
and spin-orbit interactions in this pProcess. It has been shown by

da Paixao et al (1979) that as a consequence of spin-orbit coupling,
the radia'tion emitted from an excited state will not be completely
polarised. Zehnle et al (1978) observed depolarisation and incoherency
due to the influence of electronic amd nuclear spins on the

428 -> 42P -+ 428 process for potassium,

It is interesting to note from the present results (table 3(b))
that for a given scattering angle, the degrees of coherence and also
the degrees of polarisation are equal for incident electron energies
of 5.5 eV and 6.5 eV. Since 5.5 eV corresponds to the position of
one of the resonances caused by a negative-ion state in mercury and
6.5 eV is free of such mtemdiato‘ excitation states, this might
indicate that the degree of coherence of this excitation process is
independent of the detailed excitation mechanism, and the incoherency
arises during the period of the relaxation of the excited state.

This is consistent with the negative-ion state decaying very quickly,
with a lifetime " 10-143, to the 63P1 state. However, it may be seen
that the components of the vector polarisation (normalised Stokes

Parameters) do show significant changes at these energies.




5. CONCLUSIONS

This work has involved extensive polarisation measurements of the
63P1 - 6150 line of mercury, excited by electron impact. An important
consequence of the fine structure and hyperfine structure splittings
is the reduction of the polarisation of the emitted line radiation.
The polarisation is influenced by the periods of the precessional
motions associated with the fine structure and hyperfine structure
interactions. The effect is negligible if the lifetime T of the
excited state is small compared both to fine structure and hyperfine
structure precessional periods, Tfs and Thts’ since in such a case
emission takes place before the precessional motions can be set up.

On the other hand if T is large compared to both Tts and T then,

hfs
while the atom radiates the precessional motions reduce the anisotropy
of the angular distribution and hence the polaﬂsaticn of the line
radiation. In the case of mercury, the lifetime of the 63P1 state is
v 10-75, whereas the fine structure splitting frequency is ~ 101432

(Tgg ™ 10-143) and the hyperfine structure splitting frequency is

~ 1010 Bz (toog ™ 1o"1°s). It follows therefore that the fine

structure and hyperfine structure interactions will reduce the

polarisation of the 63P1 - 6180 line of mercury.

In the first stage an isotope cell has been used to eliminate the
effect of hyperfine structure on the polarisation of this intercombina-
tion line of mercury, excited by electron impact. This effect was
observed by comparing the polarisation of the above line radiation
from mercury of natural isotope composition with the polarisation
of the line radiation from even isotopes having zero nuclear spin
(see figure 14). The existence of the resonances at 4.9 eV and
5.5 eV has a large effect on the polarisation at lower energies.

However, if one considers the observed results only for energies




greater than 6.0 eV, one may make plausible extrapolations which are
in good agreement with the calculated threshold polarisation of
McConnell and Moiseiwitsch (1968). The effect of the hyperfine
structure on the polarisation can be clearly seen from figure 14
where at an incident electron energy of 6.0 eV, the polarisation of
-0.35 without the isotope cell (i.e. when the hyperfine effect is
present) increased to -0.55 in the presence of the isotope cell when
the effect of the hyperfine structure in the observed radiation had
been eliminated by the absorption of radiation from the isotopes having
non-zero nuclear spins. This remarkable observation has beautifully
demonstrated that the hyperfine structure has a substantial influence
on the polarisation of this line of mercury. It may be emphasised
that these measurements were made possible by the novel technique of
using an isotope cell to selectively filter the radiation. It would
have been difficult, if not impossible, on the basis of the cost
alone of obtaining isotopically pure mercury to carry out such
measurements in the manner Hafner and Kleinpoppen (1967) performed
their experiment, using isotopically pure atom beams, to measure the

polarisations of the resonance lines of L:I.e, L:I.7 and Nazs.

The effect of the hyperfine interaction on the polarisation has
also been found to be prominent in the second stage of the experiment
where the electron-photon delayed coincidence technique has been used
to measure linear and circular polarisations of the coincident photon
radiation for the 6180 -> 63P1 -+ 6180 transitions of mercury by electron
impact. These measurements have been made difficult by the long life-
time of the excited state in a system where the background count rates

were significant. The problem was further complicated by the

appreciable reduction in the observed photon radiation due to absorption

-
in the isotope cell. At the working temperature (40 C) of the isotope




cell, the radiation intensity had fallen to ~ 38% of the intensity
without the isotope cell (see figure 12). Despite these pProblems,
it has been possible to show from the evaluation of the vector

polarisation and coherence parameters that the excitation/de-

1
excitation process, 6 So -> 63P1 -+ 6180, in mercury is not completely

coherent even after the elimination of the hyperfine effect. This
incoherency may be associated with the. fine structure and spin-orbit
interactions in this process. This view is supported by da Paixao et
al (1979) who have shown that as a consequence of the spin-orbit
coupling the photon radiation will not be completely polarised. It
may be noted that the degree of polari‘sat:lon and the degree of
coherence are equal for the two incident electron energies (5.5 eV
and 6.5 eV). Since at 5.5 eV, the excitation involved the formation
of a temporary negative-ion state unlike the excitation at 6.5 ev,
this could be explained if the incoherency of this process arises
during the time the atom spends in the excited state, that is :ln.the

decay mechanism rather than during the excitation process.

The present work as a whole provides an opportunity to compare
the polarisation measurements as performed with a traditional experiment
to those carried out using the electron-photon coincidence method.
It is interesting to note how the polarisation is dramatically different
when the radiation analysis is done averaged over all scattered
electrons directions and how significantly the polarisation can change
when the analysis takes place with regard to the direction of the
inelastically scattered electrons. Values of the linear polarisations,
after the elimination of the hyperfine effect, at incident electron
energies of 5.5 eV and 6.5 eV obtained in the first experiment (see
figure 14) are, respectively, -0.28 and -0.48. Values of the same

measurements with the second experiment are 0.42 and 0.26, respectively,




at an electron scattering angle of 50° and both values become equal

to 0.13 at a scattering angle of 70° (see table 3(b)).

In order to obtain further information about the vector polari-
sation and coherence parameters of the coincident photon radiationm,
improvement of the apparatus is required. The use of a monochromator
together with electron optics to control the energy spread and the
collimation of the electron beam would certainly be of advantage
provided the intensity of the electron current in the interaction
region is not reduced significantly. In this way the background
counts would be lowered and hence an increase in the signal to noise
ratio would allow a longer range of the electron scattering angles
to be covered. The range of the incident electron energy should be
extended to find out the effect of increase in energy, if any, on

the degrees of polarisation and coherence.

In addition the possibility of studying the BJ"PI - 6180 (185.0 nm)

line in preference to the 63P1 - 6180 (253.7 nm) line can be considered.

This line at 185.0 nm has a much shorter lifetime, T = 1.31 x 10-99

(Lurio, 1965), than the 253.7 nm line whose lifetime T = 1.20 x 10-75.

For this 185.0 nm line the signal to noise ratio is expected to be
better due to a larger sensitivity for the excitation of the elPl state

in comparison to the 63P state (see figures 17 and 20) and, in any case,

1
the theoretical interpretation would be easier in the absence of the
fine- structure after having eliminated the effect of the hyperfine
sthtum by the use of the isotope cell. However a complete
polarisation analysis may not be possible since it is difficult to
obtain a quartz % plate for the wavelength of 185.0 nm but, on the
other hand, the values of A and |x| may still be determined from the

linear polarisation data alone.
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