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Errata
P. 43. 1. 27

p. 44. !• 6

p. 46, 1 . 23

P. 95. 1. 16

equation should read JQ 2-3 V03/2
“ 7 “

»

where D is the cathode - anode separation ( ~1 cm).

replace Spanenberg by Spangenberg, also in 

figure caption.

replace flourescent by fluorescent, 

replace spanenberg by Spangenberg.
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Abstract

The polarisation of the 6 1SQ - 6 P., (1850 A) and the 61S0 - 6 ^  

(2537 A; lines of mercury, excited b/ low energy electron impact, 

have been measured. In both cast the emitted radiation was observed 

in a direction perpendicular to the electron beam. In the first 

instance, the polarisation of the 2537 A line was measured with an 

energy resolution of 300 meV, in an experiment where the mercury was 

in the form of a vapour. The results from this gave a first indication 

that resonances in the excitation of the line are responsible for 

departures of the polarisation from the theory of McConnell and 

Moiseiwitsch.

A crossed-beam apparatus was assembled, and the polarisation of 

the 1U50 A line was measured, again under low resolution. Agreement 

with the theory in this case is reasonable, apart from in the region 

within a few eV of threshold, where the measured polarisation is 

rather lower than that predicted.

To examine more carefully the resonances observed in the 2537 A 

line, an electron monochromator was built, and the polarisation of 

the line was measured under high resolution. Data are presented 

with an energy resolution of 140 meV and 100 meV. A total of six 

features are observed, of which resonances at 4*92 and 5*50 eV are 

particularly well marked. The observed polarisation of the resonance 

at 4*92 eV appears to be in agreement with the hypothesis that a
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1. Introduction

When atoms of a gas or vapour are excited from the ground state

to an excited state by collisions with an incident beam of electrons,

the radiation emitted in subsequent electric dipole transitions, is

in general, partially polarised. The relevant measurable quantities

are I„ and lx , the intensities of the radiation having electric

vectors parallel, and perpendicular, respectively to the electron

beam direction. The fractional polarisation, P, is defined by the

relation, _ _
p _ Ia

W l *

The polarisation usually has a strong dependence on the energy 

of the exciting electrons, and, in addition, may be expected to be 

a function of the target gas pressure and other experimental conditions. 

In particular, many of the early measurements were made with a poor 

energy resolution, which smeared out any resonant structure.

The earliest measurements of the polarisation of line radiation 

excited by electron impact were made in the 1920s. In 1925, Kossel 

and Gerthsen1 found that the unresolved sodium D lines showed no 

polarisation within the limits of their experimental uncertainty.

This result was confirmed in the following year by Ellett, Foote
p

and Nohler , who also tried mercury for the first time, and 

determined a polarisation of - 0»3 for the 2537 A line at an incident 

electron energy of between 6 and 7 eV. Also in 1926, Skinner^ 

measured the polarisation of some 21 mercury lines, and Sldridge 

and Olsen^ examined 30 mercury lines.

These early results however were mostly qualitative, being made 

at a fixed electron energy, and employing photographic techniques 

for the estimation of the relative intensities of I„ and lx • Some
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comparisons with a simple theory were made with varying success.

The effects of radiation trapping were not fully understood.
5

Quarder , in 1927» was able to show that there was a definite 

dependence of the polarisation of some of the mercury lines on the 

incident electron energy. His energy range extended from 16 eV to 

2200 eV. This work was closely followed by the now famous paper 

of Skinner and Appleyard^, where 28 mercury lines were examined, 

and the polarisation was measured as a function of energy. Except 

in the cases where the light was apparently unpolarised, these lines 

all showed a basically similar feature: the polarisation just above 

threshold was zero, or nearly so, and then as the electron energy 

was increased, the polarisation rose sharply to a maximum value, 

and then declined gradually. In some cases the polarisation changed 

sign at an electron energy of about 80 eV. Table 1:1 lists the lines 

of mercury for which polarisation measurements have been made.

Following the publication of papers by Oppenheimer'’ in 1927 

and 1928, and by Penney^ in 1932,on the theory of the polarisation 

of line radiation, it became clear that there was a serious discrepancy 

between the observations of Skinner and Appleyard near threshold, 

and the theoretical threshold polarisation values. This discrepancy 

existed for many years, but papers by Federov and Mezentsev1®, and 

Heideman, Smit and Smit11, and the present work have shown that the 

energy resolution used by Skinner and Appleyard was not sufficient 

to observe detailed structure in the polarisation near threshold.

Although the Oppenheimer - Penney theory, as it became known, 

allowed for the fine- and hyperfine- structure of the atomic levels, 

there were several cases (such as the Lyman <* line of hydrogen) 

where the line width was comparable to either the fine- or hyperfine-



M > l e 1:1 Measurements of the Polarisation of Mercury Lines 
Excited by Electron Impact

Wavelength Transition Refs.

5791 61P1 - 61D2

5770 61P1 - 63D2

5461 63P2 - 73S1

4916 61Pi - 81s0

4358 63P1 - 73S1

4348 61Pi - l \

4108 61Pi - 91S0

4078 63Pi - 71Sq

4047 63Pq - 73S1

3906 * 1  - 81d2

3802 6\  - 1°1so
3704 61P1 - 91D2

3663 63P2 - 61d 2

3655 63P2 - 63d2

3650 63P2 - 63Dj

3593 61P1 - 101D2

3341 63P2 - 83S1

3132 63Pi - 61D2

3126 63P.| - 63D2

3027 63P2 - 71D2

3026 63P2 - 73D1

3023 63P2 - 73D2

63P2 - 73D3 4,5,6

11

Wavelength Transition Refs

3021

2967 63Pq - 63D1 4,5,6

2925 63p2 - 9^S, 4,5,6

2894 63P1 - 83s 1 4,5,6

2848 6 ^  - 81s0 4

2804 63P2 - 83D2 4

2803 63P2 - 85Dj 5,6

2760 63P2 - 103S1 4

2753 63Pq - 83s 1 4

b^Pg -  463P2 -  83Dj  463P., -  71D2 4 ,5 ,663P1 -  73D1 4 ,6
65P.j -  75D2 4,5,6

61Sn - 63P 2,5,6,
,  0 , 2 5

63Pq -  663Pi  -  81D2 563P1 -  83d2 5
63P1 - 93D2 5

61S„ - 61P, 26

I
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structure splitting, when the Oppenheimer - Penney theory failed 

to give unambiguous results. In 1958, Fercival and Seaton1^ completely 

reviewed the polarisation theory, and showed that it was possible 

to treat such intermediate cases by calculating the probability of 

a polarised photon being emitted by the complete system of electron 

and atom.

Since 1958, there have been many experiments performed on the 

polarisation of line radiation, from a variety of different atoms 

and ions, but particularly helium, mercury and the alkali atoms.

Helium is of particular interest here, because it is, like mercury, 

a two - electron system; but, unlike mercury, there is no breakdown 

of IS coupling. Early experiments had suggested that the polarisation 

was nearly zero at threshold for a number of lines where the 

theoretical polarisation was actually large. McFarland1 ,̂ in 1964» 

was able to show that if the electron energy was reduced to a value 

sufficiently close to threshold, then the polarisation started rising 

again. This has been confirmed by other experiments, of which the 

most important are those of Heddle and Keesing1 ,̂ and Heddle, Keesing 

and Watkins1 This last work demonstrates very clearly how rapidly 

the polarisation may vary in a narrow energy range just above threshold.

Similarly, in mercury, Federov and Mezentsev10, and Heideman,

Smit and Smit11 showed that sharp changes in polarisation could 

exist near the threshold of a line. Often, the use of some form 
of electron monochromator, to reduce the energy spread normally present 
in an electron beam, has resulted in a measurement which has been 

of more value in testing the theory.
The polarisation does not always vary rapidly in the immediate 

vicnity of threshold. Lithium and sodium exhibit smooth variations,
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as Hafner, Kleinpoppen and Kruger16 have demonstrated. Biemark1^

found substantially similar behaviour for the sodium D lines. These

results are in good agreement with theory. The results of Ehlers 
13 1 1and Gallagher for the - Sq resonance line of calcium indicate 

that the predicted threshold polarisation of + 1*0 is correct, and 

show also that there is an initial drop in polarisation extending 

over a volt.

In hydrogen, the polarisation of the H* line has been measured 
19by Kleinpoppen and Kraiss , and that of the Lyman«* line by Ott,

20Kanppila and Fite . In both cases, as the electron energy is 

reduced towards threshold, the polarisation first rises to a maximum, 

and then falls abruptly to a low value near threshold.

Many fluctuations in measured polarisation functions are now 

known to be caused by resonances where a negative ion state is formed. 

The reactions possible ares

(a) e + A ------ * A + e

_ *  *
(b) e + A -------> A ------ »A + e

*
(a) is the 'normal' excitation process, A being an excited state

of the atom A; (b) is where an excited negative ion state with a

typical lifetime of 10_1^s is formed as an intermediary. The

formation of this negative ion state has the effect of increasing
*

the overall cross — section of the A state, and it is in the

vicinity of such resonances that the polarisation may be expected

to change rapidly. The polarisation of resonances occuring near
21threshold has been discussed by Bar anger and Gerjuoy . Crandall, 

Taylor and Dunn‘S  have found a series of resonances in the excitation



of the Ba+ ion; in the polarisation they show up as a series of 

oscillations superimposed on a smooth variation with energy.

Reviews of the polarisation of atomic line radiation have been
OTT O A

presented by Heddle and Keesing Kleinpoppen , and by Pano and 

Macek2^ who have described a new formulation of the theory, based 

on the alignment and orientation of the radiating atoms.

6



2. The Experiment
no

In 1968, McConnell and Koiseiwitscn presented careful calculations

made on the polarisation of the 61SQ - 61P1 (1850 A) and 61SQ - 6'SP1

(2537 A) lines of mercury, excited by electron impact. They employed 
29the Ochkur approximation in evaluating the exchange integrals, 

and took into account the spin - orbit interaction which occurs in 

mercury. The effects of the different isotopes which constitute 

'natural' mercury were also brought into the calculation. Only the 

polarisation of the 2537 A line had been previously measured (by 

Skinner and Appleyard, but the measurements were not extensive 

enough to provide any real test of the theory.

The object of the experiment was then, in the first instance to 

measure the polarisation of the 1850 A and 2537 A lines as accurately 

as possible, using fairly straightforward modern techniques, and 

to compare the results with the calculations of McConnell and 

Moiseiwitsch. Subsequently, an electron monochromator was to be 

built, and used to examine any unresolved features found in the first 

part of the work. Such features were found in the 2537 A line.

Thus the project fell naturally into three main parts:

1) Low resolution measurement of the polarisation of 

the 2537 A line.

2) Low resolution measurement of the polarisation of 

the 1850 A line.
3) High energy-resolution study of the 2537 A line.

In each case the polarisation of the radiation emitted at an

angle of 90° to the electron beam direction was measured as a 

function of the incident electron energy.

For the first part, an existing glass apparatus was used, in



which the mercury target was in tne form of a vapour. A Pierce^0 

design electron gun was used. For the second and third parts, a 

new crossed - beam apparatus was constructed, in which the mercury 

target was then in the form of an atomic beam. For the 1850 A line 

measurements a two - stage electron gun was built,which provided 

rather higher currents than had been obtainable with the Pierce gun.

A high current was necessary to offset the inefficiency of the optical 

system at this wavelength.

For the third part, a 127° cylindrical - geometry electron
_ 7monochromator was constructed. With typical currents of 2 x 10 A, 

it was still possible to measure the polarisation of the 2557 A line, 

although the 1850 A line would not have been possible under high 

resolution, due to the comparatively lower sensitivity of the detection 

system at that wavelength. Resonances were clearly observed using 

the energy-selected electrons, and the polarisation of the resonances 

was measured.

In each part of the experiment, great care had to be taken to 

ensure that instrumental effects such as pressure depolarisation 

were avoided, and to correct for the effects of instrumental 
polarisation, electron beam divergence, and the finite solid angle 

of photon detection.
Comparison of the results with the theoretical predictions of

rtQ
McConnell and Moiseiwitsch have been made wherever possible, and,

in the case of the resonances, comparison has been made with the
21calculations of Baranger and Gerjuoy > leading to a possible 

identification of the negative ion states being formed.
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5.1 Polarisation of Radiation from the Electron Impact Excitation 

of Atoms.

5. Theory

Refering to fig. 3s1, an atom, initially in the ground state is 

at the point 0, and is excited by an incident electron travelling 

along ZO. The atom then decays spontaneously, emitting a photon.

The radiating atom may be characterised by three orthogonal dipoles 

which lie along OX, OY, and OZ. At a point Q, which lies along the 

Y axis, the polarisation is defined to be:

P = , (3-DX// + lx

where the subscripts refer to the direction of the E - vector of the 

radiation compared to the incident electron direction, i.e. either 

parallel or perpendicular.

Let the intensity of radiation coming from the dipole which lies

1
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along 0Z be as measured in the XY plane. This is therefore the

peak intensity for the dipole. Thus the polarisation may be written

(3 -  2)P = Iz - i x

The atom is assumed to be symmetric about 0Z and hence

Now consider a single dipole (fig. 3*2) .

(3 - 3)

From the usual dipole characteristics, 

1 (0) = lo sin2©

The average intensity per steradian of radiation coming from the 

dipole is given by,
~ I_ sin2© sin© d© (j _

4TT

Thus for the radiating atom:

«fa!
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ï - f  < Iz + Ix + Iy ) '

= f  ( *z + 2Ix ) • (5 - 5)

Consider the intensity of radiation at the point L in fig. 3*1»

which lies in a direction making an angle 9 with the Z axis, thus

l(0) = I sin2© + I + I cos2©' ' z x y

= Iz (1 - cos2©) + Ix (1 + cos2©)

J L + **> - <*. ~ Ix)cos 9i
2( Xz + 2Ix)

Dividing numerator and denominator hy (I + I ) gives

1(6) = 3X (1 - P cos26) . (3-6)
3 - P

At 90°, where most polarisation measurements are made,

1(90°) = 3l . (3-7)

Note that combining equations ( 3 - 2 )  and ( 3 - 5 )  leads to an 

alternative definition for the polarisation ,

P , 6l// - K

21,, + 31 (3 -  8)

The quantity I is a true average intensity, since when it is 

integrated over all solid angles it gives the total intensity.

It is convenient, however, to define a quantity It as follows,

I, * I + I + I (3 - 9)t x y z

Thus ^ ” 1 *  -

and P = 51// - Jt (3 - 10)
I// ♦ h
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In fig. 3:3, |o> represents the ground state of the atom, and |i) 

is an upper state to which the atom may be excited by electron impact. 

The matrix element for a dipole along the ^ axis is <(o|£ |i)> ,

and the transition probability is

Af(i) = c(i>) |<o/;|i>|2

where

5.2 The Atomic System

c(|/) = 64TT4 e2 ^ 3 
3 h c5

(3 - 11)

(3 - 12)

ID

3:3

With reference to fig. 3:1, for radiation propagated along 0Y;

Iz = C n(i) Az(i) (3 - 13)

Ix = C n(i) A^i) (3 - 14)

where C is a constant, and n(i) is the number of atoms in state Ji) . 

Prom equation (3 - 9),

h  " + *x + *y

= C n(i) At(i) (5 - 15)

where At(i) = £  A^(i)

Let the cross - section for excitation of the state |i)> from 

the ground state |o> be Q(i), then if the electron velocity is ve.
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a rate coefficient K(i) may be defined by,

K(i) = ve Q(i) (3 -  16)

Consider an electron density of ng in the exciting beam of 

electrons. Then, in a steady - state condition, when the number 

of atoms entering the upper state is in equilibrium with the number 

of atoms decaying spontaneously back to the ground state,

where n(o) is the number of atoms in the ground state. Thus the 

rate of emission of photons coming from the £ dipole is,

rate coefficients in terms of the cross sections for excitation of 

the PL sublevels of the upper state,

This is for an upper P state, and the subscripts refer to the Mj. 

values of the levels concerned. Note that the cross - section for 

excitation of the = +1 sublevel is the same as for the = -1

sublevel. The method of calculating the constants G, hQ and h1 is 
given by Percival and Seaton, who show that the Oppenheimer - Penney 

theory is adequate, provided that the fine-structure and hyperfine- 

structure separations are not comparable with the line width. 

Otherwise a more complete theory must be used.

n(i) At(i) = ne n(o) K(i) (3 - 17)

n(i)A^(i) = ne n(o) K^(i) (3 - 10)

where (3 - 19)

Thus, equation (3 - 10) may be written in the form

p , 3Kg(i) - K(i) 
Kz(i) + K(i) (3 - 20)

12Following Percival and Seaton , it is possible to express the

P = 0(Qq -  < y
hoSi + hiS

(3  -  21)



Fine-structure and hyperfine-structure affect the polarisation 

due to precessional effects. Specifically, for fine-structure, on 

the vector model, it is the precession of L and S about J which leads 

to a drop in polarisation from what would be expected in the absence 

of fine-structure. The effect is negligible only if the lifetime 

of the state is much shorter than the reciprocal fine-structure splitting 

frequency. Similarly, in the case of hyperfine-structure, it is 

the precession of J and 1̂ about F which leads to a further reduction

in polarisation. In the case of mercury, the lifetime of the P̂,
-9 3 -7state is about 10 s, that of the state is about 10 s, whereas

the hyperfine-structure splitting frequency is about 10^Hz, and

the fine-structure splitting frequency is about 101^Hz. Clearly,

it is necessary to include the effects of both fine- and hyperfine-

structure for these states.
12Percival and Seaton have shown that the polarisation depends 

on the quantities £ and 6 T , where 

£ b  2TrSf/A , and 

£ j =  2ir$0j/k .

Here, A is the radiative transition probability, and and § are 

the fine- and hyperfine-structure splitting frequencies.

Flower and Seaton^ have applied this analysis to the alkali 

resonance lines, and find that the calculated threshold polarisations 

are in good agreement with the measured values of Hafner, ICLeinpoppen 

and Kruger!^

14



3.3 Application to the and 6^P  ̂ Levels of Mercury

The Percival and Seaton theory has been applied to mercury by

a similar manner to helium, provided the core of IS electrons is 

assumed not to interact with the two n = 6 electrons. The states 

concerned are initially formulated in LS coupling representation,

and are then transformed by the Clebsh - (Jordan vector coupling

where is a spherical harmonic, and R ^ r )  is a radial wave

function. The subscripts 1 and 2 refer to the two electrons. These 

are the pure Russell - Saunders wave functions, viiich, although valid 

for helium, are only good as first approximations in the case of 

mercury, due to the important spin-orbit interaction, which leads 

to a partial breakdown of IS coupling, and a mixing of the 61P1 and 

6^P1 states. Note that the singlet spin function X (00) is 
necessarily antisymmetric, which means that the singlet spatial wave 

function (f) (OIM^) must be symmetric to make the total

28McConnell and Koiseiwitsch . The mercury atom may be treated in

coefficients into the J,Mj representation,

l|/(SLJMj) = Z C Mj^ ( 3 I Í ' I sMl ) (3 - 22)
The may be split into two parts; the spatial, and

the spin, wave functions.

= <p(Sli^) X(SMg) (3 - 23)

where

(3 - 24)
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antisymmetric. Therefore, the + sign in equation (3 - 24) refers 

to the singlet state, and the - sign to the triplet state.

where T is the lifetime of the state concerned. The lifetimes have

The wave functions for the upper 3tates may now be written in 

the form

w 2(Kj ) =^(1,1,M1-1)X(1»Ms)

Wj(Mj ) =0(l,1,ML)X(l,Mg)
v^(Mj) = 0(1,1 »Kĵ +1) X(1 ,Mg)

The constants c^SJMj) will include the a and b coupling coefficients. 

The radial wave functions ^ ( r )  can be expressed as a sum of

The next step is to allow for the mixing of the 61P1 and 6̂ P.

states, by writing

( / n V  = M \ )  -

(3 - 25) 

(3 - 26)

The normalisation is such that

(3 - 27)

a and b may be determined from the relation,
b2 T(1P,) (  X ( \  - 1SQ) I2

T{\) M \  ~ \ )  .
(3 - 28)

a

been determined by many workers. Using the values given by Lurio^ ,

gives
a = - 0-985

b = 0-171

(3 - 29)

where w. (Mj) =0(0,1,!̂ ) X(0.0)

exponentials:
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H^ir) = r |Aq exp(-aQr) + BQ exp(-bQr)]

R10(r) = r (rAo exp(-a^r) + B¿ exp(-b£r)j

R^ir) = r 2 | A1 e x p ^ r )  + B., e x p ^ r ) ]

The constants appearing in these equations are given by McConnell 

and Moiseiwitsch as:

A0 = 1*703, a0 = 0*839, BQ = -0*799, *0 = 1*973
= 2*022, a£ = 1*211, B£ = -2*460, b£ = 2*691

A1 = 0*265, &1 = 0*562, B 1 = 0*780, ^  = 2*249

in units of the Bohr radius, Og.
The incident electron may be represented by a plane wave, exp(ik.r7)

Thus the product wave function for the atom plus exciting electron is : 

initially,

finally,

<^(1S0) exp(ik..r?) c r  (s3) , (3 -  30)
£ - / £  <̂ (2s+1i,JMj ) crm, (e3) , ( 3 - 5 1 )

where the summation refers to the cyclical exchange of space and

spin coordinates r, s, which is necessary to antisymmetrise the wave

functions. 0~ (s) is the spin function for the free electron with m8
spin quantum number ma>

The total cross - section is now expressed in the form
J W

2
Q = | I  h  I f(©) l  s in6»d0d^

m m' k. J J s s i o o

where f(0) = dr f

2TT-I
and

1*1 ” TJ, I /*2 ~ XJ>I
- v ( r )  ,

(3 -  32)
(3 -  33) 
(3 -  34)

where V is the interaction potential, and , r^ and are the 

position vectors for the three electrons, v(r^) is the core potential
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at a distance of r ̂ from the nucleus.

The f(0) may now be split into two parts: P, the direct scattering

amplitude, and G., the exchange scattering amplitudes;J

P =

Gi =

Wl V (j)(0,0,0) exp(i K.r^) d f  } (3 -  35)
w. V (¡>(0,0,0) exp(i kL . T j - i kf.ri) d r  f (3 - 36)

where

Thus

K = k± - kf

Q(SJMj) = S
2TTk1

r maxr, . 2 .L . 2’
J L. r J K dK ,

(3 - 57)

where K . = k. - k,min i f
K = k. + k max 1 f

This is known as the B o m  - Oppenheimer approximation, and is

valid provided weak coupling can be assumed between the initial and

final states of the atom. This is probably justifiable since there

is a large energy difference between the ground state and either

of the 6P states. However, the B o m  - Oppenheimer approximation
29generally gives cross - sections too high. Use of the Ochkur 

approximation often gives more consistent results. Only the first 

term in the interaction potential is retained for this approximation 

which thus leads to an easier calculation, as well as giving more 

reliable results.

Thus the interaction potential may be written 1___V =
£1 ■  y

(3 - 30)

Noting that32
4TTJ (27r f

exp iK.(r1 - r? )j dKF (3 -  39)
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But, from a property of o functions:

S(r) = “ — 7 exp (iK.r) dX
(2TT)5 (3 - 40)

Thus
(3 - 41)

Note that K is the momentum transfer, and that the main contribution

Equation (3 - 41) makes a great simplification to the evaluation 

of the exchange integral, one point being that the equation (3 - 36) 

is essentially a double integral over the coordinates of two electrons 

(r.j and r^). The c> function appearing in equation (3 - 41) reduces 

the exchange integral to

reproduction of their theoretical predictions for the polarisation

Note that the effect of isotopic spin is included in the G, hQ 

and h1 coefficients in equation (3 - 21), and does not affect the 

cross - sections Q(SJMj). These coefficients are tabulated in 

table 3s1. The value of the polarisation at threshold is 0*77 for 

the 1850 A line and - 0*68 for the 2537 A line.

(3 -  42)

pg
McConnell and Moiseivitsch present data for the cross - sections

Q(SJMT) and use them to calculate the polarisation. Ilg. 3*4 is a
J

of the 61Sq - 61P1 and 61SQ - 6^  transitions.



5.4 Polarisation of the 1850 A line (upper), and the 2557 A 
line (lower). The aboiasa units are (V/VQ)̂ , where Vq 
is the threshold energy for each line. (Prom McConnell 
and Moiseiwitsch.)

Table 5:1 Constant3 G,hQ and h1 in equation (5-21) for
different nuclear spins, I. (Prom McConnell and Moiseiwitsch)

I G Up hi— —
0 1 1 1
1
2 3 7 11

12 111 337 563

. . . .aw. Sir...
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5.4 Simplified Expressions for Threshold Polarisation

Sometimes it is useful to be able to obtain a rough estimate

of the threshold polarisation, without employing the complete formalism.

In a similar manner to equation (5 - 22), the cross - section ^(SIWgM^)

may be transformed into the cross - section Q(SLJKT) by the relation
J12(from Percival and Seaton ) 

QiSLJMj) = (C (3 - 43)
Since, at threshold, the outgoing electron can carry away no 

energy, it cannot remove any angular momentum either, and thus the 

threshold selection rule is arrived at

= 0 (3-44)

Initially, L = M. = 0 , thus the only non - zero cross - sections

will be Q(sms0). Hence, 
/ . S 1- 7 { (3 - 45)Q(SLJKj) = l(

But, ,2/ si i V
Q(SLJMj) = l( n j  Q(si2dj0) (3 - 46)

For the 61SQ - 6 ^  transition,

Q(1,1,1.41) =(Ci
= 5  Q(1 ,1 ,±1 ,0)

and Q(1,1»1»0) =(Co o o ) Q(1*1»0*0)

= 0
Thus, when the 6 ^  state decays back to the ground state, only 

the transitions with AMj = ±1 will be possible, and these both 

give cr polarisation (as in the Zeeman effect), corresponding to a 

polarisation of - 1*0.

For the 61SQ - 61P1 transition,
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S = 0 , and therefore Mg = 0 .

Since = 0 , it follows that only the sublevel with Mj = 0 can

be excited, and thus when radiative decay occurs, the only transition

will be A M  = 0 , which gives TT polarisation, corresponding toJ
a polarisation of + 1*0.

This very simple theory ignores spin - orbit interacion, and

precessional effects
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4. Apparatus for the Vapour Experiment 

4.1 General

The apparatus is shown schematically in fig. 4:1. The vacuum 

chamber, which had a volume of 3 litres, was constructed from Pyrex 

glass, with the exception of a Spectrosil window joined to the main 

vessel by several graded seals. The pump used was a 5 ls-  ̂ mercury 

vapour diffusion pump, made from Pyrex glass, backed by a 50 Is-1 

rotary pump (Edwards ES50). There was a small liquid nitrogen trap 

between the diffusion pump and the main chamber. The ultimate
-6pressure obtainable with this system, after baking, was 1 x 10 Torr.

Mercury vapour was introduced into the vacuum from a small side - 

arm reservoir, which could be isolated when required by a diaphragm 

valve. The reservoir of mercury could be temperature controlled to 

within 2°C in the range -100°C to +80°C, using a Pye Ether controller. 

The reservoir was cooled by thermal contact with an aluminium cup , 

attached to a rod dipping into a dewar of liquid nitrogen, and was 

heated by a small bifilar - wound heating coil wound round the inside 

of the cup. The temperature was usually held near 0°C, when the 

pressure was measured to be 5 x 10  ̂Torr with a Bayard — Alpert 

ionisation gauge, allowing for the calibration factor of 0*3 for 

mercury.

The vapour pressure was measured as a function of reservoir 

temperature (fig. 4:2). The measured points doe not lie on the 

saturated vapour pressure curve for two reasons. Firstly, at low 

temperatures, when the vapour pressure of mercury was less than 

10“^ Torr, the residual gas partial pressure dominated. Secondly, 

the mercury vapour was never truly saturated due to the continuous 

pumping of the vacuum system, and perhaps because of a dirty
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surface of the mercury. Thus the pressure was significantly lower 

than the saturated curve at higher temperatures. It was not possible 

to isolate the vacuum chamber to achieve saturation, owing to the 

outgassing of various surfaces, causing the residual gas pressure 

to rise too fast. The effect of mercury vapour on measured polarisation 

will be discussed later (section 5«2.1).

/
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4.2 Electron Gun

The electron gun used in this part of the experiment was based 
50on a Pierce system . It is illustrated in fig. 4*3* It was 

constructed from non - magnetic stainless steel electrodes, supported 

on ceramic rods, and separated by glass spacers. The first electrode 

was held at the same potential as the cathode, and had a shaped 

surface, as did the anode, to try to achieve some focussing of the 

electron beam. The cathode was a Philips EP1A type, indirectly heated 

by a RCA spirally-wound heater. The cathode was held in by three 

pointed screws to reduce thermal losses. The interaction region 

was inside the anode; light emerging from this region passed through 

a small aperture in one side of the elctrode. The interior of the 

anode was blackened to avoid reflections. The aperture was about 

5 cm away from the Spectrosil window in the vacuum chamber.

Faraday
cathode anode cup

stainless steel 
glass insulators 

boron nitride
4:3 Diagram of the Pierce electron gun} supporting rods orni iteci.



At an electron energy of 5 eV, the current reaching the Faraday
_7

cup was typically 5 x 10 A. Although a Pierce - design gun should 

produce higher currents than this, a good energy resolution was 

obtained (250 - J00 meV). The electron beam divergence in the interaction 

region was measured to be ~0*3 radians (full-angle), by replacing 

the usual Faraday cup with one consisting of several concentric 

electrodes, the electron beam divergence being calculated from the 

ratio of the collected currents.

No magnetic field was applied to compensate the earth's field.

This caused a slight depolarisation of the emitted radiation duo 

to precessional effects (see section 5*2.6).

4.5 Optics

All the optical components were constructed from Spectrosil, 

which transmitted down to 1700 A. The emitted radiation was 

collimated by a 20 cm focus lens, and then restricted slightly by 

an iris diaphragm. The radiation then passed through a Gian - Taylor 

polariser, which was rotated continuously at a constant frequency 

of ~0*5 Hz. Only the ordinary ray was transmitted, and this was 

focussed on a 1st order interference filter, using another 20 cm 

focus lens. The filter transmitted at a centre wavelength of 2537 A, 

and had a FWHM of 150 A. The narrow convergence of the beam hardly 

affected the transmission of the filter, which was nearly 20%.

The radiation was detected by an H-1I 6256s photomultiplier tube 

placed just behind the interference filter. This particular tube 

was chosen because of its very low dark current, combined with a 

medium gain. The quantum efficiency of the photocathode at 2537 A 

was 14%. The tube was cooled to 0°C by circulating a cold water/ 

glycerol mixture through copper tubing wound round the aluminium
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housing containing the photomultiplier. The temperature was controlled 

to within 1°C. The effect of cooling was to reduce the dark current 

by a factor of about 20 compared with the value at room temperature. 

Fig. 4:4 shows the variation of dark current with temperature.

4:4 Variation of photomultiplier dark current with temperature. 
Error bars indicate 90% confidence limits.

The tube normally took 30 minutes to reach thermal equilibrium. 

Silica gel was used as a dessicant in the air space between the inter- 

ference filter and the photomultiplier window, to prevent the latter



from becoming covered with condensed water vapour. Condensation was 

prevented from forming around the pins on the tube base by the same 

method. The outside of the tube, with the exception of the window, 

was coated with a conducting silver paint. This shield was connected 

to the cathode pin ( which was held at ground potential) by a narrow 

strip of the same paint, and this prevented any build-up of charge 

on the interior of the glass envelope, which may have given rise to 

increased dark current.

The maximum signal-to-noise ratio recorded was 14:1 at the peak 

of the excitation function.

4.4 Electronics

The photomultiplier required 1400 V across its dynode chain for 

operation. The pulses, which were developed across a 2*2 kil resistor, 

were fed into an amplifier (NE 4603) via a 3000 pF isolating capacitor. 

After amplification and shaping, the pulses were analysed in a 

discriminator (NE 4602). The output pulses from this were fed 

simultaneously into three scalers, which will be denoted S1, S2, and 

S3. The scalers were gated on and off externally in the following 

manner. As the polariser rotated, four 'vanes' fixed on the outside 

of the tube containing the polariser sequentially depressed microswitch 

levers, in such a way that each microswitch was on for a quarter of 

a revolution. The microswitches operated a specially constructed 

gating unit, which contained 'anti—bounce' circuits to overcome any 

switching irregularities, and which gated the scalers in a selecteu 

sequence. The sequence was S1,S2,S1,S3. The orientation of the 

polariser was arranged so that the first polariser contained those 

counts arising when the plane of polarisation transmitted by the 

polariser was parallel to the electron beam direction, S2 when 

perpendicular, while during the period that S3 was gated on, the

29



electron beam was switched off, and this scaler recorded the dark 

current of the photomultiplier. After a preset number of revolutions 

the gating sequence stopped, and the fractional polarisation could 

be calculated from the expressions

i N1 - N2 
r ~ i N1 +N2 - 2N3 X ir

2
where N1 is the number of counts stored in S1, etc.

comes from the integral over the quadrants.

The IT factor
2



5. Results from the Vapour Experiment

5.1 Results

The method of gating the scalers, and computing the polarisation 

from the scaler readings is described in section 4>4> The relative 

excitation function ( 1 (90°), see equation ( 3 - 7 )  ) was obtained 

by finding N1 + N2 - 2N3). Fig. 5*1 shows 1(90°) and the polarisation 

P, both plotted as a function of the incident electron energy. The 

electron energy, as measured on a voltmeter, required a correction 

because of the effects of contact potential and space charge shifts.

The energy scale was normalised by placing the main peak of 1(90°) 

at 5*6 eV. This value was taken from the measurement of Zapesochnyi 

and Shpenik , who, in their measurement of the excitation function 

of the 2537 A line, used an energy resolution of 100 meV. The resonance 

near 5*0 eV was observed, although with an instrumental resolution 

of nearly 300 meV, it was almost completely smeared out.

5.2 Sources of Error and Corrections

The following sources of error were consideredi

1. Pressure depolarisation

2. Instrumental polarisation

3. Electron beam divergence

4. Finite solid angle of photon detection

5. Possibility of other lines being transmitted by

the optical filter

6. Magnetic field depolarisation

5.2.1 Pressure Depolarisation

Photons emitted from the interaction region may be absorbed by 

mercury atoms before they pass through the window. If the density 

of mercury atoms along the optical path between the interaction region

31
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and the window is sufficiently high, significant depolarisation of 

the resonance radiation will result. In the present experiment, 

the optical path length was 3 cm. The effect of this pressure 

depolarisation was assessed in the following way. The electron energy 

was kept constant, and the polarisation was measured as a function 

of the mercury vapour pressure. The result of this is shown in fig. 5*2.

- 0-1-

- 02-

03 -

Ô

--------►
Torr

1/

) ■

I •

5»2 Pressure depolarisation o f the 2537 A lin e . Krror 
bars represent 1 standard deviation. There is  a 
system atic uncertainty in  the pressure meaauremento 

of approximately 20%.
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There was an estimated uncertainty in the measurement of the pressure 

using a Bayard - Alpert ionisation gauge of about 20%. The error in 

the polarisation values was computed assuming Foissonian statistics.

had to be applied to the measured polarisation data. The magnitude 

of this correction was 10% ± %  of the polarisation.

5.2.2 Instrumental Polarisation

Suppose the apparatus used in measuring polarisation has a different 

sensitivity when detecting I// to when detecting lx. These sensitivities 

will be denoted S,/ and Sx. Since the polarisation of the radiation 

is defined by

It will be seen that below 10-'' Torr, the depolarisation is small. 

Since the normal operating pressure was 5 x 10 ^ Torr, a correction

P = I,, - lx 
I// + lx

it follows that the apparent polarisation,

pt _ S//1// ~ Sxlx 
S//I// + Sj.Ij.

V  is usually referred to as the instrumental polarisation, 

Let h = , and g *and g «= ^// i
Sx

-s
h t h P - l t P  

°  h + hP + 1 -  P

and, dividing by (h + 1)

*■ TT+ P
1 + TTP



The H P  term in the denominator is often negligible.

The technique employed in measuring the instrumental polarisation 

was to construct a small light source which could be rotated by 90° 

about the axis of the detection optics. The source used was actually 

a panel - light bulb mounted in a specially made holder. This was 

placed at the position of the interaction region, and the apparent 

polarisation of it was measured before and after rotation by 90°.

If the polarisation of the source before rotation is P , then 

after rotation, this becomes - Pg.

The apparent polarisation before rotation is given bys

Pi = P + TT , assuming TTto be small. After rotation 1 s
this becomes TTp i  +  pi  

*1 * r2

The two measured polarisations were:

P̂  = -0-057 ,
P£ = +0-010 ,

giving TT = -0-024
As a further check, a piece of sheet polariser was placed in front 

of the light source, so as to deliberately make the source strongly 

polarised. The two measured polarisations were:

P̂  = -0-257 ,
P£ = +0-200 ,

giving TT = -0-029
The mean of four such determinations was

TT = - 0-024 ± 0-006
Inaccuracy with this measurement would arise if the light source 

was not placed exactly at the interaction region. This positioning
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was difficult to check.

5.2.3 Divergence of the Electron Beam

The polarisation, P , of the radiation emitted by an atom excited

by an electron travelling along the Z axis (see fig. 3:1), is related

to the measured polarisation, P , of the radiation emitted from atomsm
excited by electrons moving in a range of trajectories lying within 

± oC of the Z axis, by the relation

P = __________________(1 - K + )
4

This equation is derived in Appendix 1 (q.v.). Since the measured 

divergence of the beam was ~0*15 radians (half — angle), the 

magnitude of the depolarisation for a measured polarisation of - 0*40 

was 0*008. An uncertainty in the determination of the divergence 

angle of about 0*05 radians resulted in a systematic error in the 

polarisation values. This error was a function of the polarisation, 

and, for this reason, the error bars in fig. 5*1 include this 

uncertainty.

5.2.4 Solid Angle of Photon Detection

The polarisation, P , of the radiation observed along the Y axis 

only (see fig. 3:1), is related to the measured polarisation, P^ , 

of the radiation collected over a range in angle of * to the Y 

axis by the equation

This equation is derived in Appendix 2. The collecting lens used had 

a focal length of 20 cm, and an effective diameter of 4 Thua



the angle was 0*1 radians. For a polarisation of - 0*40, the 

difference between P and amounts to only 0*002, which was so much 

smaller than the other uncertainties of the data, that it was neglected.

5.2.5 Possibility of other lines being detected

There were several other Hg I lines within the bandwidth of the 

optical filter employed, but in every case the threshold for excitation 

was above 9*4 eV, and thus these were unimportant.

5.2.6 Magnetic Field Depolarisation

Refering back to fig. 3*1» in the absence of any magnetic field, 

the polarisation, here called P , is defined as

P = \  ~ Ix0 •
Suppose now that a weak magnetic field, H , exists in the direction 

0Y. The radiating dipoles lying along 0Z and OX at time t = 0, will 

precess about 0Y with an angular frequency, w , where

w = gj wL 27rgJ fL

where f is the Larmor precession frequency, given by L

fL - H  =1,4
For zero nuclear spin isotopes, gj , the Land6 g factor, is given

34 sby (see, for example, Woodgate ;
Jfj+O + L(L+1) - S(S+1) . _ J(J+1L- L(L+1) + S(S,+lj

gJ = gL --- 2J(J+Il + g3 2J(J+1)

where g. = 1 , and gc = 2 , to a very good approximation.

ThuB gj (V|) = \

After a time t, both the 0Z and OX dipoles will have precessed 

through an angle wt, and both Iz and Ix will have decayed in magnitude 

by a factor e_ r t , where is the reciprocal lifetime of the state,
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T, the lifetime, has been determined many times; a recent accurate

value being 1«17 x 10-^ s (Dodd, Sandle and Williams53). 

Thus, the measured intensity lu after a time t will be 

I// = (I cos2wt + I sin2wt) e- ̂
Z  X

55 \
Similarly,

t / — 2 , _> • 2 - F tI, = (I cos wt + I sin wt) e ' x z 7
I,/ dt gives the total number, N// , of photons emitted by the

system having E - vector parallel to the electron beam direction.
roo r<*>
It 2 . - Ft..I cos wt e dt +
Z oj

.•.N// = J
t ,  2 ,  -  F t . ,Ix sin wt e dt

These integrals are evaluated by integrating twice by parts, giving

r x . , 1 F
N,/ = IZ (2Î-+ 8v2 + 2 F 2 ) + zx ^2r  " 8w2 + 2 r 2 }

with an analagous expression for Nj_ .

The measured polarisation is then given by

»// " N_L
N,/ + N

= (lz - Î l 4 w i i T
r  x

ih +
2 2 1 + 4 V T

Substituting w = 1*32 x 10^ s ^G  ̂ , and T = 1*17 x 10 1 s , gives

P = where H is the field strength in Gauss.1 + 9*5 H"
It should be noted that this formula only applies for a magnetic 

field along the direction of observation (Of). For a field along OX, 

the depolarisation effect is smaller, and for a field along OZ, there 

is no depolarisation. The effect will be different for isotopes with 

spin other than zero, but, as Mitchell and Zemansky^ show, the above 

approximation is sufficiently good for most purposes. In the present

experiment, the field strength along OY was 0*1 Gauss, giving 
P = PQ / 1*095
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6. Apparatus for the Measurement of the 1850 A Line

6.1 The Crossed - beam Apparatus

For this measurement, a new crossed - beam apparatus was constructed. 

The vacuum chamber consisted of two tanks bolted together, which 

were constructed from non-magnetic stainless steel by Vacuum Generators 

Ltd., Sussex. The internal diameter was 550 mm, with various smaller 

side ports to take feedthroughs. A partition between the tanks created 

two chambers ; the oven chamber, and the interaction chamber.

The oven chamber contained only the mercury oven and its associated 

feedthroughs. A small aperture allowed the atomic beam to pass through 

into the interaction chamber, which contained the electron gun, 

mercury beam collector, mass spectrometer, window, ionisation gauge 

and electrical feedthroughs.

Mercury vapour diffusion pumps were used; an Edwards 6M3A, and

a Leybold QUICK 505, both fitted with water cooled baffles, liquid

nitrogen cold traps and butterfly valves. Both diffusion pumps were

backed by one Leybold 1)12A rotary pump. The overall pumping speed

of the system was ~600 Is-1. The ultimate pressure achievable in
—7the interaction chamber was 2 x 10 Torrf although the normal 

background pressure» with the oven in the oven chamber» but not nested, 

was 2 x 10~^ Torr. The atomic beam was aligned with the horizontal 

axis of the tanks, the electron beam was vertical, and the excited 

radiation was observed in a direction orthogonal to both beams.

6.2 The Mercury Beam

This was produced by the oven/aperture system shown in fig. 6s 1.

The oven was constructed from non-magnetic stainless steel, and had 

a capacity of 50 ml. It could be heated to 150°C by small heating 

rode, made by winding Kanthal wire around ceramic formers in a
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bifilar manner. These rods were then coated with a catephoric 

suspension of alumina to prevent shorting, and were inserted into 

holes in the main body of the oven. The aperture from the oven was 

a 1*7 mm bore ceramic tube, 80 mm in length. This was normally 

heated 25°C higher than the main part of the oven. Both the oven 

and tube temperatures were controlled to within 2°C, by means of 

Pye Ether controllers.

Usually, the oven was held at 125°C, and the tube at 150°C. It 

was found that these temperatures gave maximum stability of the 

atomic beam. In the tube, the vapour pressure was of the order of 

1 Torr, and the mean free path of the atoms in this region would 

be -0-1 mm. Thus the ceramic tube had only a small collimating 

effect, and served mainly to transport the mercury atoms to a point 

nearer the interaction region. Further collimation was provided 

by an unheated 2 mm circular aperture, spaced 50 mm from the end of 

the tube. The beam produced by this system passed through the interaction 

region, and was collected on a liquid nitrogen cooled surface. This 

prevented the pressure outside the beam from rising above J x 10 

Torr. './hen the collector was allowed to warm up, however, the pressure 

rose to as much as 5 x 10--’ Torr, as measured with the Bayard - Alpert 

ionisation gauge. The cold plate had a small central hole to allow 

a small proportion of the beam through to a quadrupole mass spectrometer 

head. This was used to monitor the stability of the mercury beam.

A short - term stability of ± 2% was found. The mass spectrometer 

was also used to check the isotope proportions of the mercury. These 

agreed well with the tabulated abundances for natural mercury.

6.3 The Two - stage Electron Gun

Fig. 6:2 is a diagram of the gun, which was based on a design of
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Simpson and Kuyatt . The first stage consisted of a Soa immersion 

lens, which extracted electrons from the cathode at a relatively high 

potential. The second stage was an aperture lens, which decelerated 

the electrons down to the final required energy.

The design was worked out from the following requirements. The 

operating voltage was to be ~7V (threshold for the 6^Sq - 

transition), and the gun was to produce a final focussed spot of 

~ mm diameter, at a distance of 23 mm from the last aperture, with 

a maximum convergence angle of 0*1 radians.

The usual space-charge equation to find the maximum current possible 

in such a system is ^

I = 38*6 V 5//2 a2 /°A ,
where a is the convergence angle, and the final voltage. Thus,

in this case I = 7*2 u A.max '
The current density at the focussed spot is given by

J = I x , where d is the spot diameter.s max ~ d
2

Thus = 164O jt. A/cm

Then, following Pierce^ (equation 8.10),

j= = J^(1 + 4>) sin2a , with 11600 V 1 ,
T

37

where J is the current density at the cathode, and T is the cathode
o

temperature (approximately 1100 K). Since a is small,

Js s J0 (1 + 70) a2 

J0 = 2320 ft A/cm2

Langmuir58 gives the relation between current density extracted 

from the cathode, and the applied potential difference between the 

cathode and anode,

Jo = 2 *5 V o3/2 •
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'.V =100 Volts , approximately. This fixes the decelerationo

ratio as about 15:1*

For the second stage lens, a bore of 10 ran was chosen, with the 

spacing also being 10 mm. The image distance, measured from the 

low voltage side of the lens was set at 40 mm. Using fig. 6*3 (from 

Spanenberg39), it is seen that this corresponds to an object distance 

of 35 mm, and a magnification of about 1 .

6*3 Aperture lens characteristics for a 1°t1 and 15:1 
decelerating lens (from Spanenberg39). Jsnage and 
object distances to be measured from the low voltage 
side of the lens.
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To design the first stage, it is necessary to find the perveance, p,

P = I/V03/2 , which gives

P = 7 x 10'5 A/VJ/2 ,
37and, from Simpson and Kuyatt , who give the properties of a standard 

Soa lens, this leads to a magnification of about 1 of the emitting 

area of the cathode, and an image distance of 14 times the cathode 

to grid spacing. This spacing was made as small as possible, ~0*3 mm, 

giving the distance to the intermediate image as about 4 mm, to be 

measured from the anode. The area of emitting surface of the cathode 

is about half the grid bore in such a design, and since the grid 

bore was chosen to be 2 mm, this fixed the final image size as 

approximately 1 mm.

When the gun was operated, it was found that the first stage 

voltage had to be increased to about 150V to get the best focussing.

The current reaching the Faraday cup was up to 6 ft A for 7 eV electrons, 

and was reasonably stable, although there was some trouble with a 

non-conducting film (of cracked rotary pump oil ?) building up on 

the grid, leading to a reduction in the current. This electrode 

had to be occasionally cleaned in concentrated nitric acid to remove 

the film.

The energy spread of the electron beam was measured to be ~ 400 meV, 

by measuring the relative excitation function of the 2537 A line, 

the onset of which is so steep as to be considered instantaneous for

energy-widths above about 100 meV.

The Faraday cup had a rod in the middle of it, to which the current 

flowing could be measured separately, giving a rough idea of the 

divergence of the electron beam at that point. From the ratio of 

the current collected in the main part of the cup, to the current
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collected on the rod, a divergence of ~3° fall angle was deduced.

All the electrodes were made from non-magnetic stainless steel, 

mounted on ceramic rods. As before, the cathode was a Hiilips BP1A

type.

6,4 Optics

Pig. 6:4 is a diagram of the optical arrangement used for this 

measurement. The radiation was collected by a Spectrosil lens of 

57 urn focal length and 25 mm effective diameter. The transmission 

was measured to be 80$ at 1850 A using a scanning spectrophotometer. 

The lens was placed so that the interaction region was at its focus. 

This proved difficult to do, because the focal length (nominally 

70 mm in the visible) is a rapidly varying function of wavelength 

in the ultraviolet part of the spectrum. However, a 1st order 

interference filter was available (supplied by itofin Ltd.), which 

had a maximum transmission of 12$ at 1850 A. Although this was 

not suitable for the detection of the line itself, since the 

transmission at 2537 A was not negligible, it was valuable for 

setting — up purposes, and using it, the focal length of the lens 

was measured at 1850 A. To do this, a mercury vapour discharge lamp 

was set up inside a glove box, which was continuously flushed with 

dry nitrogen to displace oxygen, which absorbs strongly at 1850 A. 

The filter was placed in front of the lamp, and an image of the 

discharge was formed with the lens on a flourescent screen. Wie 

object and image distances were measured, and the focal length was 

deduced to be 57 mm. The focal length was also calculated from 

tabulated values of the refractive index of Spectrosil to be 57*5 mm.
Several fluorescent screens were tried, but the most effective 

was made by spraying a saturated solution of sodium salicylate on
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a glass slide Or coverslip, and allowing to dry. After several 

coatings, a bright blue image could be obtained.

The collecting lens also served as a window, being sealed by a 

Vi ton o-ring. The nearly parallel beam of light emerging from the 

lens passed through a diaphragm stop of 12 mm diameter, and then 

through the polariser. This was of the Hochon type, made by B.Halle 

from synthetic crystal quartz, transmitting down to 1650 A. The 

Rochon design of polariser is similar to the Wollaston, in as much 

as both the ordinary and extraordinary rays are transmitted, with 

only a narrow divergence angle between them - in this case 1*5°.

The ordinary ray is undeviated in passing through the prism. The
_5

extinction ratio was 10 . The polariser was rotated at a constant

frequency of 0*24 Hz.

The problem of separating the two beams of light emerging from 

the polaxiser was solved by placing a 160 mm focal length lens after 

the polariser, and focussing both beams down to images of the interaction 

region. The separation, d , of the two images, is given approximately 

by the relation d = 9f ,

where 9 is the angle between the two beams, and f is the focal length 

of the lens. In this case, d =* 4’2 mm.

The separation was checked experimentally by switching on the 

deuterium lamp (position shown in fig. 614) which acted as a virtual 

light source placed at the interaction region. Then, with the filter 

in position, the two images formed by the lens placed after the 

polariser were allowed to fall on a sodium salicylate fluorescent 

screen, and the two spots of visible light were photographed with 

a Polaroid camera. The separation of the spots was measured to be 

4*2 ± 0*2 mm, in excellent agreement with the calculated value.

J> V Uul
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Since the radiation passing through the polariser was paraxial« 

the magnification of the optical system is simply given by 

M = F2/F1

where F1 is the focal length of the collecting lens, and F2 is the 

focal length of the imaging lens.

Thus M = 2*9

It was essential to avoid any overlapping of the two final images, 

or a reduction in the measured polarisation would have resulted. 

Therefore, the maximum image size allowable was 4*2 mm, which 

in turn fixed the maximum object size to be ~1»4 mm. This limiting 

of the amount of the interaction region which was visible to the 

detection optics was achieved by spot-welding a small cone made of 

thin sheet non-magnetic stainless steel into an aperture in the side 

of the cylindrical electrode (see fig. 6:2). The small hole in the 

apex of the cone was made 1*3 mm diameter. The whole of the electrode, 

and both surfaces of the cone were covered with soot to prevent 

reflections of the emitted radiation.

The two images formed by the imaging lens were allowed to fall 

on an adjustable iris diaphragm, the aperture of which was set to 

about 2 mm, thus being quite certain of passing only the ordinary 

beam through to the spectrometer behind.

The wavelength was isolated in a McPherson 218 grating spectrometer, 

in which the grating used was ruled with 2400 lines/mm, and was blazed 

at 3000 A. The slit width used was 2 mm on both the entrance and 

exit slits. Since the dispersion of the grating was 13*3 A/mm, the 

overall resolution achieved was ~ 27 A. This was checked experimentally 

by scanning over the line, and finding the TVHM of the line shape 

obtained. The result of this was "25 A. The nearest line likely



to interfere with the measurement was the 1950 A quartet of Hg n .

The 1850 A line was observed in both 1st and 2nd order. Although 

the line was marginally stronger in 2nd order, because the blaze 

wavelength was nearer, a neighbouring mercury line at 3704 A 

prevented this method from being used. After the exit slit of 

the spectrometer was a gas cell, through which dry nitrogen gas 

was circulated, and behind that was the photomultiplier.

The photomultiplier was the same one as used before in the vapour 

experiment (see p. 27), but the cooling arrangement was different.

The cathode end of the tube was enclosed in a copper block, which 

was cooled on its four external flat faces by Peltier cooling modules, 

supplied by Mectron (Prigistor) Ltd. The 'hot' face of each module 

was in thermal contact with a water jacket. A current of 5*0 A in 

the modules produced a cooling of the photomultiplier down to — 20°C 

in about 20 mins. This led to a reduction in dark current by a factor 

of 20 - 25 over the value at room temperature (i.e. less than 0*5 

count/s when cooled). The short term stability of the photomultiplier 

temperature was + 0«5°C. The magnetic field produced by the current 

in the Peltier modules had no detectable effect on the performance 

of the photomultiplier.

Silica gel was used to prevent condensation forming on the pins 

of the tube, and on the window.

Dry nitrogen gas had to be circulated around all the optics due 

to the high absorption of oxygen at 1050 A. One of the rotational 

states of molecular oxygen lies near this wavelength40, and the 

coefficient of absorption is v  1 cm-1. It was found that unless 

the nitrogen was circulated continuously, the 1850 A line was not



visible at all, even though great care was taken to eliminate leaks 

in the optics housing. Evacuation of this part of the system was 

not possible owing to a curious effect this had on the dark current 

of the photomultiplier; the dark current rose by a factor of about 

5. No satisfactory explanation was found for this effect.

Great care was taken to avoid reflection of the radiation from 

any surface. Likely surfaces were covered with a layer of soot, 

produced by igniting a mixture of benzene vapour and town gas.

6.5 Electronics

These were essentially the same as used in the vapour experiment 

(see p. 29 ), but the method of providing signals for gating the scalers 

was different.. Pour reed switches were placed symmetrically round 

the outside of the rotating tube containing the polariser. A magnet 

attached to the tube caused each switch in turn to stay on for a 

quarter of a revolution. It was possible, by making slight adjustments 

to the positions of the reed switches to get the four gating periods 

almost exactly equal in length.

------dm
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7. Result a from the 1850 A Line Measurement

7.1 Results

One of the main problems in determining the polarisation of this 

line was lack of intensity, which was mainly brought about by the 

inefficiency of the detection system. The transmission of the 

lenses and the polariser was only 70 - 80%, the spectrometer 

introduced another loss of intensity. Also, only a small part of 

the interaction region could be observed, and there may have been 

residual oxygen in the optics housing. These factors combined to 

give low count rates. For measurements of the relative excitation 

function, the signal could be improved by removing the polariser and 

the imaging lens, and moving the spectrometer nearer to the collecting 

lens. With the system thus simplified, it was also possible to get 

a more efficient nitrogen flushing system.

The upper part of fig. 7*1 shows the result of measuring the 

relative excitation function, 1(90°), in this way. Since the current 

through the electron gun was a function of the electron energy, the 

intensity plotted as ordinate was actually (signal - noise)/current. 

The energy scale required careful calibration. The method used was 

to tune the spectrometer to 2537 A, and to scan through the excitation 

function of that line, by applying a slow voltage ramp to the cathode 

of the electron gun, and feeding the analogue output of a ratemeter 

(NE 4607) to a chart recorder. The resonance at 5*0 eV (actually 4*92 

eV, see section 9) was located to 1 0*05 eV by this technique. The 

voltage was measured with a digital voltmeter (Fenlow 701). This 

placed the threshold of the 18j0 A line at 6*7 i 0*1 eV. As a further 

check, the threshold regions of three other lines of mercurj.

4046 A (73S1 - 65P0) , 4078 A (71SQ - 6 ^ )  and 4358 A (7331 - ^ )

I ■

I * I
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were scanned through in a similar manner, and, knowing the energy 

of the upper level of each transition, the threshold of the 1050 A 

line was again determined. In each case, the results were in 

agreement to within 0*1 eV. For a further discussion of the calibration 

of the energy scale, see section 10.3.1.

The lower part of fig. 7:1 shows the measured polarisation of the 

line, plotted on the same energy scale as 1(90°). These data are 

the average of several runs. Before each run, the energy scale was 

calibrated by using the 5*0 eV resonance in the 2537 A line, as 

described above. Because of the low count rates, however, a complete 

run through the energy range of 7 - 15 eV took several hours, during 

which time a slight energy shift of up to 0*5 eV sometimes occurred.

Thus, although the accuracy of the polarisation was improved by averaging, 

the energy resolution was actually degraded to about 1 eV. On any 

particular run, the small dip in the polarisation at 10 eV showed 

more clearly than in the plotted data. The polarisation was not 

measured below 7*0 eV, due to the very low count rate in that region.

As a check that there were no serious unwanted reflections, the 

electron energy was kept constant, and the photomultiplier pulses 

were fed, via an amplifier and discriminator, into the input of a 

multichannel scaler. One of the gating pulses from the gating unit 

was used to trigger the beginning of the channel sweep, so that as 

the polariser rotated, the channel number of the multichannel scaler 

advanced until the polariser had made one complete revolution, when 

the sequence started again. After about 1 hour, a sinusoidal variation 

in the scaler contents was observed. This is plotted as a function 

of polariser angle in the polar diagram fig. 7:2. The expected pattern 

is that produced by a pair of crossed radiating dipoles, and as such,



7:2 Polar diagram showing the intensity of transmitted 
radiation as a function of polariser angle.



should be symmetric. Ho serious asymmetries are apparent.

7.2 Errors and Corrections

The same sources of error as in section 5.2 were again considered.

7.2.1 Pressure Depolarisation

One of the advantages of the atomic beam technique is that the 

interactions take place in a region of relatively high atomic density, 

but the surrounding regions have a much lower density. To a large

extent this eliminates the problem of pressure depolarisation since 

the amount of radiation trapping becomes small. This was indeed 

found to be the case ; the polarisation was independent of the oven 

temperature (and hence the beam density) provided the beam collecting 

plate was kept cold. If the collector was allowed to warm up, however, 

atoms scattering off the surface of it without 'sticking' caused the 

background pressure in the interaction chamber to rise to about 

2 x 10"5 Torr or higher. Under these circumstances, the polarisation 

was found to be a function of the pressure of mercury in the interaction 

chamber, the pressure being measured with a mass spectrometer, and 

also a function of the oven temperature. Fig. 7s3 shows how the 

measured polarisation at a fixed electron energy of 17 eV varied with 

the ion current in the mass spectrometer. It can be seen that If the 

atomic beam is not collected, then a definite depolarisation results.

7.2.2 Instrumental Polarisation

To determine this, radiation from the deuterium lamp was focussed 

into the interaction region with a 7 cm focal length lens (see fig. 6id). 

The electron gun was removed, and a small quartz cell was placed at 

the precise position of the interaction region. This cell was filled 

with finely sintered quartz (Spectroeil), and a blackened disc of

56
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ion current x1CT10A

7:3 Polarisation of the 1850 A line as a function of 
mass spectrometer ion current.

sheet stainless steel with a 1 mm central aperture was attached to 

the side of the cell nearest the detection optics. This arrangement 

acted as a source of unpolarised radiation. The depolarising 

properties of the sintered quartz cell were checked in the visible, 

by placing it between two linear polarisers. No change in intensity 

was observed when the second polariser was rotated relative to the



first one. Thus the cell was capable of depolarising completely 

polarised light. Since the deuterium lamp could be expected to have 

very little polarisation in any case, it was concluded that the 

arrangement described above created a completely unpolarised source

of radiation.

The cell transmitted so little radiation, however, that the 

apparent polarisation of the radiation was not measurable for wavelengths 

right down to 1850 A. Instead, the instrumental polarisation was 

measured for several wavelengths, and then extrapolated, see fig. 7*4•

58

7:4 Instrumental polarisation as a function of wavelength. 
Error bars indicate 90% confidence limits.

There is no obvious trend in the data, and a least squares fit 

to a straight line yields a value of 0*02 at 1850 A. This method 

of extrapolation is not necessarily valid, however, and an error of 

+ 0*02 was assigned to this figure.



The most probable source of Instrumental polarisation was the 

spectrometer, since this involves three reflections. The polarisation 

of the same model spectrometer has been determined in the ultraviolet 

by Katsui and Walker^, and for longer wavelengths by Poulsen^.

The former measured the polarisation at 1850 A to be - 0*05. At 

longer wavelengths, the spectrometer becomes strongly polarising.

The polarisation depends to some extent on the age and condition 

of the grating.

7.2.3 Other Sources of Error

The polarisation data were corrected for the effects of electron 

beam divergence and finite solid angle of photon detection (see 

section 5.2) No other lines from Hg I were within the bandwidth 

of the spectrometer.
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8. High Resolution Study of the 2537 A line

8.1 General

The apparatus was the same as used for the measurement of the 

1850 A line, except that the two-stage gun used for that line was 

replaced by an electron monochromator, and certain modifications 

had to be made to the optical arrangement and the electronics.

8.2 Monochromator

The monochromator was of the 127 cylindrical geometry type, 

and was made to a design of Haible^, which was based on Mamet 

and Kerwin's design^. The device is sketched in fig. Q* 1. The 

electrodes were made from oxygen - free copper, insulated from each

heating deflecting

tungsten
grids

slit
8,1 Sketch of the electron monochromator. Scale 

approximately 2:1
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other by glass spacers and boron nitride insulators. The entrance 

and exit slits were made from molybdenum and were 0*4 mm wide, and 

12*0 mm high. The cathode was a length of thoriated tungsten wire, 

bent into a hairpin, and placed about 0#6 mm behind the entrance 

slit. The cylindrical electrodes were made from 86*5% transparent 

tungsten gauze. These were spot-welded to copper frames. The 

technique for this was to first take a strand of silver-plated copper 

wire, and lightly tack this to the edge of the copper frame, using 

a fairly low current setting. Then, using this as a sandwich, the 

tungsten gauze was spotwelded on with tungsten electrodes, using a
i l C

slightly higher current setting. A firm positive weld was obtained .

These transparent electrodes had solid cylindrical electrodes 

behind them, which were held at + 40 V to collect any electrons which 

passed through the gauzes. The two curved grids formed a channel 

6*0 mm across and 23*0 mm high.

After the exit slit were a pair of beam-steering electrodes, 

which, taken together with a focussing electrode and the final aperture 

of the monochromator, formed a lens. 20 — 30V was normally applied 

to the focussing electrode to maximise the current reaching the 

Faraday cup. Each voltage applied to the monochromator came from 

an independent power supply.

The monochromator was mounted on a turntable with its axis 

perpendicular to the electron beam direction, so that it could be 

rotated about the axis of the detection optics. This facility proved 

valuable for making checks on the measured polarisation (see p.72 ).

The resolution of the monochromator is given approximately by

V  H 3

- a



where AV^is the resolution FWHM, V is the electron energy in 

the selector region, A R  is the slit width, R is the mean radius 

of the cylindrical electrodes, and oC is the divergence of the 
electrons at the entrance slit.

V was varied by altering the voltages applied to the inner and 

outer cylindrical gauze electrodes, and the energy resolution was 

measured by observing the resonance which appears at 4*92 eV in the 

2537 A line. The half-width of this resonance was assumed to be 

much less than 100 meV, and so the measured half-width when the 

electron energy was scanned over this resonance, was just the read ' ;n 

of the monochromator.

8:2 Energy resolution of the monochromator as a function 
of the energy of the electrons when traversing the 
selector region. Error bars indicate 90% confidence limits.



Fig. 8s2 shows AV^plotted as a function of V. The points lie

nearly on a straight line. The energy scale might be subject to a 

small shift, due to the effects of contact potential.

Fig. 8:3> shows A \plotted as a function of the transmitted current, 

and it can be seen that the current falls rapidly with decreasing 

instrumental half-width.

8s3 Resolution of the monochromator as a function of 
transmitted current. Error bars indicate 90% 
confidence limits.

After obtaining polarisation data for 100 meV resolution, the 

exit slit was reduced to 0*3 mm, and it was found that the rG 3 1

could be improved to 70 meV, with a transmitted current of about 

8 x 10“8A. The polarisation was not measured with this resolution
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however.

The electrons left the monochromator at an energy of about 4*4 eV, 

and were accelerated slightly to the final energy of 4*5 - 8 eV, 

which was maintained over a field-free interaction region. The 

electrons were collected in a simple Faraday cup.

The monochromator was continuously baked at a temperature of 

160°C. A jacket surrounding the instrument was heated by several 

ceramic rods wound with Kanthal wire in a bifilar way to eliminate 

magnetic fields. There was presumably a small residual field though, 

because there was a 4% increase in the electron current when the 

heating current was switched on. The effect of baking was to give 

great stability to the electron current and the resolution.

Occasional shifts in the electron energy of up to 10 meV still 

occurred, but these were much worse without baking.8.5 Optics
The optics used were similar to those used for the 1850 A line 

measurements, but the Rochon polariser was replaced with the Gian — 

Taylor polariser as was used in the vapour experiment. This allowed 

a larger interaction region to be visible, as there were no problems 

with both rays being transmitted. The spectrometer was replaced 

with a 1st order interference filter (see p.27 )• Allowance had to 

be made for the change in focal length of the lenses with wavelength. 

Nitrogen flushing was no longer required, since the absorption of the 

2557 A line by oxygen is negligible.

8.4 Electronics

A multichannel scaler (in ter technique) was used for the collection 

of data for this measurement. The parallel output from the address 

register was fed into a digital to analogue converter (DAC), so that



as the channel number was repeatedly incremented, a voltage ramp was 

produced by the DAC. This voltage ramp was offset by a bias supply, 

and applied between the monochromator and the interaction region, so 

that the electron energy was scanned synchronously with the channel 

advance of the multichannel scaler. The photomultiplier pulses were 

fed into the multichannel scaling input via an amplifier and discr

iminator. The dwell time used was usually 1 ms/channel, and the DAC 

provided a voltage step of 19*3 mV or 25*6 mV /channel. Typically,

200 channels were scanned over repeatedly, so that a voltage range 

of 4 - 5 V was swept in 200 ms. A run consisted of up to 60000 

sweeps with the polariser set to transmit I„ , followed by the same 

number of sweeps for IA . The method of obtaining the polarisation 

from the two excitation functions obtained by this method is described 

in the next section, along with the careful checks necessary.



9. Results from the High - resolution Experiment 

9.1 Results

As described in the last section, the two excitation functions 

I,, and Ij_ were obtained separately, and the polarisation computed 

from them. The reason for employing this technique was to ensure 

that no unexpected shifts in voltage or changes in resolution occurred 

during a measurement; such changes showed readily on the multichannel 

scaler as an asymmetric shape to a resonance, or an apparent 

broadening of a resonance. Such effects usually completely 

disappeared after the monochromator had been operating for 4 - 5  

hours. Typically, the energy range scanned through was from 4*6 eV 

onwards , so that the first 15 or so channels showed the background 

noise level. Because the two functions were obtained separately, 

there existed the possibility that the atomic beam density might 

have changed during the measurement of one of them, so that a 

procedure of normalisation was necessary. For this, the polarisation 

was measured accurately at one energy (5*50 eV) by repeatedly counting 

I„ followed by Ix each for 100 s. The polarisation was calculated 

from the averages. All the calculations were made on an ICL 4130 

computer, the sequence of operations being listed below.

1 • Bata was output from the multichannel scaler to 

a teletype and paper-tape punch.

2. The paper tape was used as an input to the computer

program.

3. The noise levels were found by averaging the first 

six channels each of I,/ and Ij. , giving and Bx .

4. (l/(, - D„) and (lx - Dx ) were found for every channel.

5. The maximum of the resonance at 5*50 eV was located

66
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in both functions, and if not in corresponding channels, then I, 

was shifted along the energy scale the required number of channels 

to bring the maxima into coincidence. At most, this was 1 channel 

in either direction.

6. The ratio g = (l„ - D//)/(lx - Dx ) was found for 

each channel, and if the value was not the same at 5*50 eV as the 

accurately determined value (see above), then the ratio, g , was 

scaled up or down by the required amount, thus normalising the 

polarisations.

7. The polarisations were found from the relation 

P = (fif -  1)/(S + 1).

Further correction to the polarisation values was then made, 

because of the various instrumental effects described in section 

9.2.

Fig. 9s 1 shows the polarisation as measured with a resolution 

of 140 meV, together with several calibration points - the one at 

5*50 eV mentioned above, and some more made in the same way. All

the points lie well on the curve, thus indicating that the normalisation 

method is reliable.

Fig. 9*2 shows I u , lx and the polarisation, P , for a resolution 

of 100 meV. The polarisation data are the average of four runs.

The energy scale was calibrated by the threshold energy for the iine 

(4.888 eV). The leading edge of the first resonance shows no serious 

departure from a Gaussian distribution shape, and it is deduced from 

this that the threshold for excitation lies within a few channels 

of the peak of the resonance.

In figs. 9s 1 and 9:2, the error bars marked are 90% confidence 

limits for the statistical error, plus a small uncertainty in the
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systematic correction which varied with the polarisation. This 

uncertainty was never greater than + 0 0 3.

9.2 Sources of Error and Corrections

The same sources of error as listed in section 5.2 were again 

considered.

9.2.1 Pressure Depolarisation

With the mercury beam running, and the beam collector cooled to 

liquid nitrogen temperature, the pressure in the interaction region 

as measured by an ionisation gauge placed well away from the beam 

region was 2 x 10-^ Torr. As described in section 7«2.1, if the

x 10~6 Torr
-----------»

9:3 Pressure depolarisation of the 2557 A line in the 
crossed beam experiment. Error bars indicate 90% 
confidence limits.



71
collector plate was allowed to warm up, the mercury vapour pressure

_5
slowly rose into the 10 Torr range. The polarisation was measured 

at a fixed electron energy of 6*0 eV, as a function of mercury vapour 

pressure. The result is illustrated in fig. 9s3.

A linear extrapolation to zero pressure indicates a depolarisation 

at 2 x 10-^ Torr of 0*01, but this method is not accurate, and so a 

residual uncertainty of ± 0*01 was accepted, and included in the 

estimation of the error. In fact, this uncertainty was added to the 

statistical error, because it is not a constant systematic shift, but 

is a function of polarisation.

This method indicates the amount of depolarisation in the region 

between the beam and the window (a distance of 65 mm). The amount 

of depolarisation in the beam itself may be estimated in the following 

manner. The diameter of the mercury beam in the interaction 

region was estimated to be 6 mm, and the pressure to be 4 x 10 Torr. 

Thus the quantity (pressure x distance) was approximately the same 

for 2537 A photons travelling from the centre of the mercury beam 

to the edge of the beam, as for the photons travelling from the edge 

of the beam to the window (collecting lens). Thus the amount of 

pressure depolarisation in the two regions could be expected to be 

approximately equal, and the total pressure depolarisation correction 

applied to the data was 0*02 i 0*02.

9,2.2 Instrumental Polarisation

As described in section 5-2.2, an instrumental polarisation of TT 

results in a measured polarisation,?', being different to the true 

polarisation, P.

P' = Tr+ F
1 +TTP

How suppose that the electron beam direction is rotated through
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an angle S about an axis running along the direction in which the 
radiation is observed, so that

I // = I cos2 8 + I sin2<5z X

and Ix = Ix cos2<$ + I sin2c>

Then the apparent polarisation P& (not the measured polarisation, p 1 , 

which will have to take into account the instrumental polarisation, TT )

is given by
p = 1// “ Ix
a I// + Ix

= (IZ “ Ix)(cos2<5 ~ ail)2‘* )
(lz + Ix)(cos2£ + sin2<5 )

= P cos 2 8

Thas’ P' = P cos 2$ +7^
1 + pfrcos 25

For smalls, this approximates to 

P* = P cos 2 S + TT -

This equation suggested a method for determining the instrumental 

polarisation, P' was measured for several different values of 8 , 

the result being shown in fig. 9»4* A total range in S of abcut 

50° was possible. Note that the curve is a typical cos 2 0 function. 

When first tried, however, the curve was offset by 7 from the 

assumed zero. This was unexpected, and was attributed to a deflection 

of the electron beam in the output stage of the monochromator, 

together with a possible misorientation of the polariser. To over, cru 

this problem, the electron gun was thereafter set 7 away from the 

previous $ = 0 position, and a repeat of the above experiment (i.e. P 

as a function of 8 ) gave a cos 2 8 curve centred on 8 = 0, as it

4

should.
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9 • 4 Polarisation of the 2537 A line as a function of S (explained
in text). Electron energy 6*5 eV. Error bars represent 
+ i standard deviation.

5:5 Polarisation data from fig. 9:4. replotted as a funotion 
of cos 25 . The straight line is a least squares fit.



To find the value ofTT, p' was plotted against cos 2§ (fig. 9:5), 

and the intercept found on the ordinate axis by making a least squares 

fit of the data points to a straight line. This procedure gave 

IT = 0*017 ± 0*014.

9.2.5 Divergence of the Electron Beam
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9:6 Experimental arrangement used for measuring tne e^ectr^ 

beam divergence.



This was measured by removing the usual Faraday cup, and replacing 

it with a much smaller one, 4*0 mm in diameter, placed a distance 

of 40 mm away from the final aperture of the monochromator. It was 

not fixed to the turntable, however, so that the electron beam could 

be scanned across it, by rotating the turntable holding the mono

chromator. The geometry of the arrangement is shown in fig. 9s6.

The aperture marked is the longest dimension of the final aperture 

(6 x 4 mm). The beam divergence could not be measured in the plane 

perpendicular to this, and had to be assumed to be essentially similar. 

6 is the measured angle through which the monochromator was rotate-, 

and it had to be related to <f> , the divergence angle of the electron 

beam.

Fig. 9:7 shows the current collected by the Faraday cup as a 

function of <f> . Note that the shape is somewhat asymmetric. The 

angular width of the distribution (FWHM) is about 15°, but account 

must be taken of the angular width of the Faraday cup (~  5°), and 

when this is done, the width reduces to approximately 12°. The 

polarisation data were corrected according to the equation given

in section 5-2.3« An approximation made in the above method was 
to assume that electrons emerged from only a small region in the

centre of the aperture.

9.2.4 Other Sources of Error

The polarisation values were corrected for the effect of finite 

solid angle of photon detection (see section 3*2.4)•

Helmholtz coils were used to cancel the earth's magnetic field 

in the interaction region. The residual magnetic field was measured 

to be less than 10 mG over a 1000 cm^ volume, centred on the 

interaction region. No correction to the polarisation data was made

for this small field.
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9:7 Divergence of the electron beam. The current collected 
by the Faraday cup has been plotted as a function of the 

angle ^ (see fig. 9:6).
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10. Discussion of the Results

10,1 The 1850 A Line

Fig. 10:1 illustrates a comparison of the results obtained (see

energy (6*70 eV). It will be seen that above about 1*2 (9*4 eV), 

there is a good agreement between theory and experiment, particularly 

if the measured values are shifted upwards by the estimated systematic 

error of 0*04* Below 1*15 (8*8 eV), however, there is a marked 

disagreement, and the polarisation drops steadily towards threshold.

It must be stressed that this in no way implies that the threshold 

polarisation will be very small, since the polarisation could not 

be measured below 7*0 eV, and in any case, the energy resolution 

would not permit sudden changes in polarisation near threshold to 

be observed.

It may well be possible that there are unresolved resonances in 

the region just above threshold, which are affecting the polarisation 

in the observed manner. This is seen to be the case for the 2537 A 

line. The dip in the polarisation centred around 1*22 (10*0 eV) 

may also be caused by a resonance.

It should be noted that cascading may affect this line above 

7*7 eV (populating the upper level by transitions from the 7

discussed, direct excitation of the 61P^ level is likely to dominate 

over any cascade processes. However, Jongerius^ took the opposite 

view. Indeed, it is possible that it is the cascading which reduces 

the polarisation at low energies, and that the theoretical value is

section 7) with the theory of McConnell and Moiseiwitsch28. The units 

along the abcissa are (V/VQ)̂ , where VQ is the excitation threshold

9
level), although this is possibly not serious, since, as Penney has

only reached when the direct excitation of the 6 P^ level has grown
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shown in fig. 7*1«
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large compared with cascade processes. If this explanation were 

correct, it would follow that below 7*7 eV, the theoretical polarisation 

would again be reached. The data obtained in the present experiment 

are not sufficiently precise in this region to be able to say whether 

this suggestion is correct or not.

10.2 The 2557 A Line

The upper part of fig. 10:2 shows I, as defined in equation (j - 5)*
... O

that is, I « |  (l# + 2 IJ. The lower part shows the measured 

polarisation, and the theoretical curve of McConnell and Moiseiwitsch, 

as well as the experimental results of Skinner and Appleyard^. The 

data were taken with an energy resolution of 140 meV. It can be seen 

that the polarisation of this line is dominated at low energies by 

the presence of the resonances at 4*92 and 5*50 eV (for the calibration 

of the energy scale, see section 10.3.2). Also, above about 8*0 eV, 

there sire more resonances, and a strong indication in the I curve that 

cascading is important for this line.

Nevertheless, in the region 6*2 - 7*9 eV, the polarisation varies 

smoothly with energy, and may be compared with the theory. It iB 

clear that although the agreement is generally good, the slopes of 

the two curves in this region are different, so that while at 6*2 eV 

the agreement is nearly perfect, at 7*7 «V there is a discrepancy 

of 0*05 in the polarisation.

Prom the results of the vapour experiment, it appeared as if the 

sudden increase in polarisation just above threshold, approaching 

from higher energies, was an indication of a large negative threshold
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10»2 I  (upper) and polarieation (lower) of the 2537 A line,
an energy resolution of 140 meV. Error bars indicate 90% 
confidence limits, plus a small uncertainty in the systemat o 
correction. The solid line is the theory of McConnell and 
Moiaelvitsoh; the circles are the data of Skinner and Appleyard



polarisation. Furthermore, it was expected that an improvement in 

resolution would show the effect more clearly. However, the FWHM 

of the energy spread was reduced from about 300 meV to 200meV, and 

then to 100 meV, and although the height of the resonance just above 

threshold increased dramatically, the value of the polarisation for 

the 'first measurable point' remained essentially unaltered at 

between - 0*10 and - 0*20. From this it may be deduced that the 

drop in polarisation occurs very close indeed to threshold, and that 

the actual threshold polarisation is probably not measurable in this 

type of experiment (but see Imhof and Read^ for a coincidence method,
A O

applied to helium by King, Adams and liearr , and to be extended to

mercury).

It should be noted that Chow Chiu^ has considered the possibility 

of a magnetic interaction occurring between the spin of the outgoing 

electron and the angular momentum of the atom, leading to a disorien

tation of the atom, and a subsequent reduction in the polarisation 

at threshold.

It is interesting to compare the data from the vapour experiment 

with those from the high resolution experiment. Ihe two sets of 

results should be directly comparable, apart from the difference in 

energy resolution. Fig. 10:3 shows the comparison. Both sets have 

been plotted together, but the earlier results had to be shifted 

downwards in energy by 0*2 eV in order to get the best agreement.

This implies that the original energy scale calibration was wrong 

for the vapour experiment. The method of calibration, as stated 

on p .31 , was to set the main peak of excitation at 5*6 eV, this 

value being taken from the work of Zapesochnyi and Shpenik .

However, as discussed in section 10.4.1, this energy is probably



more nearly 5*5 eV. This accounts for half the necessary shift. The 

origin of the remaining shift is unknown. Otherwise, the agreement is 

adequate, apart from a tendency above about 7 eV for the polarisation 

as measured in the vapour experiment to be consistently more negative 

than in the other set of data.
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10:3 Comparison of the results from the vapour experiment (resolution 
300 meV), with the results from the high resolution 
experiment (resolution = 140 meV). Bie energy scale 
the vapour experiment results has been shifted by 0 2 
to give a better fit.
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10.5 Calibration of the Biergy Scale 

10.5.1 The 1850 A Line

83

The method of calibrating the energy scale is described in section 

7.1. It was necessary to be quite certain of the threshold energy 

of this line, because Jongerius46 found that the threshold was not 

coincident with the 6 level, but occurred 1*2 eV higher at the 

position of the level (7*9 eV). This surprising result came 

from comparing the apparent threshold of the 1850 A line with 

thresholds of other measured lines - those at 5461, 4078 and 5790 A, 

and assuming the threshold energies of these lines to be Just the 

spectroscopic values. The detection sensitivity of that experiment 

was probably not as great as it. the present experiment, and this 

fact probably explains the discrepancy, particularly when the rather 

shallow onset of excitation of the line is taken into account (see fig. 7*1)

The shape of the excitation function as measured here, agrees 

fairly well with that found by Jongerius, Shregardus^, who also 

measured this excitation function, found a different sort of shape 

altogether, with a large broad peak in the cross-section just above 

threshold, which it would have been impossible in the present experiment 

to have overlooked. The method Shregardus used for isolating the 

line was to record the photon signal alternately with, and without, 

oxygen absorbing the 1850 A line, and then to find the difference in 

signal. This method would appear to be insufficiently reliable.

In the region 1 0 - 1 1  eV, the energy scale is probably not linear, 

due to space—charge depression below ionisation threshold, and a 

neutralisation of this effect above ionisation threshold.

10.5.2 The 2557 A line

As fig. 10:2 shows, the onset of excitation for this line is
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extremely steep, due to the presence of the resonance. This onset 

was examined many times, with varying resolution, and in every case, the 

shape of the leading edge of the resonance was just that of the energy 

spread of the electron beam (assumed to be Gaussian). In other words, 

there was no sign of any excitation below the resonance, from which 

it was deduced that the resonance centre was only very slightly above 

threshold. The smallest FWHM of energy spread used to examine the 

threshold region was JO meV, so that from where the excitation first 

appeared out of the noise, to the peak of the resonance was also 

approximately JO meV.

It was thought reasonable therefore to place the threshold about 

half way up this slope, l.e. 50 meV below the peak of the resonance, 

but with an error of 50 meV, so as to include the possibility that the 

resonance is actually centred on threshold. So that, since the 

spectroscopic threshold energy is 4*888 eV, the resonance position 

was placed at 4*92 i 0*03 eV.

This calibration then fixed the positions of the other resonances 

occurring in the excitation of the line. The assumption was made 

that there was no space-charge effect causing a non-linearity in 

the energy scale. This assumption was justified on the grounds that 

since the monochromator was probably operating in a space-charge 

limited mode, then in any elements after the exit slit, where the 

voltages were higher and the apertures larger, the electron beam 

should no longer be space-charge limited, and that space-charge 

depression should then only be a small effect.

10.4 Discussion of the Resonances in the 2537 A Line

10.4.1 Positions of the Resonances
the last sub-section, table 10*1 lists theFollowing on from



measured positions of all resonances and similar features observed 

either in I „ , Ix or both. It is recognised that not all of these 

features may be due to the formation of excited states of the negative 

ion, Hg-.

Table 10:1

Position of observed Observed ins
feature

4*92 eV I// . Ix
5*23 Ix
5*50 I// . Ix
8*38 I// » Ix
8*76 I// f Ix
9*04 I,/

In each case the positional uncertainty is ± 0*03 eV.

Of these, the three resonances at 8*38, 8*76 and 9*04 eV are all

above the threshold for cascading from the 7 ^ level, via the 4358 A

line to the 6^P^ level. It is not possible to say from the present

work whether these resonances are in the direct excitation of the

6̂ P.| level, or in the excitation of the 7^S^ level. Other workers,

however, have observed similar structure in the excitation of the

7^S1 level, by measuring the excitation function of any of the three

lines 6^Pn - 7^S,. Thus Zapesochnyi and Shpenik^ observe a
0,1,2 1

resonance in the 5461 A line at 8»8 eV, and Smit and Pijnaut 

apparently observe the same feature at about 8*5 eV.

Zapesochnyi and Shpenik^ also observed resonances in the excitation 

function of the 2537 A line. Table 10:2 compares the positions given 

by those authors with the positions found in the present work. The 

agreement is very good, apart from an overall shift in energy of

about 0*1 eV.
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Table 10:2

Zapesochnyi and Shpenik Present work
5*0 eV 4*92 eV
5*3 5*23
5*6 5*50
8.5 8.38
9*0 8.76

Less good, however, is the agreement with the electron transmission
52data of Kuyatt, Simpson and Mielczarek . It has been suggested

53by Burrow and Michejda that an energy scale calibration error 

might be responsible for the discrepancy between the results of 

Kuyatt et al and their own results from essentially the same type of 

experiment. Burrow and Michejda have observed resonances in the 

transmission of electrons at the positions given in table 10*3* which 

also lists the positions found by Kuyatt et ad.

Table 10*3
Burrow and Mi che .ida Kuyatt et al

4*68 eV 4*07 eV
4.91 4*29
5.5O 4*89

Of these, only the last two should be observable in the 2537 A 

line, since the other is below threshold. Ibis is indeed the case, 

and the agreement of the results of the present experiment with those 

of Burrow and Michejda is excellent. The small feature observed 

in the present work at 5*23 eV was not seen by Burrow and Michejda.

The widths of the resonances are also worth comparing. As described 

in section 8.2, the width of the resonance at 4-92 eV was assumed 

to be much less than the instrumental half-width, and was used as 

a measure of the energy resolution of the monochromator. The smallest 

width (FWHM) measured for this resonance was 70 meV, and thus the 

actual width will be certainly smaller than this. For the 5*50 eV
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resonance, the measured FWHM was about 140 meV, and since the 

instrumental resolution was then less than 70 meV, the actual width 

of this resonance would be approximately 120 meV (the half-widths 

add in quadrature). The widths found for the two resonances by 

Burrow and Michejda are ~ 40 meV and ~115 meV respectively.

It is therefore almost completely certain that the resonances 

observed by Burrow and Nichejda at 4*91 and 5*50 eV are the same 

features as are observed in the present experiment at 4*92 and 5*50 eV.

In an electron scattering experiment, Duweke, Kirchner, Reichert 
54and Staudt determined the positions of the same two resonances 

to be 4*55 i 0*10, and 5*15 * 0*10 eV. Their calibration of the 

energy scale was done using a gas mixture of mercury and nitrogen, 

and finding the nitrogen resonance at 1 •8̂  eV. It is not clear why 

these discrepancies in the resonance positions should arise.

10.4.2 Identification of the Resonances
52Following the results of Kuyatt, Simpson and Mielczarek , Fano 

and Cooper^ put forward a possible identification of the negative 

ion states being formed. Their identifications are listed in table 10:4.

Table 10:4
Position of resonance 

(from Kuyatt et al)
4*07 eV

4*29

4*89

Negative ion state 
(from Fano and Cooper) 
6s6p2 \ /2

6s6p2 4P y 2 
6s6P2 4P5/2

The 'parent' levels of these negative ion states are the

6s6d ^P levels of the neutral atom. The addition of a second
*  0 , 1,2

electron into the 6p subshell would not be expeoted to change the 

energy of the level to any great extent, and this is partly the 

basis of the identification by Fano and Cooper. If however, the



energyresults of Kuyatt et al were subject to a miscalibration of the

In the case of the 4*92 eV resonance, it is so close to the threshold

probably still applies, thus the formation of a negative ion state 

with a J value of other than 1/2 or 3/2 would be impossible. The 

present experiment provides a method of distinguishing between these

polarisation of the emitted radiation for the two cases, and predict

radiation from the normal mixture of isotopes, for which the expected 

polarisation would be less.

In the present experiment, the polarisation of the 4*92 eV 

resonance was found to increase as the FWHM of the energy spread in 

the incident electron beam was reduced. This is shown in table 10s5 

Table 10:5

The errors shown in the polarisation are 90% confidence limits, 
plus a small uncertainty in the systematic correction.

Thus, a further improvement in energy resolution could be expected

to lead to a further increase in the polarisation of this resonance.

It can be seen, therefore, that the hypothesis that the resonance

at 4*92 eV is caused by the formation of a 4Pj/2 negative ion state

scale as Burrow and Michejda suggest, then this places the 4P ^ 2 state 

at 4*92 eV and the 4P ^ 2 state at 5*50 eV.

of the 2537 A line, that the threshold selection rule All. = 0

21two states. Baranger and Gerjuoy have computed the theoretical

Energy resolution Measured polarisation at 
peak of resonance at 4»92 eV

200
140
100

300 meV 0*00 + 0*04 
0*15 ± 0‘04 
0*24 ± 0*03 
0*40 * 0*07



appears to be supported by the polarisation data,
8 9

The 5*50 eV resonance is too far above threshold for it still 

to be true that the inelastically scattered electron will remove 

no angular momentum from the system, and so it is quite possible 

for a J = 5/2 negative ion state to be observed in the excitation 

of the 6?P1 level. Unfortunately, no theoretical values for the 

polarisation of the emitted line radiation for this case are available,

and so no further comparison can be made.
54In the experiment of Duweke et al , mentioned on p .87 , it was

found that the angular distribution of the scattered electrons
4 4supported the identification of these resonances as Pj/2 *5/2'
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Appendix 1
Correction to Polarisation Measurements due to the Finite Convergence 
Angle of the Electron Beam

electron path

With reference to fig. A:1, the electron beam is nominally along 

the Z axis, and the emitted radiation is observed along the Y axis. 

The diagram shows an electron path which is inclined to the Z axis 

at an angle (6 2 + this angle being resolved into two components

(j) and 0 for ease of analysis. It is assumed that this angle has some 

(small) limiting value , and that the distribution of electron 

paths is uniform within a cone of half - angle .

If all the electron paths were along the Z axis (the ideal case), 

the measured polarisation would be given by
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P = X, - ^

1« + *x
However, the divergence of the electron beam results in the measured 

I*, and 1^ being different to 1„ and Ix  .

I,J - 1,/COS20 cos2̂ ) + Ix sin2© coa2<p + Ix sin20 

= Ix cos2© + I^sin %
2

Making the small angle approximation, sin x = x , cos x = 1 - x ,

i,' = i / / (1 -e2 - f )  + ij. (e2 + f r 2 )  , 

ijt = ix (1  - e 2) + M>2 .
2neglecting terms of higher order than 0 .

All the possible electron trajectories are now integrated over.

If the trajectories are uniformly distributed within a cone, then 

the averages, I/( and Ix may be defined by,
A  f***

T - J ? | j I , a * ae

where &hax - ,

and = ( « < - © )

Solving these integrals (with the aid of a ©-otsin^ substitution) 

gives the result

X,= I / / ( 1  - | i )  + X | f .

1 “ + Ix 0

Pm the measure polarisation is now defined by

- I// ~ Ix
X/ +x

= p (1 - i  * 2) 

1 - p
4
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Appendix 2
Correction to Polarisation Measurements due to the Finite Solid Angle 
of Photon Detection

A:2

Refering to fig. A: 2, the effect of detecting photons in a 

direction which is inclined to the Y axis is again a depolarisation. 

The diagram shows a direction inclined at an angle of )

to the Y axis, again resolved into two components» with lying in 

the YZ plane. Applying a similar treatment to that used in Appendix 1, 

I,J = I„ COS2*  + Ix  s in 20t
2 2 2/5- Ij_ cos p  + Ix cos c< sin p  , 

and making the small angle approximation,
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I'/ = I// (1 - « 2) + la.«2

= I x

Now suppose that photons may be detected anywhere over a 

circular aperture (e.g. a lens), which subtends a half - angle X 
at the interaction region. Then the average intensities lt/ and 

detected will be given by

I = 1T J f
I '  d<*d/3

where /
/ a  x \ !4and oCf«* = (̂  - /3 )

Solving these integrals gives

;

I« = i// (1 - £ )  + i £4 4

I, = I.

P = P_

p o - £ )4___
1 - p £

4

/ (1 - £  + pm t )

and hence
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