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CHAPTER 0 INTRODUCTION 

. 0.1 General background 

Since the advent of tunable dye-lasers atomie callision physics 

has been extended towards experiments with laser excited atoms. This 

new field offers possibilities that could oot be achieved in previous 

set-ups. An important feature of resonant laser excitation is that 

the excited state has acquired an aspherical shape due to the 

polarisation properties of the laser light. Experiments that study 

the influence of this shape on the callision process then lie at 

hand. 

The Atomie Collislons and Spectroscopy group has performed 

experiments on neon metastable atoms, with a standing wave dye laser 

being used to optically pump the two metastable states. State 

resolved cross-sections were obtained in this fashion. The conditlans 

under which excitation taak place were fairly well saturated such 

that even less ideal laser properties did nat influence the 

experiments. As a research line for the next few years attention will 

be paid to the callision physics with laser excited atoms. This will 

put some new requirements to the experimental situation, especially 

because polarisation properties will be studied. 

This report will present some aspects of bath the conditions for 

polarised laser excitation for scattering experiments and the 

evaluation of such experiments. Although this involves many seperate 

phenomena we have tried to relate these by delivering a unifying 

treatment in terms of symmetry properties. 

6 
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0.2 Outline of this report 

This report can he divided into three parts, namely a theoretica! 

one (chapter 1 and 2), a part that describes some experiments on 

polarised laser excitation (chapter 3 and 4), and a part that 

contains two rather independent contributions (chapter 5 and 6). 

Chapter 1 gives a description of the quanturn mechanical frame work 

that is needed in order to evaluate polarisation experiments. It 

contains all relevant information that can he found in standard 

textbooks (e.g. MESS56, COND63, NIEN78). The reader who is familiar 

with the concepts of angular momenta and tensor operators will not 

need this chapter. It is merely given to set the right context for 

the following chapters of this report, i.e. it emphasizes the role of 

symmetry considerations in discussing polarisation effects. 

The theoretical description of laser excitation that is given in 

chapter 2 serves as input for chapters 3 and 4. The aim of this 

chapter was to describe all effects that can appear in excitation 

experiments by means of a reduced number of interpretations, thus 

improving the coherence of the description. 

In chapter 3 and 4 some experiments are given on the absolute rate 

of excitation and the polarisation of the atomie state respectively. 

These experiments have not passed the preliminary stage and need a 

thorough follow-up in the future. The reason for this is that the 

dye-laser system did not function over a period of several weeks 

during the three months that were available for data taking. 

Chapter 5 delivers a rather new treatment for the interpretation 

of atomie scattering experiments. On the basis of symmetry arguments 

a decoupling principle is developed that can he used in conjunction 

with standard descriptions of atomie colisions. 
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Finally, in chapter 6 the design of an electron spectrometer is 

desribed. This device will be used for future experiments on Penning 

ionisation with laser excited neon atoms. 

0.3 The atomie states of neon 

As the excitation experiments to be described in this report are 

all performed on the metastable states of neon we will give some 

details of the states under consideration. The relevant states of 

neon are divided into two groups, and are given in Figure 0.1. 

The lowest lying group consists of the first excited states, 

denoted as Ne*. They have the electron configuration 1s2 2s2 2p5 3s; 

compared to the ground state one of the 2p electrans is transferred 

to the 3s orbital, resulting in an energy of about 16.5 eV above 

ground level. This configuration is split into four levels due to the 

interaction of spin and orbital angular momentum. The levels are 

given a Russels Saunders notation in Figure 0.1, although they are 

nat necessarily pure 1-S coupled states. Of the four states only 1p 
1 

and 3p having a total angular momenturn of 1, can radiatively decay 
I 

3 3 
to the ground state • The P0 and P2 levels, on the other hand, are 

metastable states with lifetimes of seconds, so that one can make 

atomie beams with them. 

The second group is made up by levels with a doubly excited 

electron, Ne**, with notation 1s2 2s2 2p5 3p. Thus, compared to the 

Ne* states, the excited electron is not in a 3s but in a 3p orbital, 

which has about 2 eV more energy. Due to internal coupling there are 

ten levels with J numbers ranging from 0 to 3, each notated as {a}k , 

with k an index ranging from 1 to 10 and indicating the order of the 
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FIGURE 0.1 Schematic level scheme of neon. 

levels (1 being the highest and 10 the lowest level). This empirical 

notation is chosen in order not to prefer one coupling scheme above 

another. Atomie calculations have shown (HENN82,MART84) that no such 

a scheme is valid. 

Radiative transitions occur between the levels of Ne* and Ne** 

with a total transition probability of approximately 6 -I SOxiO s , 

leading to lifetimes of about 20 nsec. The wavelengths of most of the 

intermultiplet transitions are in the 580-650 nm range. 

We will now define three types of excitation schemes. A multi-

level situation corresponds to a combination of at least three levels 

of which two are resonantly excited, while the upper level can decay 

into non-resonant levels. This leads to a gradual depletion of the 

excited levels. A closed level system consists of two levels of which 

the upper can only radiate into the lower level. Such a system allows 

long interaction times with the laser light. The only closed level 

system in the Ne*-Ne** transitions is the one at 640 nm : excitation 

takes place from the 3p 
2 

(J=2) state to the {a} 
9 

state. Only this 

transition was used for the experiments of this report. A special 

9 
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situation of a closed level system is a two level configuration. 

Then, the transition is from only one lower substate to one upper 

substate. For neon this can be achieved by excitation at 640 nm with 

circularly polarised light. 

Most experiments with laser excited atoms are carried out on the 

states of sodium. Compared to neon, excitation of sodium atoms, 

however, has a big disadvantage. Due to the hyperfine splitting of 

sodium that can not completely be resolved, the upper state 

population generally consists of contributions of several states. 

This has especially great consequences for the feasibility of a 

closed level system. It appears that excitation with linear polarised 

light in that system always shows some unexpected effects. In fact, 

the coupling scheme of neon is the only ideal closed level system 

that can be prepared under standard experimental conditions with good 

dyes (Rhodamine). By using the energy transfer dyes in the 750-850 nm 

range we can also excite the np5 (n+l)s~np5 (n+l)p transitionsof Ar 

through Xe which have the same advantage. 



CHAPTER 1 BASIC QUANTUMMECHANICAL TOOLS 11 

1.1 The Schrodinger Equation 

The basis of the Schrodinger picture of quantummechanics is the 

postulate of a wavefunction ~(x,y,z,t) whose time development is 

determined by the Schrodinger equation 

1.1 

where nV2 
is the operator to produce the total momenturn of the 

partiele 

1.2 

while V(x,y,z,t) is the potential energy and H is called the 

Hamiltonian. In atomie physics this potentlal quite often is 

spherically symmetrie, which makes it convenient to rewrite the 

wavefunction and operators in another form .Hereafter we will deal 

with the wavefunction as split up in an angular, radial and time 

dependent part 

Although rather trivial, it is good to bear this separation in mind, 

in 
+2 

order to avoid future confusion. The new form of the nll operator 

is, as usual, 

t4 



-+2 
where L is the operator for the total orbital angular momentum, to 

be dealt with in section 1.2 The new farm of the Schrodinger 

equation is then a set of three uncoupled differential equations 

L~ ~ ~ E[~.e.ce) T 

L,._ A = é {1.. e,le)A 

k;v~ R - -[ ~{Eh.t!.d! -Vh,S,teJY.- tc-.,e,re.t2 R 

where C(x,y,z,t) and E(x,y,z,t) are constauts in the case that the 

total wavefunction is an eigenfunction of the Hamiltonian H. 

It is usual to express the wavefunction as a sommation over an 

infinite number of orthogonal functions i such that 

where we use the symbolic notation of a ket-sign for a wavefunction. 

The most convenient set of functions is the set of eigenfunctions of 

the Hamiltonian. There is however. no physical reason within the 

frame work of quanturn mechanics to prefer that set above any other. 

Physical observable quantities can be calculated from the 

wavefunction by means of the 
A 

expaction value of the operator 0 

/\ /1 <o> ==<4Jiö1LV> 

By using Eq. (1.1) we find for the time development of the 

expectation value 

-i (LJi I ~Ó -6Hi1Jl) t (lV I~ Jljl> 
:R-

-~ dll,Ó]) + < %9:> 
t8 



We can consider the notation of Eq. (1.6) as that of a vector in 

function space. On this basis an operator is thenrepresented by the 

matrix 0, with elements Oij given by 

A 

0~~ == < L I 0 I J'> 1.q 

The expectation value of 0 is 

î.10 

A convenient operator is the density operator p , defined as 

ê = 1\.V><lJII 1.11 

which has matrix components 

I c)<j I 1.12 

with expectation values 

1.13 

Now we can easily write the expectation value of an operator 0 

l1Y 

as a part that represents the actual state of the wavefunction and a 

part that is based on the strengths of the seperate matrix elements 

0. ·· With the aid of Eq. (1.8) we can write for the time development l.J 

of the density operator itself 

/\ e. .î.15 

1.2 Orbital angular momenturn operators and their eigenfunctions 

In a close analogy with classica! mechanics one can define the 



-+ 
components of the orbital angular momenturn operator L as 

14 

1.16 

When we treat these operators as the components of a real vector we 

can write the orbital angular momenturn operator as 

--.::. 

L 

lts squared length is then 

~'2. ~ --.:.. 

L == L.L .1.18 

Using Eq. (1.16) the cammutators are given by 

This result is based only on the geometry of three-dimensional space. 

The Li operators are the operators for infinitesimal rotations around 

the i-axis (see section 1.5). The non-commutivity of L and L is x y 

then simply caused by the fact that the result of two rotations 

depends on the order of the rotations. If we first rotate around the 

x-axis, and then aroun the y-axis, the result differs from the case 

where the order is changed. 

As the three components of l do nat commute, they cannot have 

simultaneous eigenfunctions. For example, we can take as normalised 

eigenfunctions for the particular case of L-value 1 the functions 

/ ~JC '> =: ~ ~~ 'Y/'{zrz+j'l +2'2 1 

I p'l > = 0}4~ ~/V i+'-J' t-:i 

I ~,>= ~ 2/Vx2+<l+:/ 

1.20 



Under rotations these functions transfarm among each other like 

veetors in space. They are directed towards the x-, y-, and z-axis 

respectively. These are eigenfunctions of only one component of the 
..,. 
L-operator, namely, the 1 , 1 , and 1 -operator respectively, and 

x y z 

cannot be eigenfunction of two components at a time. 

An alternative set of functions are those that all are 

-.) 

eigenfunction of only one component of L. They can be formed from the 

functions (1.20) by a base transformation 

I r + >= ~ ( I Px > + L I ~'I'>) 
?o )== I ~'2) 1.21 

They have the z-axis as symmetry axis and consequently are 

eigenfunctions of 1 at eigenvalues -1, 0, and 1 respectively. When z 

we deal with the influence of an electric or magnetic field or when 

we are interested in wavefunctions during collisions of two atoms we 

want to have functions that show an axial symmetry. Although there is 

no physical preferenee for either of the two sets of functions, we 

will hereafter only deal with the last set. 

As the Hamiltonian contains the 
-+2 
1 operator we want to have 

eigenfunctions of both this operator and the 1 operator, the last 
z 

one for reasans of convenience in the case of field interaction. 

These eigenfunctions are the spherical harmonies, denoted by y
1

M. 

They have the properties 

~ _) 

1.'2 '2 
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[n appendix 1 the expressions for the YLM functions for practical 

va lues of L are given. These functions have the z-axis as 

quantisation axis, and thus are axially symmetrie around that axis. 

As any axis cao be chosen at free will one has to state in physical 

cases which direction is chosen as quantisation axis. 

From the L and L operator we construct new operators which take x y 

account of the axial symmetry of the YLM functions: 

L+- L::( + L L~ 
1.'23 

L = L::( 
Wh en acting on a YLM function we get 

L+ 1Yu1> = \[L(L +1) - M(M+1) I YLM+1 > 1.'2. ~ 

L l>in>= VLtL+1) -h(M-1) 
1 

I YLH-1 > 
so that they work as ladder operators. The commutation relations for 

these operators are 

[ L+ ~ L_l = '2 L L 2 

[ L.± ~ L)l = + L + 

1.2S 

The fact that the components of the t operator do not commute 

implies that we can oot speak of the expectation value of the orbital 

angular momenturn as a vector, since the expectation value of L and 
x 

LY do not exist. However, the operator itself can be regarcled as a 

vector as will be shown insection l.S. 

1.3. coupling of orbital angular momenta 

In this paragraph we will deal with the case of a two electron 
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atom. In such a case the total wavefunction can be written as a 

product of the two one-electron-wavefunctions, 

1.'2 6 

where ~I and ~2 are the eigenfunctions of the Schrodinger equation 

-+2 
(and thus of the' 1 operator) for each electron separately; 

with a =1,2,The total wavefunction ~ has to satisfy this same 
t 

equation (for the case that we neglect electron-electron 

interaction), and thus it should be an eigenfunction of at least the 

-+~ 
1 operator. A simple product ~~x~2 generally is not such an 

eigenfunction. We can see this as follows: 

'l 

L I ~leb>== t .L (I tt'1.L '>I tr2, j'>) == L.(t 14\i > ll/11.j'> t l~i> t I lf2)> 
-l ..). -...l -.:. 

==.(L.L ILV,,i>)f!f\J'> T l~i')(L.L llfl~~'>) +2 L ~~L'>L /~)) 

~ rr~ + r~ + 1 r,. rl) 'tr,.L'>t(J{.J > î.28 

~1 

= Lw llf&,t) 

where we wrote 1. for the L operator working only on ~. , and where 
~ ~ 

-+ -+ 
Because of the inproduct 21

1
.1

2 
appearing in Eq. (1.28) the 



18 

eigenfunctions of 
-+2 .-+2 
L1 or L2 are not necesarily eigenfunctions of 

-+2 
L • In this derivation we have frequently used that the L operator 

tot 

can be dealt with as a vector in space. We can construct the latter 

from the first by making a base transformation in function space. 

Denoting the simultaneous eigenfunctions of 

and the productfunction as 

we can set the new eigenfunctions as 

-+2 
L a and L as I L M > az a a 

.130 

where the inproduct (in the usual sense as a combination of a bra-

and a ket) is called a vector-addition coefficient or a Clebsch-

Gordon coefficient. They have the property that they are zero unless 

A clebsch-Gordon(CG) coefficient can be expressed in terms of a 

Wigner 3i symbol: 

An expression for computing these coefficients is given in Appendix 

l. 
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1.4. Spin angular momenturn 

Until now we have only discussed the angular momenturn due to the 

orbital motion of electrons. In most cases, however, we also have to 

take into account the spin of the electrons. As we consider this spin 

angular momenturn to behave as a vector in space, iust as the orbital 

~ ~ 

angular momenturn L, we want the components of the spin operator S to 

fulfill the commutation relations 

similar to Eq. (1.19). The two eigenfunctions of the 

operator are Jo+> and Jo-> , with eigenvalues 
......:.1 
5 Ier .::> = ~ (t +1) I a-.±'> 

5 I() +"- - + 1 I a- -t:'> ';2 _:,/ __ 1. 

-+2 S and s 
z 

These functions are not to be expressed in space coordinates; they 

can be thought of as veetors in abstract two dimensional "spin 

space". 

By extending Eq.(1.3) with a spin part we can include the electron 

spin in the wavefunction, resulting in 

The important characteristic of spin as treated above is that the 

spin operator S works in a similar way as the operator L; we can both 

treat them as vector operators. There is no functional difference 

between orbital and spin angular momentum, so that it should be 

possible to combine these two quantities in the same way as we 

combined the orbital angular momenturn of two electrans (Eqs. (1.28) 

to (1.32)). Denoting the total atomie angular momenturn as J 
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this operator satisfies the commutation relation 

The mutual eigenfunctions of j 2 and Jz are denoted by IJM). When 

..... 
acted upon by any component of J they are transformed into a function 

with the same eigenvalue of J2, as can be seen in analogy to Eq. 

(1.22) and Eq. (1.24). Because of this analogy we can change L 
x,y,z 

in Eq. (1.23) and Eq. (1.25) into J • 
x,y,z 

The coupling of Eq. (1.37) is described by the sa me CG 

coefficients as those 
-+ -+ 

for the coupling of 1
1 

and 1
2 

in Eq. (1.31), 

now writing ll/2 +-1/2> for ja+->. 

l.S. Rotations in space 

The most direct appraoch to space rotations is the rotation of a 

wave function which has no spin components. Such a wavefunction can 

be written in the form Eq. (1.3) of which only the angular part 

A(8,~) will change under rotations. 

The effect of a rotation R on a function is a change of space 

coordinates. Take for instanee an infinitesimal rotation of angle ê 

around the z-axis. The new coordinates then are 

~ I 

x 'Y- E~ x 

~ ~ ~ +[~ ~I 

1.3Cf 
~ 2 

I 
2 2 
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In a Taylor expansion of the last equation one gets 

1.40 

By using definition of the Lz operator in Eq. (1.16) we find 

1.41 

showing that the L operator is the operator for infinitesimal 
z 

rotations around the z-axis. The same holds for L and L so that one 
x y 

-+ 
can write infinitesimal rotations around the vector n as 

1.42 

Rotations·over a finite angle ~ can be thought of as composed of 

many infinitesimal rotations, resulting in 

1,43 

--
The case of a wavefunction which has also a spin part can now 

easily be dealt with. Equation (1.43) shows that the angular momenturn 

operator determines the rotation. Because there is no functional 

difference between 
-+ -+ -+ 
L, S, and J one can use any of these for 

descrihing a rotation in the case of orbital angular momentum, spin, 

or a combination of both. So, generally 

1. 44 
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In principle this means that we treat the spin part S(o) of the 

wavefunction in the same way as the angular part A(8,~) ; we give 

both the same symmetry properties. Thus it would be rather logical to 

express S in terros of E· This, however, gives nonsensical results. 

For example, the rotation of the \1/2 1/2> function around the z-axis 

over 2TI , which would have to leave the wavefunction invariant. 

Application of Eq. (1.44), however, yields 

L21rf!Jl) Jll) e 22 =-- 22 -I o-) 1.45 

which cannot have a physical meaning. Nevertheless, experiments 

indicate that only rotation over 4TI ~ives the same wavefunction back 

again. 

As the eigenfunctions of j 2
and J belonging to one eigenvalue of 

z 
-+2 
J form a closed set under action of J we can write 

L 1.46 
M' 

where the RMM are the components of the (2J+l)*(2J+l) dimensional 

matrix for rotation · of a J function -+ around n over an angle cp • 

Wavefunctions with the same value of J have the same rotationmatrix. 

This implies that the symmetry properties of a wavefunction are 

solely expressed by the value of J and M. 

The inverse action of a rotation is a rotation over the negative 

angle 
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The matrixelements for integral values of J can be computed from 

the spherical harmonies YLM given in appendix 1. Halfintegral values 

need a purely group theoretical appraoch. The result for a rotatien 

around the x- or y-axis is; 

with k acquiring all values such that the factorials have non-

negative index. In Appendix rotatien matrices are given for 

practical values of J. 

A rotatien around the n vector over angle <P can be written as the 

product of three rotations, subsequently around the z-, y-, z-axis 

over the Euler angles a., S, y: 

1.4q 

Thus, it is only necessary to know the matrices for rotations around 

the y-, and z-axis in order to describe any rotatien in space. 

1.6. Spherical tensor operators and the Wigner-Eckart theerem 

We now want to find a convenient farm to write operators in, as 

this can only facilitate computational work. In the preceeding 

paragraphs we have written the angular part of wavefunctions in a 

farm that displayed an axial symmetry around the z-axis. It will 

prove to be very convenient to adhere this symmetry with respect to 

operators that change under space rotation. 
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In analogy to the idea of a wavefunction as composed of IJM) 

functions, we canthink of any (spatial) operator as a summation of 

several operators, all with an axial symmetry. These basis operators 

are the spherical tensor operators. We define a spherical tensor 

operator Tk of rank k as a set of (2k+1) operators Tkq (q""-k ,-

k+1,,,k) which have the property that they transfarm similar to a 

lkq> function 

....:. 

Tr~ 
_, t ~.~,!i ~ ~~~ R.le 2 TC}' tso q; 

q;' ~4' 

Using this definition it can be shown that the product of a Tkq 

operator on a IJM) function rotates as a IJ'M') function; 

-2 - q,' 

where the definition, Eqs. (1.30),(1.31), and (1.32) have been used. 

The transition from the second to the third line can be understood by 

the fact that, concerning rotations, there is no functional 

difference between Tkq and the lkq) function. The difference in 

operation appears in the factor .akJ, which has to be independent of 

q and M, otherwise it would invalidate the definition. 

The result of Eq. (1.51) is usually expressed in a different farm, 

namely the Wigner-Eckart theorem: 

< 'J'll 1 2 1/'J) <''J'M' 1.e CVJ 'J H) 
\f'2'J'+1 J 

î.52 
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where (J'ITkiJ> is called the reduced matrix element. It can be 

considered as a normalisation factor, as the definition of a 

spherical tensor only takes account of the symmetry properties, not 

of the strength of the operator. 

The significanee of this theorem is that the matrixelement on the 

left-hand side is expressed as the product of a part that depends on 

the M and M' of the transition (i.e. the CG coefficient) and a part 

that is only dependent on the values of J,J' and k which makes 

computation very easy. The factor /(2J+I) will be shown to be of 

practical use later. 

From the definition of Eq. (1.50) we can make a set of commutation 

relations that spherical tensor operators satisfy. By taking an 

infinitesimal rotation around subsequently the x-, y-, and z-axis and 

by using Eq. ( 1.42) and Eqs. (1.22) to (1.24) it can be shown 

[:J+ ~ T ~] ~-q>i~ tty +IJ' 
Pc 

= TCVt' 
[J_ ~ -

T IV J = Vt~-Oy)(R+rt+ 0' ~ 

ik 
T~_, 1/~ ~ 

~ 
['J2' T ~.J = CJ; Ti 

One can use these relations as an alternative definition for the 

irreducible tensor opertors. From this equation and Eq. (1.25) we can 

now see that the L operator can be considered a spherical tensor 

operator of rank 1 with components I //2 L , L , 1/12 L_(for q=1, 0,
+ z 

1). The same is true for S and J. In fact, all vector operators are 

sperical tensors of rank 1. 
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1.7 The significanee of coherence 

In subsection 1.1 we wrote the expectation value of any operator 0 

as 

<o> 4= ~ < e~-~ '> olj. 
(., J 

'1.14 

However basic this relation is, it will be shown that there are 

problems concerning its use in practical cases. 

The summation of Eq. (1.14)can be separated as a sum over the 

diagonal elements of the density matrix and a sum over non-diagonal 

elements 

The meaning of the diagonal elements Pii is that they give the 

population of state i. For the non-diagonal elements Pij , hereafter 

to be called coherences, the interpretation is less straightforward. 

The significanee of their contribution to the expectation value of 0 

is determined by the meaning of the parameters Oij and by the choice 

of the basis functions. 

For instance, if we. expand the wave-function in states i and j 

that can radiatively be coupled, then the terros p .. ].1 •• 
1J 1J 

(with ].1 

being the dipole operator) gives the dipole moment, so that in this 

case p .. 
1J is proportional to the momentary dipole moment. Below we 

will consider the case that the basis functions are the JM-functions, 

so that we can make some remarks on the meaning of the coherences on 

the polarisation of the state. 

The polarisation of an atom is displayed by its shape. This can be 

calculated by means of the probability distribution of the 

wavefunction 

tss 
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3 
with 6 (r) the three-dimensional Dirac function. Expanding ~ into 

JM functions gives 

Because of the symmetry of the JM functions the first term gives a 

cylindrically symmetrie probability distribution. The second term 

always consists of contributions that do not have that symmetry. We 

can see this as follows: every JM function can be written as a 

product of a '8 and a <1> dependent part 

so that the second term of (1.71) takes the form 

I I Bn B~ cosáfl-n')te) Re ( eHt1') 
H N'=ft? 

t 8M 8~, SL!n({M-ri)te) 'JTh ( t?11M) 
We can conclude that the coherences PMM' give information of the 

angular dis tribution of the wavefunction in relation to the 

quantisation axis: any deviation from a cylindrical symmetry around 

that axis leads to non-vanishing coherences.Thus, in practical cases 

where we know that the system under consideration has acquired 

cylindrical symmetry the pMM' 's should vanish. 

The question now is as how to attain this. lf we expand the 

wavefunction into JM-functions, then, at first sight, the coherences 

consisting of cMcM' (see (1.13)) always get a non-vanishing value. 

However, thinking in such a way we only consider the density matrix 

of a pure state, e.g. a single atom. If we take an ensemble of atoms 

the total density matrix need not have the same form as each separate 

matrix. In the standard way this is brought about by giving each átom 

a random phase distribution over sublevels, what ever that may mean. 



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

Mathematically, if lf. represents atom 
1 
. /.., 

eL ce M cM I 'J lî > 
i then 
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1.Sg 

where ~~ is the random phase factor for the cM coefficient. The 

density matrix elements for that atom then are 

1.6o 

In the density matrix p for the total ensemble all sums over 

remaining random phase cancel, leaving only diagonal terms 

~ e~M' L 

=0 

This ensemble argument yields the desired diagonal form of the 

total density matrix. Unfortunately, it doesn't state why only 

systems with the quantisation axis as symmetry axis are diagonal. 
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CHAPTER 2: RESONANT LASER EXCITATION OF ATOMS 

This chapter is devoted to the theoretical description of the 

excitation of atoms by means of directed, resonant, narrow-band laser 

beams. The first three sections deal with the general principles of 

excitation and subsequent spontaneous emission. Although the 

treatment is mainly semi-classica!, some words will be spent to its 

relation to quantum-electrodynamical calculations. In this chapter we 

will use three pictures to represent laser excitation, that each has 

its own specific advantages. These are the Schrodinger picture, the 

density matrix approach, and that of the Bloch vector. 

In the last four sections some particular effects of laser 

excitation will be treated. This will be clone in both a formalistic 

and a down-to-earth approach. 

2.1 Semiclassical approach to excitation 

In this section ~ semiclassical description of the resonant 

interaction of atoms with light will be given. In this framework 

light is treated as a classical electromagnetic wave, while the atom 

will be treated quantum-mechanically. The transition between two 

atomie states is induced by the interaction of the atomie dipale 

moment and the electric field vector. 

In case of near-resonance it is convenient to write the 

asciilating electric field at the position of the atom as 

2.1 

-+ 
where E0 LS the amplitude of the electric field, E its polarisation 
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vector, Wo the transition frequency, and ~(t) an extra (time-

dependent) fase factor. The significanee of this equation is that the 

departures from resonance as caused e.g. by detuning, doppler

effects, and incoherence, cao be attributed to the factor ~(t), 

leaving the main principles undisturbed. 

The first subsection deals with an idealised situation for 

excitation, namely the two-level atom. Geometrie considerations, 

caused by the fact that the electric field is a genuine vector, are 

dealt with in the secoud subsection. There, symmetry effects due to 

polarisation of both the electric field and the atomie states are 

discussed. In both subsections the fase factor </>(t) is taken as 

zero. It is left to section 2.2 to describe the influence of this 

factor on excitation. 

Semiclassical treatment of excitation is at the same footing as 

quantumelectrodynamics (QED) in the sense that they give exactly the 

same results (see e.g. COHE83). This is a very curious situation as 

it means that the concept of a pboton is oot necessary to describe 

the excitation process, while the origin of this partiele is in 

Einsteln's theory of the photoelectric effect, which is a pure 

excitation process. It is only when spontaneous emission comes about 

that semi/neo- classica! theories differ from QED. Section 2.3 will 

deal with this controversy. 

In the Schrodinger picture of quanturn mechanics the two-level atom 

cao be described as a superposition of two states, the lower level i 

and the upper level k 

2.2 



where c. k(t) are expansions coefficients with 
1., 

a slow 
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time 

dependence. The basis functions li> and Ik> are normalised and 

contain both spatial- and spin dependent parts. The time-development 

of the wavefunction is determined by the time-dependent Schrodinger 

equation (1.1). The Hamiltonian for atom-light interaction is simply 

the atomie dipole's energy 

'2.3 

-+ -+ 
with ~ =er the dipole operator. As the expactation value of the 

dipole moment for states i and k is zero, we cao write for the 

development of the expansion coefficients 

< t f p.E IQ> e~tw~-0i)r ( ~ 

< n 
1 

...... ~ { . ) L{wi -c.ufljb 
X< IJ· E L e éi 

2.l.J 

where Eqs. (1.1), (2.2) and (2.3) were used and where trivial terms 

were left out. 

For the case of resonance we write the electric field as 

E {Xa~J) == Eo ê Cos {wob) =- Eo ê { eUuob + ë~)-) 
'2 

'2.G' 

, which, when we ignore the rapidly oscillating 

terms exp(2iw
0
t) ) (the socalied rotating wave approximation), gives 

L-Qé" ==<'~/w.Eo{iJ)/2 c~ 

6Q c·~ === <~ /tJEo) l)/2. C i 
~.6 

As the phase of the matrixelement 1.0 this case proves to be 

unimportant we will take it to be real. We then define the quantity 

n as 

The salution of the coupled set of differential equations simply is 

an oscillation of ei and ck • 

({t'J == cos (_o_bj'l) 

c~{b) = s~ (Qt/'2) 

When we set ci(O)=l and ck(O)=O we get 

'2.9 



If we look at the populations ci
2 

and ck
2 

we see 

co? {.DJ/2) = ~ {1 + coç{-Qt)) 

s &-,? {SL bI 2) ==-- ~ ( 1 - co~ { .f2 b 'J) 
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2.q 

The populations oscillate at the frequency n, called the Rabi-

frequency. Hence the name Rabi-oscillations. 

In the Heisenberg picture the time development of the density 

operator describes the development of the wave-function. Th is 

operator is written in matrix notation as 

[ fü feiJ L l)<Lj i-4)< L/ J 
/\ 2..\0 eA I ~)< 2:t liJ><~! 

e~ (b~ 
-

lts time development for atom-light interaction can be computed from 
+ 

Eqs. (1.15), (2.3) and (2.5), by writing the dipole operator 1-1 as 

~-{:><~/ 
lil)<il 0 e~i 

A A ~ 
2.f1 

tJ 0 eLA 0 

and using commutation relations fot" density operator components. The 

result is e~i,-e~ eii-~4 
• 

ê _[.Q '2. t'l 
--

e~e-fti 2 P~ -e~;i 

By forming special combinations of density operator components we 

can construct a pictorial representation for atom-light interaction. 

Defining the operators 

-~~t ~~ 
V ::: ec.4_ e +e4~ e . 

. -~~ ' uJ:. v ::::Le14e -Le~~e 

""' e44 -e;;. 
we can think of the state of the atom as represented by the socalled 
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Bloeh-vector R (see e.g. ALLE75) 

Because of relation (1.13) one can show that the R vector has length 

unity, so that it moves in time over the surface of the unit sphere. 

We can rewrite Eq. (2.12) in the form 

G = i. [t ë""-L J f;ÊJ.Q> +eu.J; < 111 ~fl '~ e~~ -( è"{QM I'> + e u.,.b< q ~ M)) e .. ] 

Î,;:::. ( eu..h~fi.Gc>- e"'-~ ~ lilÊ Jl)Je~ -{ ël<J.I,<.Oiit~IL) - e~L! t>iJ4>) eu: '2..1 Y 

IN== [ { (L I i:l E I.Q) ei.k!J; {V- L 11)/2 - < ~ li:i. EI L >eL.."/; (ut lil )/1) 
The matrixelements now contain high-frequency terms which can be 

removed by application of the rotating-wave approximation. By using 

Eq. (2.5) we obtain 

• u 
\i . 
w= 

0 

-Qw 

Jlv 

which shows that the Bloeh-vector is rnaving in a circular orbit in 

the v,w plane. 

Insection 2.1.1 we have seen that the excitation of atoms results 

in Rabi oscillations with frequency 0,, defined by (2.7). Now we 

++ 
will discuss the role of the inproduct ~.E, appearing in this 

formula. First we will deal with the case of a pure polarisation( 

i.e. LHC, RHC or linear polarisation) of the light. Then, the 

inproduct can most conveniently be written in the form 

=- e{:x.E~ + ~E~ +:> E~ J 
= e [( :c.+_!!j) {E~-iE~) + L~~~,i~s) +2 f 2l 
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'2. I Ó 

where the quantities Elin' ELHC' ERHC can be considered expansion 

coefficients of the electric field into three orthogonal waves, 

namely two with the k-vector in the z-direction and with circular 

polarisation (LHC and RHC) and one with k-vector in the x-y plane and 

linear polarisation in the z-direction. This is a convenient form as 

we can now treat the three pure forms of polarisation seperately, 

while still having the same axial symmetry around the z-axis. They 

have the same energy density 

where q denotes lhc,lin or rhc respectively. In the following we 

shall give it the values -1, 0 and 1. Equation (2.16) can further be 

simplified by a transformation to spherical cordinates 

introduetion of the spherical harmonies of rank 1 

x=~ silh 9eo; ce 

~ ~ 'L. Sifr. f7 Sim te 

2 .::: '1 Co~ 8 

==- VW ~rx+, 
=-V-r "ti(Y,ti 

= ff ~ Yto 

+!(_,)/~ 
- 'y(_,)j(;l 

where the z-axis is the quantisation axis for the Y
1
q 

then reads 

By defining the C-tensor of rank 1 as 

it follows that 

functions. 

and 

lt 

p. Ê, = ec ( < &1\ijc -+ c ~' f L»c + { ~ EL,~) = t C~ Eq" '2.'20 

By using the Wigner-Eckart theorem we can now easily compute the 

value of ~ for any pactical value of li> and Ik>. Writing the 

wavefunctions of these states as the product of a radial and an 
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angular part (z-axis is direction of quantisation) 

I L> ~ I Ci:'t, 'J~ Nt,> = l ~iJ~) \'Je Ht) '2. '21 

I ~) A I 0( ~ ')~ MJ? > = I Cl(~ J 4 '> I J4 H~) 
( a is a quanturn number that contains all information not contained 

in J and M), we know with the help of Eq. (1.52) 

_QlîJ-1~ = <L.IC.fJQ) =<~i Ji Mi )j).Eo )ct"~ J~ t-1~)/.Q==. J211;z Hï 

= < 'J" H d c~ ECo/ I 'J12 H _e > < ~ ~ 'J ~ I e "11 Cl(~ 'Ji> '2.. ?.J. 

::::; <o~~-)~ le'i./~e':re'><JJ1j, 11ct 'JaH~!<~;_);_IIé'lfO(.e'Je>Ect.-
\[2.'J<-t-'1 ~ 

with q=Mi-Mk. Thus, ~ can be written as the product of a radial 

integral, a CG coefficient, and a reduced matrixelement. For constant 

values of J and AL the value of ~ depends on the value of Mi and 

Mk. 

In the special case that only one value of q has Eq unequal zero 

(pure polarisation) a lower state with Mvalue equal Mi is coupled to 

only one upper state Mk. If we set the wavefunctions of the upper and 

lower level as a summation over sublevels 

with n = i,k , one finds for the time development of the expansion 

coefficients . . 
_Qt\H~ /2. ( H~ L CH == 

Q.. '2 4 ~ 

• • JlH~ M~/'2 é H· L CM~:::: " 
The resulting upper state population is a summation of several Rabi-

oscillations, each with its own frequency. 

This coupling of upper and lower sublevels is symbolised in Figure 

2.1 for Ji=2 and Jk=3. The relative strengthof the coupling is 
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LHC 
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FIGURE 2.1 : Coupling of sublevels for Ji=2 and Jk=3, for excitation 

with left-handed circular, linear, and right-handed circular light resp. 

determined by the CG-coefficients. The disadvantage of these 

coefficients is that they have a sense of 'direction': interchanging 

the value of Mi and Mk gives a different value. If, however, we 

define the relative transition probability (RTP) between to states as 

R! P()i Hz~ 'J~ h~) = ('Ji Ht, /1 {Hi-~J:~ 'J.a H-&)'2. 

2 Ji, +I 
this sense of direction is lost and we can wri te ~ MiMk as 

I 

J2 h i, Me ~ R!? {'J i th -l 'J Q ~~~ )
2 

_n ~ ~ 

with ~ ik=<Ji 11 Clll Jk)(aiJi I er I akJk.)Eq. 

The result that taking a pure polarisation of the light leads to a 

one-to-one coupling of substates as given by Eq. (2.24) is hardly 

surprising as in this case the polarisation has the same axial 

symmetry as the IJM> states. In fact, we can understand which 

transitions are excited and which not. Regarding a dipale transition 

as a rnaving electron (in the classical sense), a ~~ M\ =1 transition 

is like an electron circling around the z-axis and a ~M =0 

transition resembles an electron that oscillates along the z-axis. As 

the atom-light interaction is resonant only those motions of the 

electron can be amplified that are conform the electric field vector. 

36 
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So, when we excite an atom with light that is ,for instance, linearly 

polarised along a eertaio axis, the force on the electron works in 

the direction of that axis, resulting in a motion along it. This 

gives a ~M =0 transition between states that are quantised along the 

direction of polarisation. The same argument holds for I~MI =1 

transitions. 

When the driving electric field is elliptic no symmetry arguments 

as above hold, which confuses the physical picture of the excitation 

considerably. Now the light can be considered a superposition of RHC 

and LHC polarisation, so that each lower sublevel is coupled to two 

upper sublevels, with relative strengtbs determined by the degree of 

ellipticity. It is however possible to construct new basis functions, 

such that a sublevel is coupled to only one other sublevel. The proof 

of this has been given by (KR0080). 

In the Heisenberg picture the time development given by Eq. (2.24) 

for the density matrix is given by 

These relations shall be used later on in this chapter. 
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2.2 Influenee of the phase-faetor ~(t) 

In the preeceding section the phase-factor was taken as zero, 

resulting in Rabi-oseillations. This results sterns from the coherence 

between the driving electric field and the atomie dipale moment. In 

this section we will investigate what will happen if that coherence, 

as expressed by the phase factor, is changed, bath in an ordered and 

in a random way. 

It is easy to show that the value of ~(t) at the moment that the 

excitation begins (better; at the moment that one of the two 

expansion coeffiecients is zero) is irrelevant. This then 

expresses the relative phase between the electric field and the 

atomie states, which has no meaning for the excitation. The only 

quantity that influences the excitation process, however, is the 

relative phase between the electric field and the atomie dipale 

moment, as can easily be understood from an analogy with the 

classica! dipole. Strictly speaking the above argument means that 

only the temporal development of ~ matters. 

The influences of the phase-factor can he divided in two classes, 

namely those arising from an ordered, coherent temporal development, 

and those where the phase- factor displays a rather chaotic, 

incoherent behaviour. They will he subsequently dealt with in two 

subsections. 
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2.2.1 coherent effects 

One of the most common distortions of the exact resonant case is 

the one caused by a detuning of the laser from the transition 

frequency OMO. The phase-factor can then be written as 

tp{t) = {LJL-0oJt =- LlW t 
where ~ denotes the laser frequency. The coupled set of 

differential equations then takes the form 

-i,.Aevt 
ê~ éL = __o_ e /'L c~ 

L .Q é~= fl ei&w]0_ { ~ 
with as solution for the upper state population 

S2.rz. 
S2.'2 + Lt.LuL 

Thus, the amplitude decreases while the frequency increases. It is 

interesting to note that the ~w -dependence already gives a 

Lorentzian profile for excitation. 

In the Bloch vector appraoch the equations for detuning are 
• u 
• 

V 
• 

"V= 

-LlC.V V 

Llw LJ -S2w 
S2v 

so that the motion of the vector R is then a preeesaion around the 

vector T with coordinates 

Tv-== 0 

lv ::::- __Q_ 

T~~v == L1W 

A special case of detuning is adiabatic following: the detuning is 

not constant as above, but it is linear in time. The phase- factor 

then reads 
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Equations (2.29) then take the form of the so called Landau-Zener 

formulae, with the approximate salution 

In practical cases adiabatic following during laser excitation can be 

observed when an atomie beam crosses the laser beam outside of the 

waist. The curvature of the wavefronts then leads to the 

abovementioned phase-factor A more detailed description can be 

found in SENH83. 

2.2.2 incoherent effects 

Insection 2.1.2 we considered the case that the phase-factor was 

either linear or quadratic in time, which implies that it can take 

any value over an infinite range. In this section we will deal with 

the case that the range of <P is finite, while the time of 

interaction is infinite (or at least much longer than the typical 

time in which <P changes value). This implies that the ~ wanders 

around a certain average value ~ , which we will take as zero for 

Î 
phase 

~time 

FIGURE 2. 2 Schematic representation of a random phase factor ~(t). 
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simplicity. Figure 2.2 gives a schematic picture of this. A practical 

example can be found in a laser having a certain bandwith due to 

noise. Hence the name incoherent effects. 

The excitation process is determined by the relative phase of 

electric field and atomie dipale moment. The difficulty in assessing 

the effects of a random phase-factor is that the phase of the dipole 

moment is, for itself, determined by the phase (and magnitude) of the 

electric field as it has been in the past. This difficulty can be 

overcome in the case that the time in which the atomie dipole moment 

changes is much longer than the time in which the phase-factor has an 

average equal to ~ . Then, the phase of the electric field averages 

out and we can say that the dipole behaves as if the electric field 

has a constant phase. The excitation will then occur as a Rabi-

oscillation with full amplitude. This will be shown in the following. 

A convenient representation to work in is that of the Bloch 

vector. From the first part of Eq. (2.29) and the definitions of u,v, 

and w we get 

' u - .Q sin){ te{b )') w 
• 
V - _Q_ cos{~(I:S) w 

_Q (CoS (lf{b)) V + G Vn {te{t )) LJ J • 
VV:::. 

The requirement that the average value of ~(t) is zero implies that 

~ is just as often positive as it is negative. For the uneven sine 

function appearing in Eq. (2.33) this means that it is zero on the 

average. As we have already demanded that the dipole moment (and thus 

u,v, and w) changes adiabativally slow compared to ~(t), this leads 

to the result that the operator u remains unchanged on the average, 

so that it is always equal to its starting value zero. 

Because the eosine function is even, the same analysis yields that 
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the time derivative of v is not necessarily zero, so that it can be 

positive or negative. In conclusion, 

These equations are identical to those for the case of exact 

resonance ( eq. (2.15)) when average values are taken for u, v, and 

w. This results in Rabi-oscillations with a modified frequency n• 

Thus, incoherent effects always lead to a decreasing Rabi-frequency. 

The most straightforward form of incaherenee is a ~(t) that is 

determined by random fluctuations. This, however, is not the most 

convenient form for computation. Therefor, we wil! try as a 

simulation for randomness the phase-factor 

Substitution in Eq. (2.35) yields, with the definition of the Bessel 

functions, that 

Where JO denotes the zeroth order Bessel function. We see that the 

frequency AL of the phase-factor has become irrelevant, which is 

consistent with the treatment above. Tabels of JO show that an A-

value of 1.5 radian the effective frequency n• has already dropped 

to half the value of n . In the practical situation of a partiele 

traversing a laser beam, this A-value is equivalent to a deviation of 

one quarter wavelength from the ideal wavefront. The relevant 

wavefronts can easily be produced by an optica! component of low 
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quality. Insection 3.1 we will further treat this situation. 

2.3 Spontaneous emission 

Until now we have only considered the excitation of atomie 

dipoles. Any dipole, however, looses energy because it emits 

radiation. This spontaneous emission has a damping effect on the 

excitation. It is usually treated as radiation reaction; the electric 

field caused by the dipole decelerates the dipole's development. 

Despite this clear, be it rather classical, insight, spontaneous 

emission, because of its nature, poses a true problem to the 

formalism to be used. The effect of spontaneous emission is 

'directed' in the sense that the development is always towards lower 

energies of the dipoles, whereas the usual Hamiltonian treatment does 

not discriminate between interactions that lead to either a gain or a 

loss in energy. Because of this problem it is rather understandable 

that the precise fashion in which spontaneous emission occurs is 

(still) a subject of discussion (KNIG80). 

There are generally two lines of thought on spontaneous emission. 

There is QED, that treats the electric field as an operator, which 

leads to field quantisation. Spontaneous emission is then described 

as a coupling between the atomie dipole and an infinite number of so

called 'bathtub oscillators', which are all in their lowest energy 

state, and thus can only absorb energy. This treatment works in the 

Heisenberg picture and leads, after the application of a lot of 

operator algebra, to the optical Bloch equations (OBE), to be 

described below. 

On the other hand there are semi- or neo-classical theories on 
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spontaneous emission. Their main feature is that they treat the 

electric field as a (complex) number, as was done insection 2.1. The 

field in equation (2.3) is then complemented with a radiation 

reaction term taken from classical electrodynamics. This treatment 

works in the Schrodinger picture. lts results differ greatly from 

QED. The most significant distinction concerns spontaneons emission 

from a pure excited state, i.e. when the coefficient ck is unity. QED 

prediets an exponential fall-off of the excited state population, 

whereas neoclassical theories do not give spontaneous emission at 

all. This last result can be understood as follows; spontaneous 

emission is caused by the atomie dipole's electric field, and as any 

pure state does not have a dipole moment (one needs a mixed state for 

that) it can't radiate. 

A thorough review of both kinds of theories would lead way beyond 

the scope of this work. The interested reader is referred to the 

review paper by Knight and Milloni (KNIG80). lYe wi11 only deal with 

the optical Bloch equations. Their status is such that they are 

generally accepted and that they have a fairly good experimental 

backing. 

2.3.1 The Optical Bloch Equations and the two-level atom 

The OBE stem from phenomenological arguments. They were first 

proposed by Bloch (BLOC46) to describe magnetic resonance phenomena. 

The idea behind them is that both the dipole moment and the upper 

state population both decay to zero in the absence of a driving 

field, though not necessarily both at the same rate. Trivially, the 

decay rate of the upper state is the transition probability A to the 

lower state. The decay of the dipole moment can now be chosen such 
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that it fits with the experimental phenomena. In order for it to do 

this, its rate should be A/2. 

The OBE, expressed in the picture of the Bloch-vector, are 

G == -~(Uv -A/2 u 

V== L\W V - .D "v --4/2 V 

W.::: __Q V -.4{1+\/v') 

where /:lw denotes the detuning from resonance. An interesting 

salution of these equations is the value of u,v, and w after an 

infinite time of interaction as given by 

V{oe) == -'2. Q A.tv/2{ S2.ft + L1w'1. +AJ~J 

V{OoJ:::::- A ..Q I '2. {-Qj'L + .d.0'2. + AJI1) 
1 '2. '2 

\tv{Oo):::: -I -+- S2/ I) { S2j2 t .1w'2 t A /1.4) 

From woo we can calculate the asymptotic population of the upper state 

As ~ is proportional to the electric field and thus the 

upper state population, is proportional to the intensity of the laser 

radiation, at least in the limit that ~ « A For higher ~ -

values the population becomes disproportional to the intensity and 

goes to the asymptotic value nk=l/2 at ~= 00 • This ~ -dependence 

is depicted in Figure 2.3. 

As a function of ~w the upper state population, at a certain 

value of ~. displays a Lorentzian behaviour. The FWHM of this curve 

can be computed as 

f) ,40 

and shows an ~ -dependent wid th, which resul ts in a pronounced 
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It is now convenient to define the dimensionless quantity s as 

'2 .41 

The onset of saturation is then marked by a s-value of the order of 

unity. Equations (2.39) and (2.40) then take the form 

S /2(5 + 4{4t..JjA':} +IJ 

A rather striking feature of the OBE is that the operators u, v, 

and w do not any longer satisfy the relation that the sum of the 

squares of their expectation values equals unity. In fact 

3 

46 

4 

>s 
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This implies that all three equations of Eq. (2.37) are mutually 

independent, whereas in the initial case without spontaneous emission 

only two equations were. In a certain way this means that in the OBE 

something extra is inserted compared to Eq. (2.15) and Eq. (2.31). It 

is rather obscure what this should be: an elementary argumment yields 

that the development of the wavefunction is only determined by the 

two coefficients ei and ck. These are complex numbers, which would 

give four variables, of which only two are independent; the norros 

lei I and lek I are connected by the condition that the sum of their 

squares is unity, and of the two phases always one can be taken 

arbitrarily, so that it is only the phase difference that is 

important. 

Because of the reasoning above it is impossible to rewrite the set 

of three equations (2.37) in a set of two differentlal equations for 

the time development of the expansion coefficients. It is, however, 

possible to rewrite them as the development 

e~~-e~ ec;,- ee~ -f~~ e~12 
é= if: -A 2 .. 4~ 

Pee-(L ece_ ~ e~( P~/2 ee~ 

Now we are able to show explicitly why the OBE cannot be written 

as a time development of a wavefunction. Would this be the case, 

then, because of Eq. (1.13) 

and thus 

which is not in agreement with the second part of Eq. (2.43). He do 

not know how to deal. with this situation. 
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Although the OBE lack a rigarous backing, they are in satisfactory 

agreement with experiments. Apart from this, they have the great 

advantage that the formalism leading to them gives .i relation between 

Mu and the absolute value of the rate of spontaneous emission A 
'). 

A~ i, - J::u; I l.Jt:~ I '2..44 

~i!t:~c~ 
with llik=<ilerlk>. 

This relation is very convenient as it gives one the possibility 

to comptite ll from the experimental value of A, instead of the 

cumhersome work to compute it from the wavefunctions. The validity of 

Eq. (2.44) is almost beyond doubt as theoretica! values of A computed 

with it can differ less than five percent from the experimental 

value(FENE70). Another justification for it can he that classica! 

electrodynamics leads to a very similar result(JACK75). 

From equation (2.39) we can extract a rate-equation approach to 

excitation and spontaneous emission. Such an approach doesn't want to 

give a physical picture of the interaction, but only states that it 

happens such that, at least on the average, we can distinguish three 

kinds of transitions, namely those due to absorption, stimulated 

emission, and spontaneous emission of a photon, with respective 

probabilities W, W and A. This leads to the differential equation 
+ -

'2.4S 

wi th na. the population of level a. . From very general arguments, i t 

• 
follows that W =W =W In the steady state Nk equals zero, which is + • 

the case if 

If we want to equate this result to that of the OBE we have to write 

for W 
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2.3.2 spontaueaus emission in closed level systems 

Equation (2.44) shows that the rate of spontaueaus emission is 

proportional to the square of the dipale matrix element between the 

two (sub-) states. If we take the states li> and Ik> to have a total 

angular momenturn J. 
~ 

and respectively, the strength of the 

excitation of one substate to another is determined by the inproduct 

~.E, and thus by the laser polarisation. On the other hand 

spontaueaus emission is a process that is always active. This implies 

that, in a rate-equation way of speaking, there is a polarisation 

dependent transfer of particles between substates due to excitation, 

and an uncontrolled transfer due to spontaueaus emission. It is the 

interplay between these two effects that determines the polarisation 

of the atom. 

In general, this polarisation has to be computed by means of a set 

of coupled differentlal equations for the density matrix development. 

In order to account for spontaueaus emission, Eq. (2.27) has to be 

completed with the term 

. 
fhen~== -Aheh~/2 e~h~ 

where ~i~ is the rate of spontAneous emission from upper level ~ 

to lower level M .• Computation of the steady state situation implies 
~ 

setting all time derivatives to zero, and solving the resultant set 

of linear equations. 

In the preceeding subsectien this was done for the two level 

system, and a rate-equation approach was extracted from it. Here in 

the closed level case, it is rather cumbersome to make a similar 
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derivation. Nevertheless, we suppose that such a set of rate-

equations is equivalent with the density matrix salution for the 

steady state, and that it takes the form 

"ÖM~:::: \th~H~ {'n 17~-'Tl M~J -î'lll~ t~ Á hfe h~ 

ïi"~ .:::--wHine{nh& --n"~) + ~ 11M.el1h~M~ 

where ~is the population of substateMand W is supposed to be 

given by 

with 

~~H~ -

~=tii ~i~ Hereaft er we will 

'2 .4q 

u se the rate-equation 

approach to investigate the two cases of linear and circular 

polarisation of the laser light. 

For circular light the net transfer of any substate to a state 

with higher (or lower) M-value is always non-negative for any 

substate, so that after a sufficiently long time the whole population 

is in the substate with highest (or lowest) M-value. This situation 

is depicted in Figure 2.4a. As such states have a direction in the 

sense that only rotations over 2TI leave them invariant, we say that 

the atom has an orientation. 

When linear light is applied, there can be a net transfer between 

pairs of substates, but this transfer is the same for negative and 

positive M-values. This leads to a substate population distribution 

that is symmetrical around M 0. This is called alignment. The 

resulting steady-state population distribution can easily be computed 

in the limit of high laser intensities. Then all subtransitlans are 

saturated so that the respective upper and lower states have equal 

population. The transfer of population between such pairs of 
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substates is 

-nH ::::::: -f4h)1-l +Ah,htl )"nh +Aht1)1 "nht, + Ah~.h 'l'l/1-( 

where nM denotes the population of the M'th pair (upper and lower 

level with equal M-value). In the steady state this transfer is zero, 

which can only be effected in the case that the populations satisfy 

Figure 2.4b deals with this case. Althpugh we used the high-intensity 

limit to compute this upper state population distribution, Eq. (2.51) 

is valid as steady for all intensities. 

Now a curious situation arises, when we compare Figure 2.4a and 

2.4b. In the former we see that in the steady state only one 

subtransition is excited, and that the relative transition 

probability for the excitation (see eq. (2.25)) equals l/7. In the 

latter Figure, however, several subtransitions are excited and as 

each of these has an RTP smaller than l/7, the average rate of 

excitation for linear light is smaller than for circular light. This 

would imply that there is a natural tendency towards circular 

polarisation, a tendency which is explicitly absent in the decay 

rates AMM' between the substates, and which, furthermore depends on 

the J values of the states involved. This situation is hard to 

understand. Moreover, the only observations on this point that can be 

found in literature (HERT80) were never supported by experiment. 
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2.4 fluorescence radiation of a polarised atom 

The polarisation of an atom manifests itself in two ways in the 

flourescence emitted by it. First, there is an angular distribution 

of the emitted intensity, and secondly the fluorescence is polarised. 

the angular and polarisation dependent intensity can be computed in 

two ways, a formal one and a more down-to-earth one. We will deal 

with these two approaches in two subsequent subsections. 

2.4.1 formal approach 

The usual quantummechanical treatment takes fluorescence as dipale 

radiation, whose amplitude is determined by the excited state 

population only (FAN073). After a lot of tensor algebra a very 

elegant formula appears in which the polarisation and angular 

dependenee is brought about by only two parameters. These are the 

alignment and orientation of the upper state. 

The intensity measured by the detector depends on the polarisation 

FIGURE 2.5 

' -ANALYSER 

Definition of detector situation. 



54 

to which it is sensitive. Commonly, this is either linear or circular 

light, but generally we can describe it by saying that it is 

sensitive to light whose E-vector satisfies 

where z' is the direction of propagation (in this case of the 

fluorescence light), and the x'-axis is along the main axis of the 

elliptic light. Linear polarisation satisfies S = O,TI/2 , circular 

polarisation S = ±TI I 4. 

The result of the QM treatment is rather cumhersome in general 

cases, but it can be simplified for the case of an atom whose upper 

state is cylindrically symmetrie. Then, if we take \JM> wavefunctions 

with the symmetry axis as direction of quantisation as basis set, the 

density matrix is diagonal, so that the relative phases between the 

upper state sublevels is irrelevant (so that we can take incoherent 

sums over sublevels). For spontaneous emission of state Jk to J i , the 

result is (FAN073, HERTi2) 

I(B_,~>\V) = C (I +q(J.) A(l-~ca.;'le +1silh'l&cos2.4'co~'2.~ 
Lj 

+ -f <j(t)Ü C~ fj SL!h 2 ~) 
'2.5 3 

where A and 0 are the alignment and orientation parameter, g(l) and 

g(2) are coefficients that take in to account the values of Jk and 

J. , C is related to the transition probability, and 8, 
~ 

(3, and '±' 

are angles that specify the detector set-up used. These quantities 

are defined as 
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with <pMM> given by Eq. (1.13). The weight factors g(1) and g(2) can 

be expressed as Wigner 6j symbols 

J~-)~ {'J~ 1~ lL/{ lc_ ':I.e1} 
qC1) == {-I) 1 1 ']~ _(; î Î ']~ 

'JG(Ja +~ } 2.c; r; 
L ):J~-J~ .(J~ J.e 1}/{J~ je_ l 

g {'LJ :::::- ~ I L 1 1 Jt, 1 Î ']i 
'Jet'Je-rt) 

When we take the z-axis as the direètion of the cylindrical symmetry 

of the atom and the x', y', z' frame as by equation (2.52), then 

9 = Lt2~2') 2.S b 
Lf = L {x~ :t''p) 

where x' denotes the projection of x' on the z-z' plane. This 
p 

detector situation is depicted in Figure 2.5. 

The alignment parameter A splits off that part of the upper state 

population distribution that is symmetrie around M=O. This parameter 

can be measured by looking at linearly polarised fluorescence. The 

orientation parameter, on the other hand, describes the anti-

symmetrie part and it thus gives information on the sense of helicity 

of the upper state. This parameter can be measured by looking at 

circular light 

It is convenient to define an extra quantity, the degree of linear 

polarisation as 

? ~ 1_
11

-lj_ l(8_o,o)-1{8.oJ ii!2) 

I;; + r_L I {9P.PJ + 1 reJ 0, TC/2.) 

= :,Cj{l.) A s~·?B /{4 +<jt'l) A{i-1Cot;,'lé)) 

This relation shows that the total angular distribution I 11 +I 
+ 

depends on A, which gives another way to measure this parameter. It 

also shows that the total intensity is independent of A at the so-

called 'magie angle', 8 . , which satisfies 
mag~c 

[\ o I 
D~Q:j(( :::: S 4 44 
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2.4.2 fluorescence as a summation over dipole transitions 

The elegance of the preceeding QM derivation is that it seperates 

the state of the atom (as given by A and 0) and the actual details of 

the transition (as displayed by g(1) and g(2)). In this subsection we 

give another approach, which doesn't lead to such a seperation, but 

which, however, gives more insight in the resulting fluorescence 

polarisation. 

In spontaneous emission we can distinguish three kinds of 

transitions, each with its own angular and polarisation dependence. 

These transitions are specified by their value, and their 

fluorescence can be understood by regarding them, as in section 

2.1.2, as oscillating electrons. A &M =0 transition for instance, 

being an electron oscillating along the quantisation axis, yields 

fluorescence light that is completely polarised along that axis. A 

!~MI =1 transition, on the other hand will give circular 

polarisation. Table 2.1 gives an enumeration of the angular 

distribution of the three kinds of transitions as seen by a detector 

sensitive to linear or circular light. In order to appreciate this 

Table it should be born in mind that a souree of linear polarised 

light will also be detected by a device for circular light. 

Now, what will be the fluorescence distribution for spontaneous 

emission composed of several &M transitions ? Straightforwardly, 

one would say it would be a simple summation of the intensity 

distributions. This argument, however, does not account for the 

coherence between transitions, for instanee due to a coherence 

between upper sublevels. In the preceeding subsection we saw that 

such a coherence becomes irrelevant when we take the quantisation 

axis of our IJM> basis states along the axis of cylindrical symmetry, 
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Angular distributions of fluorescence emission as detected 

by detectors sensitive to linear and circular light. 
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if that exists. Doing so, we can write the intensity distribution as 

where 

one, 

nl~l is the relative number-of ~ transitions, normalised to 

and Ipol,~ is the fluorescence distribution given in Table 

2.1. The value of nlb.MI is equal to 

where is the transition probability for spontaneons emission 

from state IJkMk> to state IJiMk+DDM>, and is the tot al 

transition probability from this state. 

This treatment gives the same result as the formal approach if we 

put the A and 0 parameters as 

~{I) D.:::; 'l)+ -1)_ 

Cj{i)A== Q~-{7>++1)_) 

These relations show that the alignment vanishes when the number of 

I b.M 1=1 transitions is twice the number of those with b.M .=0. No 

alignment means no polarisation or anisotropy in the fluorescence 

light, which for instanee is the case when Jk=O (and thus; Ji=1) 

where the numbers n~ are all equal to 1/3, so that, indeed, 

(n+ + n_)/2. An 0 parameter unequal zero can only be brought about by 

an asymmetry between n+ and n-. As the transition probabilities are 

symmetrie around M=O, this implies an asymmetry in the upper state 

poulation. 

These considerations establish the relation between the 

formalistic approach and the summation method, as expressed in Eq. 

< 2. 6o). 

The analysis of fluorescence given in this section will be used in 
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chapter 4 where experiments on this subject are reported. 

2.5 Resonant radiation pressure 

A consequence of spontaneous emission under laser excitation is 

that the energy absorbed from the laser beam is dissipated in a 

point-symmetrie way (the exact angular distributions are given in 

Table 2.1 ). As energy is directly related tomomenturn this means 

that there exists a net momenturn from the laser· beam to the atom. 

This radiation pressure is closely related to the physical picture of 

a photon, as will be shown below. 

Especially when the laser light is in resonance with an atomie 

transition, a great amount of energy is emitted and the resulting 

radiation pressure becomes measurable. There are two possible ways to 

treat radiation pressure; one can either look at the average motion 

of the atom by means of Ehrenfest's theorem, or one can use the idea 

of a photon, whose statistically determined emission rules the atom's 

motion. 

2.5.1 application of Ehrenfest's theorem 

This treatment has been used by Cook to treat radiation pressure 

in a travelling wave (COOK79). The theorem of Ehrenfest states that a 

particle, having a potential energy B<x) feels a force equal to the 

gradient of this potential energy. 

This theorem can be applied to the atom's motion under excitation, as 

atoms then have an induced dipole moment, which, tagether with the 
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electric field of the light, gives the dipale energy 

The expectation value of the dipale operator can be written as 

itv) /) -uJ; 
< t.;{Ü)= (lfl/ J;/{f)== <L /~I~>Ç c~ e + <t.tltJ! i)c/l e 

=l<(if/Jtil>l{c(c~ +c;.c()CCJ!>4t,b +~(c.fc.~-c'-c() sr.m 4.bbJ '2. b3 

== !< L//JI.e~{ <:U) (Of. 4.t,t +'v> Sl/n w0 t} 
where <u> and <v> are the components of the Bloch-vector, (section 

2.1). They represent the part of the dipale moment that is in phase 

(<u>), and out of phase (<v>) (in a temporal sense) with an 

oscillator with frequency w
0 

and starting phase 0. 

For a travelling light wave with a possible non-uniform intensity 

the electric field can be written as 

Inserting this and Eq. (2.63) in Eqs. (2.61) and (2.62) we obtain 

after averaging over non-oscillating terms 

~ ~ V{E-. < p>) = E. l<q JJI~I f{ <V> eos( d .X + .,...,f) - <u> s~m(l.~ +.twL~ 

- V{Eri,~) l<~l~li1>1{< u) ws& 3t +4~b) t<v>sllh {~.x +4~)} 
~ ~01.1 ~~od Q_ • 6 CJ 

= ï i-~ 
The radiation pressure thus consists of two terms, the first one 

being due to the fact that the light is a travelling wave, the second 

one resulting from a gradient in the amplitude of the electric field. 

Bath terms seem to be oscillating when the detuning is unequal 

zero (k.x taken to be vanishing) •. One should, however, consider that 

<u> and <v> are time-dependent, and themselves are oscillating when 

11w=f:O. This shows that we should consider the history of the 

excitation, as given by the time development of u, v and w. For the 
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case of a vanishing detuning we obtain 
--.,:) !:,.,cxv -.:. 
~ =-a i)_ Q<v> 

'2. 
~~~ ~ 
~ :::: --'? ~) <U) 

r;_. 6 6 

'2 
which shows that F is proportional to that part of the dipole 

trav 

moment that is (at least on a short-time level) out of phase with the 

driving electric field, whereas Fgrad is proportional to the in-phase 

component. This situation is in complete analogy with classical 

electrodynamics. Taking this as a guide for generalizing to cases 

with detuning, we can write the radiation p~essure force for the 

steady-state situation as 

where Eqs. (2.38) and (2.39) were used. 

This approach to radiation pressure describes the average motion 

of an atom, so that it cannot reveal the spread in momenturn due to 

statistical effects. An extension of the theory to evaluate the 

standard deviation of the force 

can do this, hut it involves second order correlation functions which 

would lead way beyond the scope of this work. 

2.5.2 the photon concept 

Instead of consiclering the potential energy of an (induced) dipole 

moment in a light field, we can also tackle the problem of resonant 

radiation pressure from a different point of view, namely by looking 



62 

at the emission process; energy, and with it momentum, is taken up 

from a directed beam and is scattered by spontaneous emission. By 

consiclering this energy as photons one has a good tool to deal with 

radfation pressure. 

Although the influence of the photon was of minor importance it 

was essential to Einstein as it rendered him a means to get thermal 

equilibrium in a black-body radiator (EINS17). The significanee of 

Einsteln's photon was that spontaneous emission was directed in an 

infinitely small solid angle at a time, be it that the direction of 

radfation was randomly distributed. Concerning the time scale of the 

emission, Einstein doesn't make any statement. Apart from the 

Compton-effect, radiation pressure is the only process where one 

aseribes some physical properties to the idea of a photon. 

The effect of radfation pressure can now be evaluated by summing 

over a number of photon absorptions and emissions and by accounting 

for the angular distribution of the photons. When we assume the atom 

to be in a steady state under laser excitation during a period of 

time T, a simple argument would yield the average number of photons 

n emitted as 

where A is the rate of spontaneous emission. Together with the 

momenturn p
0 

of a single photon 
~ 

"?o = tjc = QjA. = R JJ. 

this number represents a total momenturn 

?..{0 

These spontaneously emitted photons are distributed in a point-

symmetrie way so that their average momenturn is zero, but, as these 
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photons first have to be taken up from the laser beam, the net 

transfer of momenturn to the atom is given by Eq. (2.70), with k the 

wave vector of tbe laser light. Dividing this equation by T yields a 

force equal to Eq. (2.67a), which establishes the identity of the two 

approaches to radiation pressure. 

Computation of the standard deviation a of the number of photons 
n 

emitted is less straightforward than the average number. A simple 

Poisson distribution would give a standard deviation equal to the 

root of tbe average number itself. The basic feature of a Poisson 

distribution, however, is that the probability for an event to happen 

is equal for all times. We can easily see tbat this will not be the 

case for spontaneous emission. Here we see a strong correlation 

between tbe emission of two photons; immediately after the i'tb 

pboton is emitted tbe atom is in tbe ground state so that the 

probability to emit the i+l'st pboton is zero. The atom bas to be 

excited again, befare the next pboton can appear. This phenomenon is 

called 'pboton anti-bunching' and it appears in the distribution 

function of the time intervals (ti-ti+l) of the emission of two 

subsequent photons. A direct result of tbis anti- bunching is that 

the distribution function has a distinct peak close to the average 

time interval of two emissions, wbereas a Poisson distribution would 

give a smootb exponential bebaviour. So, anti-buncbing for t.-t. 1=0 
~ ~+ 

leads to buncbing for t.-t. =t • Consiclering the standard 
~ ~+! ave 

deviation, this means that it is smaller than in tbe case of a 

Poisson distribution. Hence tbe name sub-Poisson pboton statistics. 

The exact value of a can only be evaluated by taking into 
n 

account tbe details of tbe excitation process, and thus the (Rabi-) 

oscillatory cbaracter of it. What one then needs is pboton number 

statistics, as e.g. given by Lenstra (LENS82) and Cook (COOK81). The 
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FIGURE 2.7 : The distribution function for the time interval between 

two successive photon emissions, as function of normalised time, fnr 

two values of the saturation parameter. The dashed line represents a 

Poisson distribution with the same average time-interval. 

analytic result for the case of an atom that is in a steady-state 

situation for a long period, in the case of zero detuning, is given 

by 

I- :,llA'2 - 1-!,5/(S+Q1 

2{ .n. 'i+;( /2 )1 
'2.// 

with s defined by Eq. (2.41). As depicted in Figure 2.6, this 

relation shows that the sub-Poisson effect disappears for the values 

of s of zero and infinity. We can understand this, as in the first 

case the distribution function is so smooth that there is no peaking 

at all, whereas in the latter case the function is oscillating so 

rapidly that, on the average, it almost resembles the distribution 

function of a Poissonian. These situations are clarified in Figure 

2.7. 

The spread in the number of emitted photons results in a spread in 

momenturn that is in the same direction as the average momentum, as 

given by Eq. (2.70). In the directions perpendicular hereto there is 

no average transfer of momentum, but due to the directed nature of 

the emission of every single photon there will be a spread in these 
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~M=O bMI=1 

cxx 1 3. --
5 10 

CX.y 2 3 -- --
5 10 

cxz 2 2 
5 5 

TABLE 2. 2 : Coefficient 

0 a. for the standard devié l. 
of the momentum. The x-a~ 

-+ 

FIGURE 2.6 : The normalised standard deviation of the photon number, 
l.S chosen along the E-vec 

showing sub-Poissonian statistics. 1.n linear polarisation, 
• -+ 

z-axl.s along k. 

directions that is proportional to n . This spread can be calculated 

if one knows the angular distribution of the emitted light,which 

depends on the ~- .value of the transition under consideration 

(section 2.4.2). Setting 

where i=x,y,z (z is chosen along k, x along the main axis of elliptic 

polarisation), one compotes the values a. as 
1 

with given by Table 2.1 and r=fx 2+y 2 +z 2• The resul ting 

values of a are given in Table 2.2 for Jt.MJ =0,1 transitions. The 

total spread of momenturn in the z-direction is then given by 

'2.(4 

which reaches a minimum at the value 0.65 for s=1. In chapter 3 we 

will describe experiments that try to verify this relation. 
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2.6 Excitation in the presence of magnetic fields 

The influence of a magnetic field on an atomie state is generally 

visualised by the concept of Larmor-procession. Although rather 

unprecise, this concept can be used to get some feeling for what the 

action of a magnetic field is, because, as we will see later, it is 

the relative value of the Larmor frequency that determines the effect 

on laser excitation. 

The Hamiltonian HB for interaction with a magnetic field is given 

by 

where ~B is the Bohr-magneton, g1 is the Lande g-factor, whose value 

depends on the atomie state involved, and JBis the component of Jin 

the direction of B. The very significanee (see section 1.5) of this 

Hamiltonian is that it simply rotates the wavefunction with an 

angular frequency equal to the Larmor frequency 

This shows why the concept of Larmor precessions is inaccurate; it is 

not as much the angular momenturn J that rotates around b, but the 

wavefunction itself. 

If we take I JM) functions whith a quantisation axis in the 

direction of B they satisfy the eigenvalue equation 

Realistic eigenfunctions then are 

with 
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The subscript B in Eqs. (2.77) and (2.78) indicates the direction of 

quantisation. 

Laser excitation in the presence of magnetic fields can most 

conveniently be descriped by using eigenfunctions of Eq. (2.78). 

Writing the total wavefunction, in equivalence with section 2.1.2, as 

1.80 

the time development of the expansion coefficients for the case 

without spontaneous emission will be 

with 

Equation (2.81) differs only from its counterpart in the absence of a 

magnetic field by the phase factor exp(i~wMi~) which represents 

the detuning of the laserfrequency from the Mi-Mk subtransition 

frequency. lf this detuning is smaller than the linewidth for 

excitation, as given by Eq. (2.40), all subtransitions can take part 

in the excitation. This situation is described in subsection 2.6.1. 

For detunings much larger than the linewidth only one (or 

coincidentally more) subtransition is excited because the phase 

factor oscillates too rapidly for other transitions to have a 

relevant effect. Wethen deal with the (anomalous) Zeeman effect, to 

be treated in 2.6.2. 

The density matrix development for this case consists of a 

strongly modified term for excitation compared to Eq. (2.27), an 

extra term for the nondiagonal elements PM.M! and the spontaneous 
~ ~ 

emission term of Eq. (2.47) 

• { lj 'j~ 
é? \1.\-11 ::::. (VLA~· ':t. H' f~. k. - H' 11· v 11~ "1- ll~ L 11,11 L L v 
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2.6.1 small magnetic fields; the effect of rotation 

The effect of a magnetic field is simply a rotation around the 

direction of B. In the approximation of small magnetic fields we can 

show that this field does not disturb the excitation process only 

when the electric field vector has an axial symmetry with respect to 

B. Then, a rotation around B leaves the population of substates with 

that symmetry axis as quantisation axis invariant, and thus the 

excitation doesn't see any effect of B. 

When the symmetry axis is not parallel to B, or when there is no 

such a x is (elliptic polarisation) the picture becomes more 

complicated and only an exact treatment gives conclusive results. 

However, when we think of excitation and de-excitation as absorption 

and emission of photons, a good insight can be found. 

The absorption of photons, and thus the population of the excited 

state is ruled by the polarisation of the light. This would mean that 

in the case of linear or circular light the excited state, 

immediately after absorption, has the same symmetry axis as the 

light. Due to the magnetic field, the excited state will rotate until 

it emits a photon. The spatial distribution of photons then displays 

a symmetry axis that is rotated around B with respect to the symmetry 

axis of the light. The angle of rotation is simply the Larmor 

frequency times the average lifetime of the excited state. In chapter 

4 we will describe·experiments that study the rotation of the axis of 

polarisation around B. 

The effect of the rotation on the population of a substate (with 

the symmetry axis as quantisation axis) is that it is distributed to 

a eertaio extend over all other substates. Depending on the average 

rate of photon absorption this spreading can totally smear out the 
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population dis tribution over substates. The maximum ra te of photon 

absorption is reached in saturation and equals half the rate of 

spontaneous emission ~ of the excited state. If we estimate that 

af ter three cycli of absorption and spontaueaus emission any state 

distribution reaches equilibrium, and if we say that rotation over 

rr/2 totally serarobles the substate distribution, we set as the upper 

limit for the Larmor frequency (and thus B) at which the magnetic 

field doesn't significantly influence the substate populations, the 

value of about four percent of the decay rate of the upper state. 

Although the model above gives some main features of laser 

excitation in small magnetic fields, it should be born in mind that 

it only gives a very simplified treatment, not to be considered as 

exact. 

2.6.2 high magnetic fields; the Zeeman effect 

The case of high magnetic field is characterised by the Zeeman 

splitting of speetral lines, which can appear in two farms. When the 

Lande-factor for upper and lower state differ every 

subtransition has its own frequency, and only one subtransition at a 

time is excited. This results in three groups of transitions, namely 

those with values equal to -1, 0, and 1 respectively. Every 

group itself consits of a number of subtransitions each 

corresponding to one upper (and lower) substate. This is called the 

anomalous Zeeman effect. It can be used to excite only one upper 

substate Mk. 

The normal Zeeman effect can be considered as a special case of 

the anomalous effect which occurs when the two Lande factors are 

equal. This leads to the excitation of all subtransitions of one of 

three groups. The remaining part of this section will only deal with 

the anomalous case. 
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LHC 
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LINEAR 

LIGHT 

RHC 
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TABLE 2.3 : Relative efficiencies with which a subtransition can 

he excited for. the three laser light polarisations. The angle 8 

~s taken between the quantiaation axis of the JM-states, in this 

case the direction of B, and the symmetry axis of the light. 
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The strenght of the excitation of one subtransition is determined 

by the value of the Rabifrequency 

1.84 

which can be written as a product of several terms. Here, we are only 

interested in the role of the inproduct E.~. Like in Eq. (2.18) this 

inproduct can be decomposed into spherical harmonies Y1q of rank 1, 

each with its own expansion coefficient Eq. The significanee of the 

Zeeman effect is that only that part of the inproduct is relevant 

that belongs to a spherical harmonie with the direction of B as 

quantisation axis and with a q value equal to the difference of Mi 

and Mk. Other parts vanish in the matrixelement in Eq. (2.84). 

This situation differs from the case of a vanishing magnetic field 

as it is the B vector that gives the direction of quantisation 

instead of the E vector. We can say that the atomie dipale moment is 

fixed to the B-axis, a situation which arises because the interaction 

with B is stronger than with E. 

The value of is determined by the 'overlap' between the 

electric field and the atomie dipale moment. In Table 2.3 the square 

of the relative value of r2Mi~ is given for several excitation 

conditions, the square giving the rate of excitation. A value of 1 

corresponds to the case of maximum overlap the inproduct E.MU 

corresponds toa l1q)B function. 

It is interesting to note that these values can he found by 

consiclering I L':.M 1=0,1 transitions as linearly or circularly 

oscillating electrans respectively, as was discussed insection 2.1.2 

and 2.4.1 • 

The treatment of this subsection will be used in chapter 6 where 

the design of an electron spectrometer is reported. 
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CHAPTER 3: EXPERIMENT$ ON THE ABSOLUTE RATE OF EXCITATION 

3.0 Introduetion 

For a proper evaluation of scattering experiments with laser 

excited atoms it is of the utmost importance to know the properties 

of these atoms such as their number and their polarisation. Quite 

aften (BUSS8Sa,DUER83,KIRC82) one can assume steady state conditions 

in a closed level systems far above saturation, so that the upper 

state is very well known. Such a situation can easily be reached 

using modern ring dye-lasers. The group Atomie collislons and 

Spectroscopy, however, employs a standing wave dye-laser with an 

output power just big enough to reach saturation using a standard 

beam diameter of about 2 mm. Then, one is still in the range that a 

lot of factors, such as laser intensity, total interaction time, and 

residual magnetic fields determine the upper state population 

distribution. Given such a situation one has to be able to correctly 

describe the excitation process under certain experimental 

conditions. Once such a description exists, its results can be used 

as input to the atomie scattering experiments. It is the aim of this 

chapter to investigate whether the formalisros of chapter 2 can be 

applied to standard experimental situations. 

One of the important parameters of the excited atoms is their 

number. This can in principle be evaluated by use of Eq. (2.39) or 

(2.39a) under the restrietion that the value of Q is known. This 

parameter can straightforwardly be computed from the dipale moment 

and the laser light intensity. However, recent experiments in our 

group showed gross discrepancies between computed and experimental 
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values of D (KR0085). Whatever the cause of this may be, it gives 

us reason~ to believe that the standard formalism can deviate from 

experiments. Therefore, detailed investigations concerning the 

excitation process are necessary. 

This chapter will deal with two sets of experiments carried out to 

study the state population in an absolute manner. The measurements 

taken will be compared to the results of computer program 

"POLARISATIE" (see appendix 3.1 fora manual), which computes the 

upper and lower state population distributions for the multilevel 

atom case, by solving the coupled set of rate equations given by 

(2.48). This program is also the basis for checks on the polarisation 

of the upper state as reported on in the next chapter. 

The two ways to determine the upper state population are the 

direct measurement of the number of the upper state particles, and 

the detection of the number of photons emitted. Both of the 

experiments approaches the problem in its own, rather straightforward 

way. Of course they should converge to the same result, but as each 

experiment is also sensitive to its own specific experimental 

conditions, this can lead to mutual differences. On top of this each 

experiment produces an interesting spin-off in the sense that it can 

confront theory and experiment from adjacent parts of laser physics, 

such as photon statistles and interaction with magnetic fields. 

First we will discuss some general considerations concerning both 

sets of experiments, then a description of each of these will follow. 

3.1 General considerations 

3.1.1 the value of the saturation intensity ----------·----·-

As was already discussed in sections 2.3.1 and 2.3.2 the upper 
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state population is proportional to the laser light intensity for low 

intensities and reaches saturation for high intensities. Within the 

formalism of the Optical Bloch Equations the curve that is foliowed 

in going to higher intensities is completely determined by only one 

parameter, the value of the saturation intenstiy I • 
s 

This quantity can be computed from Eqs. (2.22), (2.26),and (2.49) 

and setting WMi~ in equivalence with Eqs. (2.41) and (2.46) to a 

value of ~/2. For a transition from !JiMi) to !JkMk) this yields 

l~Lh~ = 0 4;:: • 
brrc.1 

~.1 

For the case that l\ is bigger than l\i there is always a net loss of 

particles at the rate ~-~i so that we cannot speak of a steady stat 

situation, for which I was derived. Nevertheless we can use 
s 

I in 
s 

order to scale the rate of excitation WM to 
i~ 

an absolute value as 

w"~""= A-4 ~ ~(I +b Jw/4e_':}) 
~.2 

In the described experiments several transitlans between the neon 

multipiets are used (see section 0.3). The values of the saturation 

intensity for these transitlans mainly differ due to the value of 

7 
Aki. The value of Ak. is always about 5xl 0 s-1, while the transition 

15 -1 
frequency is close to 3x10 rad s . For the closed level transition 

at 640 nm Is 

subtransition. 

has the value 7.94 2 
mW/cm for 

3.1.2 the influence of finite interaction times 

the Mi=2 Mk=3 

In the case of a multilevel atom where a transition with Ak=Aki is 

excited (closed level system) it takes some cycles of spontaneous 
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FlGURE 3.1 : !deal saturation curves for three situations: 

unpolarised lower state 

---- steady state for linear excitation 

--- steady state for circular excitation 

The horizontal axis is in units of the saturation intensity for circular 

excitation. 

emission befare steady state is reached. When this has happened we 

can use the OBE to compute the upper state population. For circular 

light this is straightforward as there is only one subtransition left 

to be excited. If one now plots the upper state population against 

the intensity one gets a so-called saturation curve. For a single 

subtransition it has the form 

For linear light we have to aplly a summation over several 

transitions, the result being a curve very much resembling the 

saturation curve of Eq. (3.3), with this difference that the 

(effective) value of Is has increased. The reason for this is already 

discussed insection 2.3. This situation is shown in Figure 3.1 

There, also a saturation curve is drawn for an unpolarised lower 
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level, which corresponJs to the situation just after excitation has 

begun. 

When we start the excitation at t=O the relative transition 

probability (RTP, as defined by Eq. (2.25)) summed over all 

subtransitions equals 1/3 , irrespective of the polarisation used. 

During excitation however, the atom becomes polarised, which 

influences the average RTP. As a matter of fact this average value 

always increases, and will asymptotically go to its steady-state 

(SS)-value, which is smaller for linear than for circular light. 

Thus, the population slowly moves in time from the unpolarised 

saturation curve to a SS-curve. How close it will come to that curve 

is determined by the number of spontaneous emission cycles it has 

gone through. Therefor, it will depend on the interaction time and 

the laser intensity. ln[n(oo)- n(t)) 
~n(oo}- n(O) 

The exact time evolution 

of the substate population 

distribution is hard to 

assess by analytic means 

because of the many substates 

involved. Therefore, we used 

program "POLARISATIE" to -3 
analyse the time dependenee 

of the excitation. · The -4 

resulting total upper state 

x 

linear 

0 2000 

x x 
x 

x 
x x 

4000 
~ 

time 
population (summed over FIGURE 3. 2 : Computed time evolution of the upper state population. 

sublevels) was 
xxxx circular excitation, oooo linear excitation 

found to 
The drawn lines represent the corresponding parametrisation of Eq. (3.4?· 

. . . . 0.02 Ic1rc. 
display a nearly Timescale is given in units of lifetimes. Exc1tat1on 1ntens1ty: exponential ss 

time evolution (see Figure 

3.2) which could be 
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parametrised as 

'YJ~ (fj~~r ~-{n.{c;~ ~ 't);(d Je~ p (-é 10(rn1~~rnt~A(t) ~.4 
'2. 

with SS,pol unpol 
~ ·~ the the total upper state population for ss 

and unpolarised situations respectively, and cpol a coefficient that 

expresses the rate of convergence to the SS-value. For a Ji=2--+Jk=3 

transition it has a value of 

for linear light 

for circular light 

cP
01= 0.53 

cP
01

= 0.11 

These values show that approximately 2, resp. 9 cycles of spontaueaus 

emissions are needed to reach SS. The relatively big number for 

0.5 

Q05 

0~1 1 

FIGURE 3.3 : Upper state population after finite interaction times. 

x x x circular excitation, 100 lifetimes, computed by 'POLARISATIE' 

+ + + circular excitation, 100 lifetimes, computed by Eq.(3.4) 

0 00 circular excitation, 20 lifetimes, computed by Eq.(3.4) 

I I I linear excitation, 100 lifetimes, computed by 'POLARISATIE' 

10 
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circular light can be understood,as, in that situation, the total 

population has to be shifted to an extreme sublevel, while in the 

case of linear polarisation only a redistribution has to take place. 

Figure 3.3 gives the result of both computer program and the 

parametrisation of Eq. (3.4). It shows that for circular light it 

takes very long interaction times to reach the SS curve. For 

interaction times of hondred lifetimes( -2 micrvsecon0 i.n the case of 

our neon beams) the SS curve is only reached at the value 

close to saturation. 

1
circ 
ss ' ~.e. 

One can define as a measure for the time needed to reach SS in the 

alignment or orientation of the upper state the time tSS such that 

where P(t) denotes the alignment or orientation parameter (defined in 

Eq. (2.54) for the case of linear, resp. circular excitation. Thus, 

ss 
one can say that at t the atoms have reached 75 % of their net SS 

polarisation. The values given by "POLARISATIE" are 

with qpol having a value of 

for linear light 

for circular light 

qpol =0.3 

pol 
q =0. 1 

which is qualitatively in agreement with result of Eq. (3.4), be it 

that the difference in convergence rate is somewhat reduced. 

Equations (3.4) and (3.6), and most of all Figure 3.3 show that 

the influence of finite interaction times can not at all be neglected 

for low laser intensities. The curves then greatly differ from the SS 



79 

saturation curve and the form they attain depends very much on the 

interaction time. In general one can say that their form is steeper 

compared to the SS curve; compared to the linear part of the curve 

saturation sets in to fast. Thus, one seriously has to correct for 

the effect of finite interaction times when studying saturation 

curves. An example of this is given in ALKE85. 

3.1.3 the influence of non-ideal laser opties 

Ideally, a single mode laser produces a coherent beam with a 

gaussian intensity distribution. In this subsection we will 

qualitatively describe the effect of optical components of low 

optical quality on the geometry of the beam. The sole aim is to point 

at some situations that can negatively influence the excitation 

experiments. 

Any surface has deviations from the ideal form, with the most 

common imperfection being deviation from smoothness. While in general 

random in its nature we will simulate unsmoothness here by a sine-

wavefronts 

\ll 

FIGURE 3.4 The emergence of deformed wavefronts at surfaces of poor quality. 
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form of the surface, as depicted in Figure 3.4. Setting the surface 

as 

a plane wave that reaches the surface undisturbedly will, after 

passage, have the form 

with n
1
and n2 being the indices of refraction on both sides of the 

surface. The reflected beam will also have attained a sine form, but 

with an amplitude equal to 2~z • Thus, immediately behind such a 

surface the wavefronts will have attained the form of the surface. 

Insection 2.2.2 we have already investigated the influence of a 

random phase factor on the excitation itself, which proved to be 

rather dramatic; values of one quarter of a wavelength for the sine 

amplitude in the wavefront decreased the Rabi-frequency by a factor 

of two. The value of k.' proved to be irrelevant. One can however 

raise the question how realistic wavefronts of the form (3.8) are 

(within the simulation used). Aren't the deviations from a smooth 

wavefront diffracted out of the laser beam, such that, aftera while, 

the beam is fully smooth again ? This indeed seems to be the case. 

For k' values not too big a sine like wavefront can in first order 

be constituted by a superposition of three beams; the original beam 

incident on thê surface and two beams with reduced intensity on both 

side of the main beam, with an angle to that beam of 

with k the wave-vector of the laser light. 

The creation of the side beams can be understood as follows. A 

phase factor like (3.7) represents a point in phase spEce that 

oscillates as function of z, on the circumference of the unit sphere 
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FIGURE 3.6 : First order decomposition of the elctric field E•Erexp(iAsin(kz)) 

into contirbutions Er' E+=!sinAexp(ikz) and E_=!sinAexp(-ikz). 

within a certain range of angles, given by the value of ~z (see 

Figure 3.6). Such a behaviour consists of a z-independent term E 
r 

plus two smaller contributions E and E with a definite phase 
+ 

relation such that their sum oscilates along the imaginary axis. E 
+-

represent wavefronts that have a certain negative or positive 

inclination with the z-axis. Figure 3.§ gives the development of the 

laser beam for three distances to the plane where the sine form was 

attained. 

The conclusion of this may be that a laser beam has a certain 

self-coherent power, in the sense that all deviations from coherence 

lateral to the wavefront are diffracted away. These deviations only 

have an influence as long as diffracted beams and main beam overlap. 

As this overlapping is determined by the geometry of the 

configuration used, the assessment of the influence of the non-ideal 

components is rather difficult. Therefore, ·one can only try to 

investigate the influence of a certain component by inserting it in 

the laser beam and study its actual effect on the excitation process. 

82 
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3.1.4 experimental infrastructure ---------------

All experiments reported on in this chapter and chapter 4 are 

performed on beam machine "Loopti.id 2", while using a laser beam that 

was produced by the group's dye-laser. 

The vacuum system forming the beam machine is schematically given 

in Figure 3.7. For the production of metastable neon we can use two 

sourees ; the Thermal Metastable Souree (TMS) and the Hollow Cathode 

Are (HCA). The former produces metastables in the velocity range 600-

1200 ms-1 with a relatively low density (#2*103 sr-1 s-1), while the 

range of the latter is to higher veloeities (2000-10000 ms-1) and 

with a density about ten times as high. Figure 3.8 gives the 

3 3 
Both sourees produce P2 and P

0 
metastables in respective spectra. 

the statistical ratio 5:1. Apart from these particles also uv-photons 

are produced. 

A time-of-flight (TOF) technique is used to analyse the velocity 

of the metastables; a chopper produces a trigger pulse to a 

multiscaler with adjustable time-channel width(1.25-160 ~seconds) 

that samples the counts of the detector (metastable detector or 

photomultiplier). Due totheflight pathof 2.7 meters the average 

0 891 1390 2184 2852 

FIGURE 3.7 : Scheme of beam machine 'Looptijd 2'. Distances are given in mm. 

I souree chamber, 2 chopper, 3 secondary beam compartiment, 4 defining 

diaphragm, 5 cryo pump, 6 fluorescence compartiment, 7 Helmholtz coils, 

8 analysing diaphragm, 9 detector compartiment. 

3248 
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FIGURE 3,8 : Velocity spectra for neon metastables as produced by 

the thermal metastable souree (TMS) and the hollow cathode are (HCA), 

84 

time-of-flight is about 0.8 milliseconds for the HCA and 3 

milliseconds for the TMS. 

In the secondary beam compartiment a cryo-pump on a temperature of 

20 K takes care of the main pumping during the experiments. The 

typical value of 2xi0-
8 

Torr in the machine ensures the absence of 

collisions with residual gas atoms. The ion-getter pump in the 

detector compartiment produces such a high background on the 

metastable signal that it is switched off while measurements are 

taken. Due to a flow resistance the subsequent pressure buildup will 

not exceed -8 
10 Torr per hour. 

The two sets of diafragms are translatable in the horizontal and 

vertical direction by means of stepper motors. This can be clone with 

reproducible steps of 2 ~m. 

The laser system (Figure 3.9) is formed by a cw 3 Watt Ar-ion 

laser that is used to pump a standing wave dye-laser, employing 

Rhodamine B as dye. Typical output powers are 20 mW at 640 nm. The 

frequency of the dye-laser is stabilised to the transition frequency 

with estimated typical frequency fluctuations of 3xi06 rad s- 1 
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FIGURE 3.9 : Laser beam transport. 

I cw Ar-ion pump laser, 2 dye laser, 3 angle adjustment module, 

4 metastable source, 5 fluorescence detection, 6 metastable detection. 

The laser beam is transported to beam machine Looptijd 2 by a 

system of six mirrors, a lense and shielding pypes. Due to the finite 

reflectivity of the mirrors only 30 % of the initial power is 

available for the experiment. The geometrical contiguration of the 

mirrors transfarms the ingoing linear polarisation into a pronounced 

elliptical one. 

In order to controll the polarisation of the laser beam in the 

experiment there are two stepper motor controlled modules; a 

polarisation prism (transmittance of accepted mode 96 %, of rejected 

mode 10-3 "%) 96 % h and a half-lambda plate (transmittance ., p ase 

retardation 180 ±4 degrees from 600 to 650 nm). These modules have a 

stepping angle of 1 degree. 
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3.2 Direct determination of the upper state population 

3.2.1 background 

The most straightforward way to determine the upper state 

population is measurement of the upper state particles themselves. 

This, however, is commonly not done. Usually one measures the light 

emitted by the upper state(e.g. ALKE83), which amount is proportional 

to the time that an atom is in the upper state. Due to quanturn 

efficiencies and angular distributions of the emitted light, however, 

the link to upper state populations is less direct than in the case 

of partiele detection. 

The reasou that past experiments did not directly determine the 

upper state particles probably has to do with the fact that these 

particles couldn't be discriminated from lower state particles, if 

partiele measurement was possible at all. Most of the laser 

excitation experiments are performed with sodium atoms, that are 

usually detected by a hot-wire ioniser. When the atoms are excited by 

means of 588 nm laser light they have about 2 eV more internal energy 

which is probably. nat enough to lead to a different behaviour in the 

ioniser. Thus, upper and lower state particles have the same 

detection efficiency. 

For metastable neon atoms detection is performed in quite a 

different way. The standard technique is to let them hit a clean 

stainless steel sur~ace, where they will produce free electrans due 

to their very high detection efficiency. These electrous can easily 

be detected by application of an attractive electric field and an 

electron multiplier. This detection technique leads to efficiencies 
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for metastables of about unity. Apart from metastables also uv-

photons can be detecterl, be it with a reduced detection efficiency of 

about 10 %. More details of this technique are given in VERH84. 

Now, to stay within the context of this chapter; will the upper 

state neon atoms show different detection efficiencies from the lower 

state atoms ? As the precise reaction of the particles at the surface 

is fully known it is difficult to answer this question. From a 

general point of view one can state that higher internal energies 

would facilitate the ejection of electrans from the metal surface, 

leading to higher detection efficiencies for the upper state 

particles. 

The experiment described below, however, gives the opposite 

result. The detection efficiency for the upper state is approximately 

25 percent smaller than for the lower state. We will only present 

data that are taken with {a}
9 

as upper state. If other levels are 

excited uv-photons are simultaneously produced with the upper state 

which complicates the analysis. 

3.2.2 experiment 

3.2.2.1 experimentalset-up 

If one wants to detect upper state particles it is, due to their 

very short lifetimes, essential to produce them very near to the 

detector. Atoms with a velocity of 1000 ms-1 can travel only 0.02 mm 

befare they have decayed to the lower state, which means that in 

practical cases one has to put the laser beam on the detector. 

In the experiments carried out the laser beam hit the detector 

surface at angles ranging from 0 to 1.5 degrees (25 mrad). Apart from 

experimental convenience these angles were not increased because of 
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the influence of the reflected laser beam. Because of the short 

lifetime one measures upper state populations as they have been 

produced by the laser excitation in the last tenths or even 

hundredths of millimeters to the detector surface. Because of the 

rather large width of this surface (which only exists for historical 

reasons) angles of two milliradians are enough to disturb the 

excitation. Figure 3.10 gives the situation at the detector. 

At grazing incidence reflection at metals doesn't give phase 

retardations. However, as the steel surface was not given a 

cosmetical treatment it was probably very rough. This roughness leads 

to incoherent reflected beams, which influence on the excitation 

cannot easily be evaluated. Judging from the form of the reflected 

beam the surface displayed spatial variations of the normal to the 

surface of approximately 20 mrad. As the dimensions of the atomie 

beam were lx0.25 mm these surface imperfections are not averaged out, 

so that one has to take their effect on the excitation in account. 

FIGURE 3.1 , : Situation at the detector. 

1 laser beam, 2 reflected beam, 3 metastable beam, 

4 detection surface, 5 electron multiplier. 

3 
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The laser beam entered the vacuum chamber of the detector through 

a window of low optical quality. In view of the sections 2.2.2 and 

3.1.2 this can seriously distart the excitation processin the sense 

that it lowers the rate of excitation and thus increases the value of 

the saturation intensity. The dimensions of the laser beam -2 (e 

radius) were typically 0.5 mm (vertical) by 2.0 mm (horizontal). The 

frequency was tuned to the 3P 2~{a}9 transition at 640 nm. 

Taken together, the circumstances were not ideal for laser 

excitation experiments, mainly due to detector situation, which was 

clearly not designed for this kind of experiments. However, the 

simple diagnostics, tagether with the uniqueness of the detection 

methad made it worthwhile to perfarm measurements in this set-up. 

3.2.2.2 results 

Figure 3.11 shows how the detector signal is build up of 

nonresonant particles, lower state and upper state particles, when a 

laser beam is scanned over the detector surface in the x-direction, 

such that the intensity of the laser light at the surface varies as a 

Gaussian. Figure -3.12 gives the upper state population determined 

from the relative detector signals for situations for laser beam on 

OFF 

0.25+-----------t----i 
3P0 + 1sotopes 

~ pos1hon 
laser beam 

FIGURE 3. 11 : 1:he several contributions to the detector signal when 

the laser beam is scanned over the detection surface. 
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FIGURE 3.12 : Upper state populations in arbitrary units when the laser 

beam is scanned over the detection surface. 

and off. It shows a curve that resembles a gaussian but that is 

flattened due to saturation of the upper state. From a fit with the 

OBE formula Eq. (3.3) for the population it follows that the 

detection efficiency for upper state particles is 25 % smaller than 

for the metastable states. The fitted valued of the saturation 

intensity is -2 
19 mW cm • This value probably contains a large 

systematical error, firstly because of the low quality vacuum window, 

and secondly because of the unknown influence of the reflected beam. 

In Figure 3.13 the upper state population is given when the angle 

between laser beam and atomie beam (and thus the angle between laser 

beam and detector surface) is varied. This will influence the 

excitation in two ways; first because of the Doppier effect the 

position where the two beams are at right angles gives optima! 

excitation, and secondly the effect of the reflected beam or the 

roughness of the surface will appear. Our interpretation of Figure 

3.13 is as follows; at the (arbitrary) angle 0 the laser beam hits 

the used part of the detector at zero angle. In going to smaller 

values of the angle to the atomie beam the upper state population 

decreases due to both Doppier effects (an angle of 6 mrad is 
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FIGURE 3. I 3 : Upper state population in arbitrary units when the angle beam[mrad) 

between laser beam and metastable beam is varied in the x-z plane. 

sufficient for this) and the influence of bumps in the surface that 

block the used part of the detector from the laser beam. Increasing 

the angle with the atomie beam, however, ·gives a qualitively 

different result. Due to the reflected beam a standing wave will 

appear with a node on the surface. This leads to both an increased 

intensity and the disappearance of Doppler effects. Indeed, even at 

the very large angle with the atomie beam of 16 mrad the upper state 

signal has increased with 15 percent, which is an amount one can 

expect when the intensity of the light has become four times bigger 

than the initial situation where the excitation was already fairly 

saturated. 

An interesting aspect of this detection metbod for upper state 

particles is the possible influence of the atomie polarisation on the 

detection efficiency. Generally, the ioniaation at the surface is 

visualised as a Penning-like process; an electron from the Fermi-sea 

at the surface jumps into the empty 2p-hole so that the excited 3p 

electron doesn't any longer feel an attractive force so that it 

leaves the atom. In this picture the polarisation of both 2p hole and 
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3p electron are important. In fact, scattering experiments of neon 

{a}
9 

on argon have showed very pronounced polarisation effects in 

the number of Penning-electroos produced (BUSS8Sa). 

In spite of the reasoning above no polarisation dependenee was 

measured. This conclusion was established by comparing the detector 

signal for linear polarisation perpendicular and parallel to the 

detector surface and circular and linear polarisation. The clearest 

result is the ratio of the detection efficiencies for parallel and 

perpendicular polarisation; 

n .. /n.L = 1 • 0043 ±o. 0046 

In a eertaio way this negative result is rather welcome as it renders 

superfluous the need to correct the measured detection signals for 

tlie polarisation of the upper, and possible also, the lower state. 

Measurements with the TMS souree showed rather big discrepancies 

for data taken within one hour. This was probably due to a very big 

sensitivity on the position of the laser beam on the surface. Because 

of this, runs taken never exceeded fifteen minutes and when a 

comparison was to·be made between two polarisations of the light only 

the half- lambda module was rotated by means of the stepper motor. 

Preliminary measurements, as displayed by Figure 3.14 ,show two 

discrepancies with the standard formalism. In the first place the 

upper state population at equal intensities was the same for linear 

and circular excitation. As was indicated in sections 2.3.2 and 3.1.2 

there is, in general, a different behaviour under the two modes of 

polarisation. Only for very short interaction times with the laser 

light the saturation curves are equal. However, in the experiment the 

atoms were already excited for about hundred lifetimes before they 

reached the surface. One can assert that magnetic fields with values 
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Full lines represent a fit with the OBE curve for unpolarised lower state, 

dashed lines give OBE-fit for an interaction time of 100 lifetimes. 
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of one Gauss are sufficient to decrease the effective interaction 

time to about 20 lifetimes. In that case, hardly any difference is 

observed for the saturation curves (see Figure 3.3); they both more 

or less follow the unpolarised saturation curve. This argument, 

however is in conflict with the second anomalous observation. 

It proved that the saturation curves measured did clearly' deviate 

from the form as prescribed by the OBE. They all went steeper to 

saturation then could be expected on grounds of formula (3.3). Within 

the standard formalism this can only be understood as the effect of 

finite interaction times of about 100 lifetimes (see Figure 3.3). 

This would imply that the saturation curves for linear and circular 

excitation differ, which was not observed. Thus, one is left with a 

dilemma. 

Inspeetion of Figure 3.11 adds some extra information to this 

puzzling situation. It shows that the detector signal is symmetrical 

in the position of the laser beam; it makes no difference whether the 

beam is in front or behind the detector. (For the cause of proper 

reasoning; the symmetrical intensity distribution of the laser beam 

was experimentally verified.) Thus, this is a backing of the option 

that the excitation was such as if the effective interaction time was 

a lot smaller than could be expected on grounds of the transit time 

of the atoms through the laser beam. 

Further measurements in order to clarify this situation could not 

be performed due to a malfunctioning of the dye-laser. Improvements 

to the experiment would have been; a compensation of residual 

magnetic fields by means of simple Helmholtz coils, the use of the 

HCA to produce faster metastables, and an improved laser beam 

transport system in order to minimise vibrations of lenses and 

mirrors. With these modifications the experiments would have been the 

best possible within the given experimental infrastructure. 
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3.2.3 Discussion 

Direct determination of the upper state population by means of 

partiele detction is a fast and simple methad for the Ne** excited 

states. The basic idea, being a local measurement of the upper state 

makes it into the ideal test on the applicability of certain 

formalisros for laser excitation, such as Rabi-oscilations, adiabatic 

following and spontaneous emission. Furthermore, it can be used to 

monitor the excitation process in atomie scattering experiments. In 

principle, upper state partiele detection can be applied to any kind 

of situation where one is able to create a difference in detection 

efficiency for upper and lower state. 

Although the present experimental arrangment is clearly not ideal, 

the reported measurements show a distinct deviation from the standard 

formalism. The saturation curves given in Figure 3.14 can not be 

described with the OBE formulae, consiclering bath the farm of the 

curves and the absence of a difference between linear and circular 

light. The question whether these discrepancies are of a fundamental 

nature or simply caused by the experimental situation can only be 

answered by future experiments. Whatever the outcome, it has been 

shown that laser excitation contains more pitfalls than the 

experimenter is willing to believe. 

The study of the interaction of excited atoms with the adsorbate 

on a surface is a promising extension of the reported experiments. 

Apart from being a simple modification of inelastic scattering 

experiments with secondary beams, such a methad would also offer the 

possibility of reactions with nonspherical particles that are aligned 

or polarised due to the attractive farces from the surface. A 

research proposal to study this rather new kind of physics is already 

on its way. 
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3.3 Radiation pressure experiments 

3.3.1 background 

Under the assumption that the probability for photon emission is 

proportional to the upper state population, radiation pressure 

experiments give the value of that population on an absolute scale. 

If all relevant parameters, such as interaction length and velocity, 

are known, the number of spontaneously emitted photons is fixed by 

the basic relation 

With these relatively simple experiments we can establish the 

relation between the intensity and polarisation of the laser light on 

the one hand and the upper state population on the other. 

Two statistica! phenomena appear in radiation pressure (see 

section 2.5). Firstly, a spontaneous photon is emitted in an 

infinitely small solid angle, hereafter to be called the spatial 

statistica! effect, and secondly the statistica! nature of the number 

of emitted photons. Although radiation pressure experiments are 

rather trivial to perform, there are no reports of precise, 

quantative measurements. 

The spatial statistica! effect has already been studied rather 

early (FRIS33, PICQ72) but because of the non-ideal light sourees 

used these experiments only show a qualitative agreement with theory. 

It is, after all, only since the advent of tunable dye-lasers that 

accurate experiments are possible. Nevertheless, the last ten to 
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fifteen years no such effort was taken. 

Concerning photon number statistics only one experiment is 

available (SHOR83, MAND83). It observes sub-Poissonian statistics, as 

described in section 2.5.2, but, due to the very long sampling times, 

only one light intensity could be chosen. The authors claim a good 

agreement with theory. 

Of course, radiation pressure is such a widely used phenomenon 

that, at first glance, it can hardly lead to surprising results. 

Applications, such as isotope separation, cooling and stopping of 

atomie beams, trapping of atoms and splitting of atomie beams by 

standing waves do perhaps more appeal to the imagination of both 

experimenter and theoretician than a simple deflection experiment. 

However, the more effort is put in these exotic kinds of radiation 

pressure, the more it is puzzling that no one ever paid attention to 

the basic effect of photon recoil. Apart from its use for the 

determination of the absolute rate of excitation we have set up this 

radiation pressure experiment to fill this gap. 

3.3.2 experimental features 

The configuration chosen to take accurate measurements is shown in 

Figure 3.15. The TMS produces metastables that are collimated toa 

well defined beam of 0.25x0.5 mm before they cross the laser beam at 

right angles. In order to have a uniform intensity distribution over 

the interaction length the laser beam is collimated by a 1.75 mm wide 

slit, about three millimeter before it crosses the atomie beam. After 

' the interaction the atoms travel a deflection length of 668 mm before 

they reach the analysing diaphragm that can be translated in the z-

direction (chosen along the direction of propagation of the laser 



FIGURE 3.15 : 

I beam source, 

Experimental set-up for radiation pressure experiments. 

2 end anode, 3 chopper, 4 defining diaphragm, 

5 laser beam slit, 6 analysing diaphragm, 7 detector, 8 laser beam, 

9 angle adjustment module. 
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beam the x-axis being the direction of the atomie beam). A TOF-

analysis is used to seperate the contributions of the several 

veloeities to the deflection. The laser beam, with a vertical width 

of 1.0 mm, is circularly polarised so that in the steady state only 

one subtransition is excited. 

The measuring procedure is as follows. For several laser light 

intensities the deflection is measured by scanning the analysing 

diaphragm several times over a certain range, typically 2.0 mm. At 

each position a TOF spectrum is taken. In the analysis each TOF 

channel is treated seperately. 

In the following paragraphs some relevant details of the 

experiment will be discussed. The influence of these features on the 

deflection will be discussed in section 3.3.3. 
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3.3.2.1 velocity dependenee 

The velocity of the atoms manifests ltself in two ways in the 

deflection angle. In the first place slow atoms remain langer in the 

interaction region with the laser, so that they can scatter more 

photons, and secondly the recoil of a single photon, being on the 

average perpendicular to the intial velocity, has a bigger effect 

when that velocity is smaller. Tagether this leads to an inverse 

quadratic dependenee of the deflection angle on the velocity 

4({! = Q_Q Lilht rn~ ~.10 
H t;1 

with M the mass of the atom. As the metastable souree used has a 

relatively wide velocity spread (700-1400 ms-1, see Figure 3.8) one 

has to use a velocity analysis(TOF)in order to be able to take 

accurate measurements In the actual set-up time channels of 80 ~sec 

were chosen. Tagether with a chopper slit width of 4 mm, a rotation 

frequency of 75 Hz and a flight pathof 2.7 m this results in a 

velocity determination with as typical uncertainties values of one 

percent. 

3.3.2.2 Doppler effects 

Assuming that the initial velocity was perpendicular to the laser 

beam, interaction wil lead to deflection angles that can influence 

further excitation of the atom because of Doppler detuning. As 

emission of one photon leads to a detuning equal to 3xi05 rad s-l 

about 80 photons are needed to 'walk' out of the Lorentz profile of 

the excitation. 

If we ~reat the acquiring of momenturn as a continuous process in 

time we can use differentlal equations to describe its influence. 

Defining Nidas the number of photons that would have been scattered 
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when no Doppler effects would exist, we can compute its value as 

~.1/ 

with Tint the total interaction time with the laser. However, after 

Nact photons are scattered the atom has a transverse velocity equal 

to 

~.12 

This leads to a detuning of 

n d· act ocl 
.dW:::. u..t, 1,6_ -=~ ~ ~ Ll ~ 

T H 
where ~ denotes the detuning per scattered photon (its value is 

5 -1 
3.03x10 rad s ). To evaluate the effect of this detuning on the 

excitation one has to known the half-width of the excitation profile, 

which in principle depends on the strength of the excitation. 
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According to the OBE 

with Llw, 
2 

the halfwidth given by 

l 01 

).15 

As a differentlal equation for the time development of the number 

of actually scattered photons one can then write, 

).1b 

l T I~Y 
which is completely analogous to the equation 

An exact salution for p(x) is rather troublesome, but a Taylor 

expansion around zero offers a better possibility as, then all even 

terms vanish. From Eq. (3.17)_ one can show that 

pL::.:)"' ::c - ~ 't:~ + ~ x r; +I< {x) 

with R(x) at least of the order seven. The fifth order approximation 

is better the 2 percent for x values up to 0.5 as can be seen in 

Figure 3.16. 

The value on the abcissa of this figure can be evaluated if one 

knows the value of Nre~ which depends on the strength of the 

excitation. For a given experimental set-up it can be shown that the 

. id ref 
maximum rat1.0 of N and N never exceeds the value 

0 Vn/;. {tv uJ I~ ~()i)"ox = 4 />J31 Ll T 

In our experiment we have chosen Tint such that this ratio is less 

than 0.25. In this range the deviation of curve 3.16 from a straight 

line is less than 2 percent. Therefore, we do not have to include 

Doppler effects in our analysis. 
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3.2.2.3 laser beam treatment 

The value of the slit width of 1.75 mm gives the optimal 

campromise between interaction times long enough to give measurable 

deflections and intensities high enough to reach over the saturation 

intensity. With a laser beam that is collimated to 1.0 mm (e-2 

radius) in the y- direction and 3.8 mm in the x-direction the maximum 

available intensity is about four times the saturation intensity, 

while the intensity does not vary more than 20 percent over the 

interaction region. 

The influence of the slit on the laser beam profile is computed 

with computer program "HUYGENS" (see appendix 3·.3) • The results show 

that even at relatively small distances to the slit of 5 to 10 mm 

strong oscillations in the intensity appear. The situation for the 

distance of 3 mm (as in the experiment) is given in Figure 3.17. 

amplitude 
electr1c 
fJeld 1 ......-----__, 
[a.uJ 

0 
0 01 0.4 0.6 0.8 

) 
d1stance 

1.0 

FIGURE 3.17 Laser beam profile at a position 3 mm behind the 1.75 mm slit. from cent re of beam 
[mm] 
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The circular polarisation of the beam is effected by placing the 

half-lambda module in such a position befare the angle-resolving 

module that the circularity was maximal. When observed by a linear 

polarisation filter the ratio of minimal to maximal transmission was 

0.83, resulting in a value for BE (Eq. (2.52)) of 40 degrees, 

assuming the laser beam was fully polarised. 

3.2.2.4 atomie beam treatment 

The undeflected atomie beam profile has a FWHM of 0.5 mm if one 

assumes that the partiele flux through the aperture of the anode is 

homogeneously distributed. Measured values give a value of 0.42 for 

the metastables and 0.5 for the uv photons emitted by the source, 

indicating that the metsstables crigin from a region that is smaller 

than the width of the anode and that the uv photons are produced over 

a wider region than the metastables. 

A value of 0.5 mm equals the deflection of the beam as produced by 

the recoil of 15 photons. Because we can expect maximum values of 45 

photons the ratio of deflection to FWHM is always less than three. 

This is rather small but can be considered a good campromise between 

accuracy and data sampling time. 

After interaction the atomie beam is bath deflected and broadened. 

The latter doesn't only take place in the z-direction (mainly due to 

the velocity spread) but also in the y-direction, as caused by the 

spatial statistical effect in photon emission. To account for the 

broadening in the y-direction the analysing diaphragm has a length of 

2.0 mm, which is enough to collect all atoms of the original beam. 

3.2.2.5 detection efficiency 

Due to the configuration of the metastable detector (see PERN79) 

the detection efficiency is rather localised. The variatien in the 
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efficiency is less than 10 percent over a region of only 3.2xl.O mm 

in resp. z- and y-direction. This is just enough to do deflection 

experiments with deflection angles up to 2 mrad Vv50 photons), and 

therefor we will not consider its influence on the experiment. 

As we have set as aim for our experiment the determination of the 

dependenee of both upper state population and photon statistica! 

effects on the laser intensity it suffices for us to measure the 

average deflection and the spread therein for each velocity. This 

way, the analysis of the many TOF-spectra (about thirty for each 

intensity) can be restricted to computing the zeroth, first and 

second moment of the atomie beam distribution in the z direction. In 

doing so one carefully has to evaluate both the zero position (no 

deflection) and the contribution of the non-resonant particles in the 

metastable beam. The first can be done by looking at the uv-photon 

distribution (light peak), while we can easily correct for the second 

when the fraction of non-resonant particles is known. 

The big advantage of an analysis in terros of first and second 

moments is that of all possible experimental broadening effects we 

only have to know these two moments, so that the exact distribution 

becomes irrelevant. For the full analysis of substraction of 

contribution of non-resonant particles and subsequent deconvolution 

with the apparatus profile one carefully has to know the profiles 

used. This in principle is possible but it leads to rather elaborous 

anaylsing programs. 

As we analyse every TOF-channel separately we get as many values 

for the mean deflection and the varianee as time channels in the TOF 

spectrum. As every experimental and truly physical broadening effect 
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has its own specific velocity dependence, we can discriminate them by 

platting the varianee against the velocity and fitting with the 

desired functions. 

Below we will consider the influence of the experimental features 

discussed in 3.3.2.1 to 3.3.2.4 on the average deflection (first 

moment) and the varianee (second moment). We will explicitly not give 

a discussion of statistical and systematical errors in the mentioned 

moments here. In our apinion there are too many unknown systematical 

errors and is their influence too cumhersome to analyse. As 

accuracies in the data points for the upper state population and the 

pboton statistical effects we will simply give the uncertanties in 

the parameters that are returned by the fitting procedure. 

Forthermore we will only present end results of computations here. 

For more details one is referred to WYNA86. 

As parameter for the measured deflection we will take the distance 

of the analysing diaphragm from its zero position, i.e. the 

deflection after the particles have travelled the distance L from 
defl 

the interaction region. We will write the functional depence of the 

average deflection u as 

u= lJ(\!, ~) = u{v, V{v,Iî) == u{v{ro~))J{vtroF\11~(1'))) ~.1 q 

and analyse the 

dependenee of it on the time-of-flight TOF, the intensity I and the 

statistics of N. From Eq. (3.19) we can derive for the varianee 

of u 

<0(.;'2. 

+(Ju ~) 0:{ + 
2 "Tii ~1 

wi th a TOF the varianee in TOF , 

'1 

\JQ~~ 
a 2 

phys 
the spread due to 

a 2 
u ' 

the 

physical broadening effects, i.e. spatial and photon number effects, 

a 1
2 the varianee of the intensity both in time. and space, and a 2 

app 
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the second moment of the apparatus profile. Working out this equation 

yields (WYNA86) 
'2. 

2 '2. ( 2 R_g AL01f L~b rn~) a-u == v1 CY 1or: 
M Trof: 

{#- LJef' )'-A "2 L.,._ I Q{ ~.J.î + ~3 

2 ( 2 (JJ:'2 + (@ 4LJ~L&nb) d Î)~J I 

M TI"' v4 

with a the coefficient to be measured for the recoil in the z-

direction as e.g. given by Eq. (2.74). We see that each term has 

specific velocity dependence, which makes it possible to discriminate 

one effect from the other. This is shown in Figure 3.18 fora 

situation that resembles the set-up when the experiment was designed. 

One can in principle determine all contributions from a fit with 

the desired form, but, as there are strong mutual dpendences of the 

several contributions on one another, such a fit can give large 

uncertainties of the fit parameters. Therefor it is sensible to fix 

some parameters to a value that one can compute from the experimental 

2 
<Tu 

i 
apparatus 

-->~ :2 
FIGURE 3. !8 : Schematic representation of the several contributions 

to the varianee in the deflection. 
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the 

would involve 

fluctuations in the dye-laser power on a time scale bigger than the 

interaction time with the laser, i.e. 2 ~sec. The laser power is 

monitored during the experiment but this can only resolve fluctuation 

components up to a couple of Hertz. 

3.3.4 results 

Due to the malfunctioning of the dye-laser system only preliminary 

data are available. They concern measurements at one intensity. The 

data have a very limited value as even during data taking obvious 

distortions of the excitation. probably due to frequency fluctuations 

in the dye laser, appeared. These fluctuations were averaged out, due 

to the fact that the measurement was taken in five scans, with three 

minutes interval. Therefor, the result will show an extraordinary big 
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FIGURE 3.19 : Typical deflection pattern at a velocity of 900 m s- 1, 

showing undeflected and deflected beam. 
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FIGURE 3. 20 Measured square root of the average deflection. 

spread in the deflection. 

Figure 3.19 shows a typical deflection pattern for a velocity of 

900 m s-1. The deflection scan ranged from -0.5 mm to 1.5 mm. The 

lower edge is sufficient to incorporate the whole apparatus profile, 

while the upper limit allows only particles of veloeities up to 800 m 

s-1 to be analysed properly. For lower veloeities the deflection 

pattern extends the 1.5 mm limit. Therefor, it is desirable to take a 

larger upper limit for measurements at high intensities. 

The average deflection is given in Figure 3.20, showing the 

expected quadratic behaviour. The analysis yields an upper state 

population nk equal to 0.28. The measured spread in the deflection is 

given in Figure 3.21. It shows that the data points very well follow 

a smooth curve, indicating that the statistica! spread in the points 

is relatively small. Because of the observed frequency fluctuations 

we will not further discuss this result. 
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FIGURE 3.21 : Measured varianee in the deflection as function of 
inverse velocity. 

3.3.5 discussion 

The presented method for radiation pressure measurements works 

satisfactorily. Deflection patterns that give good statistics after 

analysis can be taken in fifteen minutes data sampling. This implies 

that a full range of intensities can be measured within a day. This 

is a great improvemen~ compared to previous experiments (SHOR83). 

The preliminary measurements show that great care has to be taken 

to control intensity and, most of all, frequency fluctuations of the 

dye laser system. It will be these systematical influences that 

determine the accuracy of the experiment. 
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CHAPTER 4 EXPERIMENTS ON THE POLARISATION OF FLUORESCENCE 

4.0 Introduetion 

The only standard technique to probe the polarisation of the 

excited atoms is the analysis of the emitted fluorescence radiation. 

Whenever scattering experiments with polarised excited atoms are 

performed, a set-up for the analysis of the fluorescence has to be 

present. It should be able to measure either the angular distribution 

or the polarisation of the fluorescence. This chapter describes a 

set-up for the study of the polarisation properties and the first 

experiments that were performed with it. The formalism for the 

evaluation of the analysis was already given in section 2.4. An 

example of a thorough experimental study of polarisation properties 

of fluorescence light is given by Hertel (HERT76). 

4.1 Experimental set-up 

In studying polarisation effects one has to be careful oot to 

introduce any pseudo-effects by the experimental procedure used. We 

have designed and built a fluorescence analyser where this has been 

minimised by performing the polarisation analysis in the first stage 

of the detection, i.e. in the vacuum chamber of the fluorescence 

compartiment (see Figure 3.7). A 50 mm diameter polarisation filter 

is driven by a minature stepper motor/gearing combination that allows 

reproducible steps of 1.875 degrees without any measurable 

hysteresis. An aspheric lens samples the light transmitted within a 
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cone with full top angle of 30 degrees, and focusses it on the 

cathode of an S20 photomultiplier. In order to reduce unnecessary 

elements, this lens is used as vacuum window. Figure 4.1 gives a view 

of the set-up. 

The whole device is designed in order to minimise counts due to 

background light. The main element in this is the laser beam pipe 

that contains a diaphragm at bath ends, such that background light 

has to be reflected at least twice in order to reache the detector. 

The main contribution of background light originates from the laser 

beam. Although two iris diaphragms were inserted in the beam in order 

to control the lateral extension of the beam, the background 

contribution could only sufficiently be reduced by focussing the beam 

by a f = 1 m lens which was posioned two meters in front of the 

excitation region. The resulting divergent wavefronts produced a 

7 -1 
Doppler width of the excitation profile of about 2x10 rad s This 

is nat prohibitive for our experiments. The e-2 radius of the laser 

beam amounted to 1.4 mm in the excitation region. 

An important feature of our fluorescence analyser is that it is 

only manufactured from non-magnetic materials. This enables us to 

control the magnetic field by means of the Helmholtz coils that are 

placed around the vacuum chamber. Residual magnetic fields are mainly 

caused by the stepper motor, i.e. either by the motor itself or by 

the power lines leading to it. The direction of these fields depend 

on the position of the motor, while the absolute value is about 0.03 

gauss. This is nat enough to seriously disturb the measurements 

reported in this section. The top of the cone (aluminum) to which the 

polarisation filter is attached produces a vertical magnetic field of 

0.05 Gauss. The cause of this is nat known to us. lts influence in 

the excitation region has dropped to 0.03 Gauss. Therefor we claim 
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that we can control the magnetic field in the excitation region with 

an uncertainty of less than 0.05 Gauss. 

4.2 Experimental results 

Two kinds of experiments were performed. In the first place we 

wanted to test the polarisation analyser and we wanted to reach 

conclusions on the feasibility of the analysing methad for the 

polarisation of the excited atoms. Secondly we have tried to 

demonstrate the rotating effect of magnetic fields as was proposed in 

the discussion of sectien 2.7. All experiments were carried out with 

a gaussian laser beam that was linearly polarised in the direction 

perpendicular to the direction of detection. If not stated otherwise 

the magnetic fields in the excitation region were compensated. 

Of the first experiments we show a saturation curve (Figure 4.2) 

and the development of the polarisation of the upper state as 

function of the power in the laser beam (Figure 4.3). The saturation 

curve resembles those given in sectien 3.1.2, with the difference 

[kHz) 
COUNTS 

FIGURE 4.2 

---J) POWER [ mW] 

Total fluorescence intensity as function of power. 
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FIGURE 4.3 : The ratio of maximum to minimum fluorescence intensity. 

The dashed lines indicate the expected limiting values of 2.07 (unpolarised 

lower state) and 2.5 (steady state polarisation). 

that the part of curve at high laser powers is s ti.ll increasing 

instead of going to an asymptotic value. Th is can easily be 

understood by the effect of a saturation in the upper state 

population. The wings of the laser beam (in a spatial sense) then 

make a relatively increasing contribution to the amount of the 

fluorescence light, while that of the centre of the beam is already 

at its asymptotic value. 

The data points in this figure and Figure 4.3 were extracted from 

f . f d fl i . i . h . 2 f . d a 1t o measure uorescence ntens1t es Wlt a s1n unct1on an 

a constant, with the phase of the sine-function as third fit 

parameter. The fluorescence yield was measured at nine angles of the 

polarisation filter in the range from -90 to +90 degrees. At each 

angle the highly polarised background contribution was measured by 

translating the metastahle heam over 1.5 mm, so that no atomie 

fluorescence was detected. 
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Figure 4.3 shows the ratio of maximum to minimum intensity 

transmitted by the polarisation filter. In our configuration this 

corresponds to a position of the transmitting axis of the filter that 

is parallel, resp. perpendicular to the polarisation of the laser 

light. As a function of the laser beam power the ratio of intensities 

should go from 2.07 at low powers to the steady state value of 2.5 at 

high powers. Such a behaviour can hardly be resolved because of the 

big error bars in the data points. The value of the uncertainties is 

roughly inversely proportional to the laser beam power, and are at 

least ten times bigger than one can expect on grounds of counting 

statistics. These systematical errors are caused by the persistent 

aceurenee of low frequency offsets in the excitation frequency. These 

are probably caused by the dye-laser system. They appear on a time 

6 -1 scale of about ten seconds and can amount to 25x10 rad s detuning, 

approximately half the line width. Because of power broadening the 

excitation at high powers is less sensitive to detunings from 

resonance, which reduces the uncertainties. Due to the character of 

the data points, we will notdraw any conclusion from Figure 4.3. It 

is merely given in order to show the limitations of the performed 

experiments. 

ATOMIC 
BEAM 

FIGURE 4.4 : Situation for experiments on the rotating influence of 

magnetic fields. 
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As far as was permitted by the behaviour of the dye laser the 

experiments on the action of the magnetic fields give conclusive 

results. They show that the assumed rotation of the polarisation axis 

of the light is indeed observed. We have used a configuration (see 

Figure 4.4) where the magnetic field was in the direction of the 

detector. This set-up is ideally suited to detect rotations around 

the magnetic field. 

The result of the measurements is given in Figure 4.5. The zero 

position of the vertical scale was determined from several 

measurements at zero magnetic field. The rotation is clearly 

resolved, and within the uncertainties of the experiment it seems to 

be independent of the applied laser powers. The amount of rotation is 

surprisingly big. The discussion of section 2.7 states that it should 

-
-0.4 

......- -

~[O] ro 
10 

...-/ _...- / 

"' 

,I 
/ 

/ 
/ 

-20 

ll 
"' / 

J" 

I " / 
/ 

I" 
;. ---

FIGURE 4.5 : Measured rotatien angle of the polarisation axis 

of the fluorescence light. 

x data points for P = 1.4 mW, 0 data points for P = 0.14 mW 

expected behaviour 

...--

------- line that guides the eye through the data points of P = 1.4 mW 
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be givPn hy the relation 

"' 'A " B/M = 13.4 rdegrees Gauss-IJ B 
'i' WLar 1 = .,BgL L.: 

The curve for this relation is shown in Figure 4.5. We see that the 

measured data points follow a line that is about four time-s too steep 

at small field values and that seems to follow the proper slope at 

higher fields. This could indicate that a second effect is present, 

whose influence is overcome at higher field values. We do not know 

what this can be. The possibility of a second magnetic field can be 

rejected as residual magnetic fields were compensated with a 

precision of 0.01 Gauss. As this report is the first to assume and 

abserve the rotation of the polarisation axis of the fluorescence 

light no alternative descriptions are present to explain this 

anomalous result. We want to emphasize here that all kinds of 

hypothetical misinterpretations concerning the experiment al 

determination of the values of the magnetic field and the angle of 

the polarisation filter were checked and were discarded as 

irrelevant. 
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4.3 Discussion 

Although some improvements on the polarisation analyser, 

especially concerning the reduction of residual magnetic fields, are 

necessary, the detection methad itself proves to be satisfactory. 

Concerning the dye laser system great care has to be taken in order 

to reduce the excursions from the transition frequency. It is for all 

experiments where no saturation conditions exist of the utmost 

importance that the claimed frequency stabilisation precision of 

3*106 rad s-l is really achieved in actual experimental situations. 

The measurements of the rotation of the polarisation axis show 

that the excited atoms are rotated to a considerable degree in the 

presence of magnetic fields of the order of the earth's residual 

field. Th is has important implications for polarised atomie 

scattering experiments, where care should be taken to either 

campensa te or shield residual magnetic fields. For a proper 

evaluation of the performed experiments on the action of magnetic 

fields the development of a theoretical treatment is desirable. 
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CHAPTER 5 SYMMETRY ARGUMENTS IN INELASTIC ATOMIC COLLISlONS 

This chapter will deliver some general arguments on polarised 

atomie scattering experiments, that can be applied to all kinds of 

inelastic collisions. The fundament of the theoretical approach are 

basic symmetry arguments, that do not involve much computation. The 

method presented is applied to two experimental examples, of which 

one concerns work clone in our own research group. The main principles 

of our treatment are taken from a paper by Nienhuis on associative 

collisions (NIEN82). 

5.1 Black box approach 

We will define the problem to be dealt with as follows; 

In the collision of two atoms, of which the projectile is 

polarised, "something" is produced. The total number of 

events that take place is expressed in the signal I. How does 

I depend on the polarisation of the projectile atom ? 

TARGET 

FIGURE 5.1 

PROJECTILE 

I 
I 

SYMMETRY 
AXIS 

Schematic representation of the black box method. 
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The treatment to be followed is schematically depicted in Figure 5.1. 

The target and the projectile atom fly into a black box, where they 

will collide and produce the entity we are interseted in. As the box 

prevents us from observing the actual details of the collision, we 

can only base our treatment on the particles that enter the box. We 

assume that we can fully describe these particles. For convenience we 

will define the influence of polarisation as the dependenee of I on 

the angle TH between the symmatry axis of the projectile and the 

e=o 'f=O e=e, <e=o 

~:Is_ -8-~-------
QUANTISATION 1 I 

OENSITY 
MATRIX 

FIGURE 5.2 : Three configurations of the polarised atom. 

e is angle between symmetry axis and the axis of quantisation, 

~ is angle around the axis of quantisation. 

relative velocity of the collision partners at infinite internuclear 

distances. The assumption that the projectile is cylindrically 

symmetrie, as displayed by figure 5.2 stems from the practice of 

laser excitation. However, it will be shown that the exact form of 

the projectile is irrelevant for the treatment. 

We shall describe the projectile by means of its density matrix 

where we take the JM functions with the asymptotic relative velocity 

as quantisation axis as basis functions. The value of the signal I 
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can then be written as 

S.1 

being a summation over 8 ~ependent density matrix elements, each 

weighted with a partial cross-section aMM' • It is our aim to 

determine the value of these cross-sections. In Figure 5.2 three 

orientations of a possible projectile are given tagether with the 

farm of the density matrix. It shows that the non-diagonal elements 

are only vanishing when the symmetry axis is parallel to the axis of 

quantisation. The coherences appear for finite values of 8, and they 

have the property that they are transformed when the symmetry axis is 

rotated around the axis of quantisation (as discussed insection 1.7 

) . 
Now we come to our first symmetry argument: as the target atom can 

be represented by a sphere, we know that the total signal I, i.e. the 

number of events integrated over all impact parameters (magnitude and 

angle) remains the same when the symmetry axis is rotated around the 

internuclear axis at infinite distances. It is only when we can 

discrimate between collislons with eertaio sets of impact conditions 

that we can expect a ~ -dependent signal. We consider this not to be 

the case. As we have taken the internuclear axis as quantisation axis 

this implies that in the summation of Eq. (5.1) all terms with 

nondiagonal elements have to be left out. This is the only way to 

constitnte a ~-independent value of I. In other wordA: 

J 
I {f1) = L ey-HM ehM re> 

M=-:1 
with J the total angular momenturn of the projectile. 

S'.2 

The argument applied above impl i.·~s for cylinrl ri cal symrnet ric 
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polarisations that the signal is even in the value of TH 

S.'?, 

We can add an extra requirement to I by making the pnys1caL 

assumption that the callision is independent of a possible helical 

orientation of the projectile, which means that the sign of the M 

value is irrelevant for the cross-section 

which can be reformulated as 

This assumption, for instance, is valid for collisions where only 

electrastatic interactions are active. As these farces depend on the 

charge distribution they are invariant for invertion of the sign of 

M. 

The symmetry arguments aplied above enable us to write the signal 

I as 
J s.6 I(C7}= L CS. ~_Q(B) 

..Q.q~ 

with SG = !MI and pSG = PMM + p -M-M'Thus the callision of the 

projectile is determined by (J+l) cross-sections : cr for J having 
Q 

integral values, and J+l/2 for J having half-integral values. 
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5.2 Fourier decomposition of the signal 

The relations (5.3) and (5.5) can be reformulated by saying that a 

fourier decomposition of the signal will only contain eosine 

functions that are periadie wi__th TI or a mültiple thereof: 

rre) = 
00 

L a"' cos (211 8) 
'n=O 

The summation is taken here to infinity, but it is easy to compute an 

upper limit from the J-value of the projectile. The 8-dependence of 

the signal is caused by the e -dependence of the populations of the 

sublevels. Under rotation the density matrix transfarms as 

where RJ(G) are the J dependent rotation matrices. Inspeetion of 

these (see e.g. section 1.5) shows that their highest fourier 

component are cos(JG) functions. As we haye a double multiplication 

with the rotation matrix in Eq. (5.8) we can expect fourier terms in 

P (G) of at the highest cos (2J8) 

'J 
1(8) == L" a-n co~('2'n 9} 

'1)::..~ 

s .. q 

'J-Ih_ \ 
1.{8)~ 2 Q-nCot;{'l'hg) 

IJ)a.O 

This shows that we can extract from a fourier decomposition of I at 

most (J+l) or (J+l/2) independent parameters for integral and half-

integral values of J, respectively. As we have seen in the preceeding 

section that in the collision only (J+l), resp. (J+l/2) cross-

sections were relevant, this implies that, generally, any kind of 

polarisation of the projectile is sufficient to extract all relevant 

information, i.e. the value of the cross-sections. This implies that 

there is no need to produce pure JM states, although thesewillof 
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TABLE 5.1 Fourier decomposition of the rotation function F~~ 1 (8) 
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course give the most pronounced results. 

The population p (8) can be written as a summation over 

populations at zero rotation angle, each weighted by a well defined 

rotation function 
J 

F~~,(G). that displays the transfer of population 

from state ~ to state ~~ • This yields for the signal 

1 (9) ==-- Z ~· ~n' {&>) 
_Q, I ..:....:: 

s. \0 

A fourier analysis of I then implies a fourier analysis of the 

J 
function F ~~ 1 

t.n'Jn [8) == C~sr + C~.o.· cos '2. 8 + c;.Q. ws 4 8 t (l-n.·cos b8 s.11 

This decomposition can easily be performed by working out the 

rotation matrices (see Appendix 5). The result is given in Table 5.1 

for the J values 1, 2 and 3. 

5.3 Decoupling into simpler subsystems 

In this section we will deal with the situation that the highest 

fourier component possible is not present in the signal. This can 

e.g. appear when rotation of a J 2 function only yields a a 

constant and a cos(28) term. For itself we could conclude that due 

to a certain combination of factors such as the populations of the 

sublevels or the cross-sections 0'~ this has accidentally taken 

place. However, with the aid of table 5.1 it can be shown that it can 

not be caused by the initial population distribution only. Namely, if 

the highest fourier component is not present for any polarisation of 
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the projectile it will never be present, whatever the polarisation 

will be. It is only due to a certain relation between the cross-

sections that the highest component vanishes. This relation is given 

by 

t;. 1'2 Q. 

-IO 6'0 + 1 r; er, - 6 ey-'2 + \J'3 ::: o 

One can, of course, take the point of view that for a particular 

example these ratios are only caused by coincidental circumstances. 

Altering some experimental parameters, such as the velocity of the 

callision partners, should remave this coincidence. If even then the 

highest fourier component is still nat present one is left to explain 

this situation. It is our point of view that a systematical absence 

of the highest fourier term implies that in the callision the 

projectile can he represented by a simpler subsystem than the total 

quanturn number J indicates. Thus, the projectile can he decoupled 

into a subsystem with a quanturn number (due to orbital or spin 

angular momentum) smaller than J and other angular momenta that are 

irrelevant. This. decoupling is to he considered as a mathematical 

operation that explicitly does nat state that the physical coupling 

of angular momenta that leads to the level scheme has become 

irrelevant. It only states that for the description of the 

polarisation dependenee only a part of all appearing angular momenta 

are needed. We will return to this point in section 5.5. 

We will assume here that, after the projectile has been decoupled 

into relevant subsystem J' and remaining angular momenta, the signal 

I is only determined by the cross-sections a' and n the populations 

p' n for the sublevels of the J' state. Thus, in equivalence with Eq. 

j' 

(5.6) T(&J= :2 I 

..Q-:::c
'2. 

. I 

CJ...Q p~ {()) 5 .1'3 
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The values of pQ can easily be computed from the populations p~ for 

the total system J when the coupling scheme is known. 

It can be shown that the ratios of the cross-sections given by Eq. 

(5.12) can be completely understood if we accept the decoupling 

principle. lf we decompose a system J into the system J' and some 

other system J'', the wave function of the states of J can be written 

as 

/) M)::::: 2:" <J MI J 1 f'< Ju M") I'J' M) I'J• M') 
H'M" 

The cross-sections for the system J can be thought of as 

'2 
a-M::: )<out/ 'JM)J 

S.1Y 

with lout) some wavefunction of the outgoing state that need not be 

specified. Application of Eq. (5.14) to this relation yields, that if 

we consider the wavefunction !J''M'') irrelevant for polarisation 

effects, the cross-sectien can be written as 

= L <'J M \':i 11'~ 'J" {11- h')J l<out 1 'J' M'>l'2 
N' 

:::: 'L <'1 h l':J' h'j 'Ju {M- M')~ cr-~. 
h' . 11 

which establishes the relation between the cross-sectien of the total 

system J and the simpler system J'. If we take J = 2 and J'=1, we get 

l I f2_ I 

e>o - ~ ~ + ~ O"o 

l rr:' + l oe,' r;.17 0, -L. 1 '1.. 

()2 <::J.' 1 

This set of equations automatically yields the ratio of Eq. (5.12a). 

The situation for J =3 is analogous. We now understand that the 

systematical disappearance of the highest fourier component implies 

that a description in terros of a simpler subsystem is possible. In 
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fact, decoupling of angular momenta is not a possible, but an 

imperative thing to do. 

5.4 Applications of the decoupling principle 

5.4.1 intramultiplet mixing in Ne**-He collisions 

In collisions of laser excited Ne** states with helium atoms the 

neon atoms can make transitions to other states within the same 

multiplet. This callision induced phenomenon is called intramultiplet 

mixing and can be represented as 

S.18 

As the ingoing neon atoms are produced by laser excitation it is easy 

to give them a polarisation. this has been done and great 

polarisation effects we re observed (DRIE85,VRED86). Previous 

experiments mainly focussed on the excitation of J = 1 states, but 

rather recently the {a} ,J=2 state was excited and the mixing to the 
6 

{a}
7 

state was studied(VRED86). 

In the experiment the {cd 
6 

state was produced by excitation from 

the 3P
2 

,J=2 state by linear light. The polarisation was rotated in 

the plane of metastable and secondary beam, so that the angle with 

the relative velocity extended between ·-TI and +TI. The cross-section 

for the callision induced production of {a}
7 

is given in figure 5.3. 

A fourier analysis of the signal shows that the .cos (48) term is 

hardly observable : 

1 {8) :::::_ 1.2q 1?ro. o2) - o.91( {±o.oi){os 19 +o.os {::to.o-0 cos ~t8 S.l q 
~~ 

For the discussion of this result we will consider the highest 
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FIGURE 5.3 : Measured crosseetion for the intramultiplet mixing 

of state {a}
6 

to {a}
7 

(VRED86). 
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term to be vanishing, and we will investigate the 

consequences of this as if this situation is of a sytemathical 

nature. 

If we want to apply the decoupling principle to this situation the 

first question that arises is what the relevant subsystem for this 

callision is. We know that it should have a J-value of 1 or 3/2 but 

this leaves us five possibilities the 2p-hole, the 3p excited 

electron, the combined spin system S = 1, and the J = 3/2 coupled 

state of the orbital angular momenturn of hole and excited electron 

with its spin. The S = 1 state is left out here as we assume that 

spin effects are nat important in intramultiplet mixing. Of the 

remaining four alternatives the two J = 3/2 states are nat discussed 

as we do nat have a coupling scheme in terros of these states. 

From the coupling scheme for neon, as it was computed by Henneeart 

(HENN82) we can compute the populations P~ of the LM states of bath 

excited electron and 2p-hole under the polarisation used in the 

experiment (Appendix 5). The result is that the 3p electron is 
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homogeneously distributed over its three substates so that it can 

never give polarisation effects. The population distribution of the 

2p-hole is polarised, however, but it leads to the result 

Gj~l== 
1 

== -o,'24 io.t~ r;. '20 

The negative cross-section for the IMI=l state is of course nat 

acceptable. Although the error bar is of the same magnitude as the 

value itself, the situation is a rather uncomfortable one. We want to 

obtain cross-sections that are physically relevant, which in this 

case implies that both the cross-sections have to be of the same 

magnitude. Because of the rotational coupling in the callision even 

very pronounced polarisation effects are smeared out over other 

substates. 

Theoretical studies of the Ne**-He collislons show that the 

polarisation of the 2p-hole is of minor importance. In the thermal 

energy range the two atoms do oot approach each other enough make the 

influence of the hole of a significant magnitude (VRED86). It is most 

of all the 3p electron that, because of its extended wave function, 

is important in the collision. However, we have seen that its orbital 

angular momenturn alone can not describe the polarisation effects. A 

good alternative would be the coupled state of orbital and spin 

angular momentum. In order to evaluate this possibility it makes 

sense to compute a coupling scheme on the basis of these states. 

5.4.2 Penning ionisation in Ne**-Ar collislons 

In the collislons of a Ne** atom with an argon atom there is a 

finite probability of ionisation. One of the elctrons of the latter 

jumps into the 2p-hole of the neon atom, after which the excited 

electron leaves the neutral core. The mechanism of this ionisation 
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process is supposed to be determined by the overlap of the wave 

function of the 2p-hole and that of the electroos in the argon atom. 

Measurements that have been taken with the excited {a}9 ,J=3 state 

show a pronounced polarisation effect when linear light is applied, 

see figure 5.4 (BUSS85b). The ionisation signal in arbitrary units is 

given by 

S.21 · 

An analysis in terms of a J=3 state gives as cross-sections 

ü;=1.1q c-t:=. 1. Î 6 5.1'2 

This shows that the substates with high M value are less active in 

the Penning ionisation process, especially the M=3 state. As this 

state consists of an electron distribution that is oriented 

perpendicular to the internuclear axis, this result is in agreement 

with the overlap principle. 

The analysis of the result of figure 5.4, as given by BUSS85a, 

uses a method introduced by Morgner (MORG82, MORG83). It employs the 

overlap principle but also demands that some additional spin 

I ion. 
[a. u.] 
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relations are satisfied. This is done in order to describe some 

unexpected branching ratios for the two fine structure states of the 

ion. On the basis of potential calculations they obtain reasonable 

consistent results. However, in their analysis no reference is made 

to the fact that in the ionisation signal the two highest fourier 

components are not present. In fact, it is doubtful whether the 

applied analysis can lead to such a result. 

Using the decoupling principle for this situation implies that a 

J' = 1 or a J' =3/2 system is responsible fo~ the polarisation 

effects. We will consider here the farmer possibility. Because of the 

special configuration of the {a} state the population distribution 
9 

over sublevels is identical for 2p-hole and excited electron, so that 

we can not discrimate between them(see Appendix 5). The analysis for 

a J' = 1 system yields 

~I ::: 0. 6 t; 5".25 

which, again, is in agreement with the overlap principle. 

Although we can not rigorously state which of the two J' l 

states is relevant for the polarisation effects, we can show that the 

3p electron is the better candidate. Penning ionisation experiments 

with the metastable Ne* states, namely, only show minor polarisation 

effects(HOTQB~. These collisions are completely analogous to those 

with Ne** states, the only difference being the character of the 

excited electron. A rather logica! conclusion would now be that it is 

the 3p electron that produces the polarisation dependenee of the 

ionisation cross-section. 

Although consistent in itself, this argument is in conflict with 

the standard explanation of Penning processes. In this, the electrans 

in the target atom play an active role, whereas the influence of the 

excited electron is restricted to hindering the jumping electron • 
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Therefor, the cross-section of ~ = 0 state should be reduced, as in 

that configuration the wavefunction of the excited electron is 

directed towards the target. From Eq.(5.23) it is clear that the 

opposite is true if the decoupling principle is applied. On the basis 

of present experimental data it is diffucult to assess which of the 

two alternative interpretations is valid. 

5.5 Discussion 

We have seen that simple symmetry arguments are of great help for 

the interpretation of scattering experiments with polarised atoms. 

The methad presented, which is a paraphrase to the paper by Nienhuis 

(NIEN82), directly leads to the decoupling principle. This principle 

uses the fourier decomposition of the inelastic signal as a kind of 

fingerprint of the relevant subsystem. The value of this principle is 

that it is able to point to possible relevant angular momenta of more 

complicaterl projectile atoms without knowledge of the interaction 

process under consideration. The best example of this is the analysis 

of Penning ionisation in section 5.4.2. 

The decoupling principle states that only part of the angular 

momenta of the projectile are needed to describe the polarisation 

dependenee of the callision process. It does not state that the 

respective electron is the only 'active' element • Other particles 

can also be important in the process, but their polarisation is 

irrelevant. The identification of the relevant subsystem in cases 

where more alternatives are present caq only be performed on physical 

grounds. An important tool for this is a check on the resulting 

cross-sections. If these are negative , or if we can not justify 
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their value by our physical understanding of the process, it becomes 

difficult to defend the proposed subsystem. 

The value of the decoupling principle is limited as the analysis 

proceeds only in terms of ingoing states. Therefor it can never 

expose the nature of the interaction mechanism, and , most of all, it 

farces us to realise that the resulting cross-sections are influenced 

by the rotation effects that take place during the collision. 

Moreover, it can only be applied when the actual coupling scheme of 

the projectile is known. Despite its limitations the decoupling 

principle seems to be promising method to describe inelastic 

processes in conjunction with more detailed scattering calculations. 

lts relation to these calculations is cumhersome to establish and is 

left for future research to work out. In our opinion, the main 

relevanee of the presented method is that, in general, more attention 

should be paid to the fourier decomposition of the inelastic signal. 
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In the group Atomie Collisions and Spectroscopy a great deal of 

work has been clone on collisions with neon metastable atoms. Since a 

few years this also concerns Penning ionisation of which many data 

are now available (VERH84, KR0085a, BERG86). The aim now is to do 

experiments on the higher lying statesof the Ne** multiplet, which 

are all shortlived with lifetimes of about 20 nanoseconds. Compared 

to previous experiments this puts new demands to the sampling 

tecniques, mainly due to the drastically reduced signals. 

As the higher states have to be reached from the metastable states 

via laser interaction this opens the possibility to work with 

polarised atoms. In this chapter we will describe an electron 

spectrometer, designed for Penning ionisation experiments with pure 

JM selected Ne** atoms. 

6.1 Experimental and instromental background 

In Penning ionisation collisions a positively charged ion and an 

electron are produced. Because of its relatively light mass the 

electron takes up the energy difference between ingoing and outgoing 

states during the collison. This energy difference is slightly 

different from the free partiele case, which implies that it is 

possible to infer from the energy of the electron the nature of the 

colliding particles. Thus, the Penning ionisation processes of Ne* 

metastables and Ne** laser excited states with target atoms X, 

written as 

~e*" +X ~ ~e +X+ +- e 

Ve**+ X ~ tv'e +X+ + e 
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differ only in the reaction products by the electron energy 

The value of Ee
12 

is determined by X and ranges from 2.8 eV for Ar to 

8 eV for NO. 

In the previous experimental set-up for Penning ionisation 

(VERH84) the ions were counted and, as the metastable beam was a 

mixture of 3p and 3p atoms, combinations of signals with modified 
0 2 

mixture ratios were needed in order to extract the cross-section of 

each state seperately. 

Dealing with laser excitation one also has to do with a mixed beam 

consisting of both upper and lower state atoms. As the ion signal 

from the truly shortlived states is at least one order smaller than 

the other appearing signals, the method described above necessitates 

very long sampling times in order to reach satisfactory statistics. 

Hence the need for a new sampling technique. 

Detection of the emitted electrous by an energy selector is the 

most serious alternative, as we can then directly deal with the truly 

shortlived signal. As the difference between the several electron 

energies is rather big, only a moderate resolution is required. 

Furthermore, as the electrous of the Ne** state have the highest 

energy, a simple retarding field analyser would suffice. 

Such a device has to be installed in the existing beam-machine 

"Klavertje 4". It consists of a neon metastable beam and a collimated 

secondary supersonic beam. In order to get reasonable signals the 

scattering region has to be quite close, in the order of centimeters, 

to the last collimating element of the secondary beam. The dimensions 

of the scattering region are 2x2x2 mm. Typical ionisation signals are 

about 5 kHz. From an instrumental point of view the demands that have 



to be put to the electron spectrometer are as follows 

* compactness 

* wide acceptance 

* open structure 

* energy resolution AE/E < 0.2 

* energy range 2 to 8 eV 

These demands will be discussed below. 
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The acceptance of a wide solid angle is needed to reach adequate 

signals in the device and has as the side advantage that a possible 

anisotropy in the electron emission is reduced. The demand for 

compactnes sterns from the proximity of the last secondary beam 

element. We will aim at a maximum distance between collimator and 

scattering region of 30 mm. 

An open structure is in contradiction to the previous two demands, 

but it is necessary in order to guarantee an undisturbed path of 

primary and, most of all, secondary beam. The latter expands over a 

distance of 100 mm by a factor of two. If it is blocked by an object 

in the first tens of centimeters, it results in a builcl-up of the 

background pressure in the vacuum chamber. This will not only 

attenuate the primary beam, but can also ameliorate the functioning 

of the energy selector. 

With the demands enumerated above in mind, a choice was made from 

the numerous types of electron spectrometers. Only one type proved to 

be satisfactory: the magnetic field parallelising low energy electron 

spectrometer as described by Kruit (KRUI82), hereafter to be called 

the Kruit-spectrometer. 
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6.2 The Kruit spectrometer 

This spectrometer uses the parallelising properties of an 

expanding magnetic field. Electrons initially emitted under a certain 

angle with the magnetic field will, when having travelled to a low 

field region, have a smaller angle with that field. This implies a 

greater forwrd velocity, and results in a smaller spread in this 

velocity compared to the initial situation. 

Because of the Lorentz force electrons move in circular or helical 

trajectories in a magnetic field. The radius of curvature R of that 

motion is 

6.3 

2 with EL = mvÁ/2 and B the magnetic field strength. The flux through 

the orbit of the electron is given by 

If the motion of the electron in a non-uniform field is sufficiently 

slow compared to the change of the magnetic field, one can show 

(JACK75) that the flux ~ is a conserved quantity because of the 

fact that the curl of B is always zero. This implies that if the 

electron has travelled from a region with field strength B. to a 
~ 

region with strength Bf the ratio of the radii of curvature is 

6.~ 

Because of relation (6.3) this is equivalent with 

6.6 

which shows that E~ is proportional to B. Travelling to a lower B 

field means a lower value of E~and, because of energy conservation, 

an increase in E~. This is called parallelisation. Figure 6.1 gives a 
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FIGURE 6. I Schematic representation of parallelising mechanism. 

schematic representation. 

In case the electrous are isotropically emitted the distribution 

function for the forward energy E, is given by 

e {E/j) 
!J 

When the electrous produced in a field B. have arrived in the low 
~ 

i 
f(E) 

0 
( 1- ~)Eel Eet > 

FIGURE 6.2 : Distribution functions for the forward energy E" for the 

initial and final situation, assuming an isotropie initial distribution 

0 f electrons. 
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field region this distribution has changed into 

6.9 

which shows that the relation E# ~ (1-Bf/Bi)Eel always holds. In 

Figure 6.2 the distribution functions are given. 

So far we have considered the case that parallelisation took 

place. A condition for this, however, is that the magnetic field 

changes adiabatically slow compared to the helical motion of the 

electron. We can define a dimensionless quantity X as the ratio of 

the change of B over one period of the electran's motion to B itself 

with w 
1 

the cyclotron frequency, z the direction along the field 
cyc 

line, and R given by Eq. (6.3). In fact, simulations (KRUI82) have 

shown that X < 1 guarantees adiabatic behaviour. 

An electron spectrometer based on the parallelisation principle 

and fitting the demands of section 6.1 could simply consist of a set 

of permanent magnets (for reasans of compactness) giving a 

homogeneaus magnetic field in the scattering region that expands into 

a region where electrical grids transmit high energy electrans only. 

Because of the low energy resolution required Bi/Bf = 5 would 

suffice. 

Using this kind of spectrometer for our experiments implies that 

the laser excitation has to be performed in a magnetic field. As 

discussed in section 2.6 we cao disciminate two cases: a relatively 

low field, such that all transitions are excited and a high field, 

resulting in the excitation of only one upper JM state. We have 

chosen for the latter as it offers the possibility of experiments 

with particles that are in the purest polarisation state possible. 
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This polarised upper state can be rotated by rotation of the magnetic 

field. Because of the argument insection 5.1 consiclering relevant 

augles of rotation, we shall put as an extra demand to our design, in 

order to fully exploit the polarisation possibilities : 

* the magnetic field has to be rotated such that the angle 

with the relative velocity lies at least between 0 and· TI/2 

The laser excitation in the scattering region also puts some demands. 

These will be discussed in the next section. 

6.3 Simulation of the excitation process 

The main features of the magnetic field in the scattering region 

are its absolute value and its gradient. In this section we will 

investigate what their value should be in order to get an optimal 

excitation. The aim is a maximum upper state population with a 

satisfactory purity of the JM state wanted. 

In the case of neon we always deal with the anomalous Zeeman-

effect, leading to an energy increase of the levels under 

consideration of 

6.10 

TABLE 6.1 The Landé g-factors for the states of neon (LAND53). 

3p 0 {a} I 0 
3 0 

p2 I .503 {a}2 I. 340 

{a}3 0 

{a}4 I. 301 

{a}s 0.999 

{a}6 I. 239 

{a}7 0.667 

{a}8 I .133 

{a}9 I. 337 

{a}IO I .984 
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The Lande factors g for neon are very well known and are given in 
L. k 

1., 

table 6.1 • The energy levels belonging to such a situation· and the 

resulting Zeeman spectrum are given in Figure 6.3 for the 3 
p2~a.}9 

transition. The detuning of a transition from the 

undisturbed transition is then 

.LllVh~H4_ = (g~ )1~ -q~,è )1~ J JJQ. 't>ji( 

::: 8.;q {lo6"10J~ 1Go~ 1]{q~,i hi- c\~ Mi)~ 6.11 

with the selection rules ~ =Mi-Mk =0,-1,+1 • The excitation to an 

upper state, with a total transition probabil~ty for spontaneous 

emission ~ displays a linewidth (FWHM) equal to ~· For the upper 

7 -1 
Ne** states this is about SxlO rad s • This implies that if we want 

to excite an upper state JM with reasonable purity we have to apply a 

magnetic field of at least 50 Gauss. This is a minimum because the 

effective linewidth will be bigger due to broadening effects. 

15 

~ 
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FIGURE 6.3 : Schematic representation of the anomalous Zeeman effect in 
. . 3 { } . . the trans1t1on P

2 
~ a 

9 
. Left: level scheme, r1ght: excitat1on spectrum 

when the laser frequency is detuned. 
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One should discriminate two broadening effects: homogeneaus and 

inhomogeneous broadening. The former leads to a facilitation of the 

excitation for all particles of the ensemble: the peak excitation 

rate remains the same, but the linewidth increases. In inhomogeneous 

broadening some particles have an increase in the excitation rate 

while others have a decrease. This leads to an increase in the 

linewidth accompanied by a proportional decrease of the peak 

excitation rate. 

In the case under consideration the only homogeneaus effect is 

caused by power broadening. This in principle is given by Eq. (2.40) 

and can be rewritten as 
I 

h MR)-. ,. 
.LlLUJ:l.vJth.::::- A~ (1 t:L/JS • z :::.4~ (t +~)7_ 

with IMi~ given by Eq. ( 3. 1). 
s 

Inhomogeneous effects are due to Doppler broadening and to 

inhomogeneities in the magnetic field, leading to a space dependent 

value of ~~- · • A characteristic of the last effect is that it is 
Mi~ 

proportional to while the Doppler broadening has a constant 

value. 

All broadening effects are incorporated in computer programm 

"ZEEMANSIMULATIE" of which a manual is given in appendix 6.1. The 

programm computes the excited state population as function of the 

detuning by means of a simulation of the excitation process. 

The assumptions on which it is based are as follows. 

the several subtransitions are all independent: there can be no 

transfer of population between substates. 

the excitation proceeds as a quasi-steady state process: the 

effects of turn-on and turn-off are negligible. 

the laser light intensity is homogeneaus over a certain region 

and zero outside of it. 

the inhamogeneaus broadening effects are supposed to have a 

continuous distribution over the detuning 
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The value of this simulation is that, if the last two assumptions are 

experimentally satisfied, the description is almost exact, unless the 

peaks in the spectrum overlap too much. Then, one has to deal with 

coherences between substates and the fact that the population of one 

state can optically be pumped into another, so that the first 

condition is not fullfilled. 

In the absence of spontaneous emission to other substates than the 

substate M. from which excitation takes place, the upper state 
l. 

population ~ is given by 

'1î He_'"' s /'2.{1 + 5 + 4{{ A1Vh,l14 - ALULJI 4 € )'l Î 

with tw.JL the laser detuning. lf the decay rate A..x . between upper 
J.•lc' J 

state and substates j other than M. 
l. 

is non-vanishing, the 

population Mi and ~ decays with a rate that is proportional to ~· 

Then, Eq (6.13) changes into 

6:14 

with no as 

6.1~ 

Intergration of this relation over time yields the average time that 

atoms, originally in state M., have been in state ~, 

1~ l. . 

J = _j__ .(1 - ex p (-A H.f 'l\0 I ~J} 
. o rnt\.e{~) 4M~j ,.1 

the 

with Tint the interaction time with the laser light. A sensible 

normalisation of this integral is division by 1/~, being the life 

time of the upper state. The result, 
exc 

~ 
cao be interpreted as the 

number of times that atoms have been excited to ~ state 



145 

This parameter bas a maximum value that can range from 1 in the case 

that '\ii~ is very small compared to ',j (af ter one excitation all 

atoms are transfered to non-resonant states) to infinity in the case 

that ,,j is vanishing (two-level system). In the case of neon the 

latter only appears in the case that the excitation is from the level 

3P
2

(Mi=2) to {a} 9 (~=3). 

In Eq. (6.17) the homogeneaus power broadening is al ready 

incorporated, as it is derived from Eq. (6.13). The inhamogeneaus 

effects are dealt with by computing (6.17) as a summation over ten 

subensembles, each for a different value of the detuning 

with a weight factor determined by the convolution of the two 

inhamogeneaus effects. 

exc 

~ 
The number thus found gives, if multiplied by the lifetime 

1/Ak and the velocity of the atoms the average flight path over which 

the atom was in the Mk upper state. This implies that the nl-product 

appearing in the evaluation of the cross-section for scattering from 

the upper state should be written as 

with nsc the partiele density of the secondary beam and v the 

velocity of the neon atoms. 

For any value of the detuning the contributions of all 

subtransitions are added. In this, account is taken for the 

polarisation of the light. As described in section 2.6.2 the three 

groups of transitions, each belonging toa value of ~M, have a 

different behaviour to this polarisation. Thus, the effective value 

of s or IMi~ as used in Eq. (6.12) and (6.13) is formed by 
s 
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multiplication with the polarisation dependent coefficient 

given in table 2.3. 

From a designer's point of view the only relevant data that can be 

extracted from the computed Zeemanspectra are the degrees of purity 

with which a certain upper sublevel can be produced. These are of 

course highest when the laser is tuned to the relevant subtransition. 

One can then define the purity parameter p as 

pMe :::= 'lle~Gac.JL~Ac.v~,h~ J/~k 'h~kc {<tc.vL~ 4C.Vn)-t_e) 6-LO 

The farm of the Zeemanspectrum, and thus the value of the purity 

parameters, depend on quite a lot of variables. One can discriminate 

the effects of 

11 B" the average value of B 

# ((B(x)-B ){8 )max the maximum value of the relative change 

of B over the excitation region 

11 I the laser light intensity 

# the polarisation of the light 

# V 

11 l FI lmax 

11 b 

the velocity of the neon atoms 

the maximum diverge in the atomie beam 

the interaction length with the laser 

Each of these seven parameters has a specific influence on the Zeeman 

spectrum. Their effect is shown by means of Figure 6.4, where only 

one parameter is changed in comparison to the situation that proved 

to be best, and that is given in Figure 6.4a. 
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'ZEEMANSIMULATIE'. Vertical scale: total upper state population (dimensionless). 

Horizontal scale: detuning of laser frequency in units of 109 rad s- 1 
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Figure ~: B=200 Gauss, v=2SOO ms 1=20 mWcm , b=2 mm, ~max=1.54 mrad, 

~B/B=2%. In figure ~-i one parameter is changed compared to ~· as indicated. 

The purities of the upper substates are given in Table 6.2. 
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The influence of B is easiest to assess as it only concerns the 

peak separation, which is linear in B. 

The relative varlation ~B/B. is mainly felt in the peaks that are 

furthest away from the undisturbed transition frequency. Moreover, at 

a given value of ~B/B the influen~e of a gradient in the magnetic 

field is proportional to B itself. This is an argument not to make B 

larger than strictly necessary. 

The laser light intensity I principally determines the value of 

nexcMk and thus should be at least so big that this parameter has 

almast reached its maximum value. An extra large value of I can be 

used to increase the number of excited atoms by means of power 

broadening. This, however, has a negative effect on the purities of 

the upper state. 

Some upper substates can only be reached by a eertaio polarisation 

TABLE 6.2 : The purities of the upper substates for the excitation 

conditions of figure 6.4 ~- f • Values are given 1U percent. 

detuning(109 -1 d f peak number rad s ) a b c e 

-1 . 7 25 99 98 98 99 99 98 

2 0.612 91 93 81 94 91 91 

3 -2.031 94 94 89 96 95 93 

4 2.949 90 87 87 92 91 85 

5 0.306 91 93 81 94 91 91 

6 -2.337 93 93 86 95 93 91 

7 2.643 91 93 82 95 92 91 
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of the light. The most convenient form of polarisation is the 

circular one, when the direction of propagation is perpendicular to 

the pl~ne in which B is rotated. Then, all subtransitions are 

excited, the rate of which is independent of the position of B. 

A big value of the velocity v means on the one hand big Doppler 

effects, and on the other hand short interaction times with the laser 

beam. The former is a negative effect because it results in overlap 

of distant peaks. The latter can be positive because it reduces the 

socalled saturated transit-time broadening. This is the effect that 

long interaction times with the laser beam lead to an efficient 

pumping for large detunings, while pumping at the line centre bas 

already reached its asymptotic value. This increases the FWHM of the 

profile. Transit-time broadening can become a major nuisance when the 

spread in the veloeities is big. 

Once a certain experimental set-up is chosen the only parameters 

that can be varied are the intensity, the polarisation and the length 

of interaction with the laser beam. These parameters have to be set 

to an optimal value for each transition seperately. The other 

parameters should have such a value as to ascertain a good 

functioning of the spectrometer for all transitions. In practice this 

means that especially the 3 P
2
-7{a}

9 
transition bas to give 

satisafctory results, as it is the transition with the smallest 

difference in Lande factors. 

The initial question of this section, namely what value the 

magnetic field and its gradient should have in the scattering region, 

can now be answered. In a set-up with B equal to 200 Gauss, and 

6B/B equal to 3 percent satisfactory results were found: the 

purities intheupper statewere at least 90 percent, with typical 

values of about 95 percent. 
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Hence, consiclering the magnetic field, we can put as demands to 

the spectrometer 

* the magnetic field in the scattering region should be 200 

Gauss, with a maximal deviation from the average value of 

3 percent 

Apart from the upper state population numbers 
exc 
~,, programm 

'Zeemansimulatie' also computes the polarisation of the fluorescence 

radiation, both for visible light and for the uv-transitions. It is 

important to realise that the fluorescence is polarised in case that 

radiation is used to monitor the excitation process. 

6.4 The use of permanent magnets 

In order to meet the requirements of a compact rotatable 

spectrometer one can best use permanent magnets. Compared to 

conventional or superconducting magnets the dimensions of the device 

are reduced as there is no need for power cables, cooling lines and 

their respective vacuum feed-throughs. 

Of course, not in all situations permanent magnets can replace 

conventional ones. Apart from the apparent fact that their magnetic 

field is statie, their maximum magnetisation is rather low: 4 kG for 

ceramic magnets, 9 kG for rare-earth metal magnets. Due to our 

configuration these drawbacks are of no importance to us. Below we 

will discuss the qualities of ceramic permanent magnets. Ferroxdure 

400, the most commonly applied material, is taken as an example. 

Permanent magnets belong to the group of magnetically very hard 

materials. Their magnetisation curve almost resembles a rectangle: 
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application of negative fields on the material will hardly alter the 

magnetisation inside until a critical value is reached. Then the 

magnetisation will completely be changed in direction, after which it 

is insenstive to the applied field again. This behaviour is shown in 

Figure 6.5. 

Ceramic permanent magnets consist of Ba-Sr-Fe-oxide compositions. 

In the production process they have to be compressed from a slurry. 

When this is done in a strong magnetic field the material acquires a 

prefered direction of magnetisation, which gives it anisatrapie 

properties, such that magnetisation perpendicular to the direction of 

preferenee is hardly possible. Tagether with the very hard magnetic 

properties this makes modern ceramic magnets very unsensitive to 

self-demagnetisation, which can he caused by the limited dimensions 

of the magnet. 
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FIGURE 6.5 : Demagnetisation curve for Ferroxdure 400. 
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Because of their qualities anisotropic ceramic magnets can very 

well be described as a homogeneaus distribution of magnetic dipoles. 

This, in turn, can be represented by currents on the surface of the 

magnet, which leads to easy computation of the produced magnetic 

fields. 

From model calculations it was clear that, in order to reach our 

goal, an open magnet configuration, preferably cylindrically 

symmetrie, was essential. After some trial designs a very 

satisfactory configuration was found. It will be discussed in the 

next section. 

6.5 Actual design of the spectrometer 

In the design of the spectrometer we had to deal with the 

requirements 

* wide acceptance 

* compactness 

* open structure 

* energy resolution llE/E < 0. 2 

* energy range 2-8 eV 

* the magnetic field has to have angles with the relative velocity 

lying between 0 and 1T /2 

* the magnetic field in the scattering region should be 200 Gauss 

with a maximum deviation from the average value of three percent 

A schematic representation of the set-up is given in Figure 6.6. 
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FlGURE 6.6 : Schematic view of the spectrometer. 

I metastable beam, 2 secondary beam, 3 laser beam, 4 scattering region, 

5 magnet section, 6 analysing grids, 7 electron detection, 8 uv detection, 

9 electron trajectory. 

The heart of the spectrometer is the aasembly of the permanent 

magnets. Preparatory studies showed that a topped-off cone suited 

best to the requirements: it has an open structure and easily 

produces a field of 200 Gauss at the small diameter end that slowly 

di verges into the low field region at the wide diameter end. By 

changing the dimensions of the cone one can easily optimise the 

magnetic field. The best results were obtained with a length of 50 

mm, a small diameter of 40 mm, wide diameter 80 mm and a thickness 

that linearly decreases from 5 mm at the small diameter end to 3 mm 

at the opposite end. To avoid obstruction of the two atomie beams two 

slots were made in the cone at the intersection with the beam plane. 
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FIGURE 6.7 : Design of the magnet section. 

I permanent magnet rings, 2 mounting, 3 laser beam/a~is of rotation, 

4 beam plane, 5 openings for laser beam and uv detection. 

As the secondary beam expands considerably over the length of the 

spectrometer we have scaled the width of the slot to the local 

diameter of the cone. 

As it was our aim to construct the device from easily accessible 

materials, we have divided the cone into six ring sections. Two 

additional openings were made above and below the scattering region 

for the laser beam. The latter bas a larger width in order to give 

the spiraltron, that monitors the excitation process by the detection 

of produced uv-photons, a free field of view. The final design of the 

magnet section in given in Figure 6.7. 

Calculations of the magnetic field accounted for the six-ring 

structure and the two slots in the beam plane. The shape of the 

field-lines, and with it the absolute value of B, were computed both 

in the beam plane and the plane perpendicular thereto. Figure 6.8 

shows the result. The maximum magnetic field on the axis of the 
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configuration equals 0.06 B0 , with B0 the magnetisation of the 

magnets. The region over which B varies less then three percent from 

its maximum measures 8.4 x 4.2 x 5.0 mm in resp. the x,y, and z 

direction defined in Figure 6.6. This is wide enough for the 2x2x2 mm 

scattering region. In order to reach a resolution b,E/E. = 0.2 the 

energy selection of the electron should take place 30 mm from the 

maximum. At that positiun the surface perpendicular to the field 

lines has a radius of curvature of 26 mm. 

The electrons produced in the scattering region will gyrate along 

the field lines. All electrans with a velocity component in the 

positive z-direction will gradually move into the low field region 

where they will he accepted by the energy analyser. This device 

consists of three electrical grids that are curved perpendicular to 

the field lines. The first grid is grounded, the second has a 

~.~"-3 
\....! ... __ :::::. 
-1.)~ ••• r---
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{V~ 
'V. -------- -------·--------------------------
~ Ct,1 \j 
~,.,/ u.?:. r- Vctv-le .. 5 _.~. 

-f-- -6 t..P-7 ----' 

4 

piGURE 6.10 : Schematic design of electron detection system. 

I scattering region, 2 analysing grids, 3 reflection grids, 

4 cylindrical focussing grid, 5 beam stop, 6 auxiliary grid, 

7 spiraltron 
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negative potential just big enough to reflect only the low-energy 

electrons, while the last grid has a positive potential that is 

sufficiently big to avoid any influence of the residual magnetic 

field on the electron trajectories in the region to the detector. 

This is schematically given in Figure 6.10. The opening of the grids 

should be at least 11 mm in order to accept all the electrans that 

are produced in the scattering region. In the calculation of this 

value both the divergence of the field lines and gyrating motion of 

the electrans were taken into account. The number of accepted 

electrans can be doubled by using reflection grids at the small 

diameter end, thus creating a 4TI spectrometer. 

In order to avoid disturbing electrical fields all outer grids are 

grounded, so that the potentials V 
1

, V 
3

, and V are zero. The 
r r al 

value of vr2 should be big enough the reflect all high-energy 

electrons, say 10 volts. The voltage V
82

on the second analyser grid 

takes care of the energy selection and can range from zero to -10 

Volt. Immediately after the electrans have passed this grid they have 

a very low velocity which makes them sensitive to magnetic fields on 

their way to the detector.These fields can be of the order of 40 

Gauss. In order to overcome this problem the accelerating voltages 

should be about 200 Volts. 

The electron detection is performed by a spiraltron. At impact 

energies of 200 eV this device has a maximum efficiency of 90 

percent. Apart from this it is also sensitive to the uv-photons and 

the metastables that emanate from the scattering region. Therefor, a 

beam stop is inserted to block direct sight of the scattering region. 

A combination of acceleration potential V a) and focussing potent i al 

Vf has to lead the selected electrans around the beam block and onto 

the spiraltron. The optimum value of these potentials can best be 
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TABLE 6.2 : Typical potentials in the electron detection system. 

V 
al first analysing grid GND vf cylindrical focussing grid +50-100 V 

va2 secend analysing grid 0 V 
sel 

-10 V V auxiliary spiraltron grid +150 V aux 

V a3 third analysing grid +100-200 V V cone of spiraltron +200 V sp,c 
V 
rl 

first reflection grid GND V end of spiraltron +3500 V sp,e 

vr2 secend reflection grid -10 V 

vr3 third reflection grid GND 

determined in practice. Finally, a grid in front of the spiraltron 

has to reflect all secondary electrans back into the cone of the 

device. Table 6.2 gives typical voltages in the electron detection 

system. 

The grid system has to assure that as much as possible high-energy 

electrans are counted, while reducing the background sufficiently. In 

order to achieve the first aim the grids should have a very high 

transmission: even a very good transmission of 85 % still results in 

a 50 % rejection of the electrans by the four grids in between the 

scattering region and the detector. High-transmission grids mean in 

general a low energy resolution, but in our case this will not be 

problematic. 

The aim of background rednetion implies that all possible sourees 

should be eliminated: uv-photons, metastables, and stray electrons. 

The beam stop ensures that the first two particles cannot directly 

reach the detector. However, when they hit metallic surfaces they can 

produce free electrans in the 10 eV range that will be pulled into 

the spiraltron. This souree of background counts seems hard to 

eliminate, as it is closely related to the detection methad itself. 

Stray electrans that are present in the vacuum-chamber will be 

attracted by all positive potentials that are not properly shielded. 

Hence the need for a good shielding of the spiraltron. 
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The spiraltron detectors for both the electrans and the uv-photons 

are placed in magnetic fields, which will influence the detection 

efficiency in a rather unpredictable way. Shielding with mu-metal 

lies at hand, but this has to be done carefully because of the high 

voltages (~3.5 kV) on the spiraltrons. 

Typical count rates can best be estimated from the experience with 

the present beam machine. There, a rate of 5kHz of Penning collislons 

is usual. In the experiments with shortlived atoms the relevant 

flight path will he about 10 times smaller, which would give signals 

of about 500 Hz. Due to the anomalous Zeemaneffect only one sublevel 

will be excited at a time instead of all six sublevels (five from 3p 
2 

3 
and one from P ), leaving count rates of only a hundred per second. 

0 

If we want to measure this signal in five velocity channels and if we 

want to collectabout 104 particles for one measurement, this leads 

to sampling times of about ten minutes. In order to properly resolve 

the polarisation dependenee of the cross-section we have to measure 

at five to six angles of the spectrometer. Thus, typical measurements 

for a full polarisation curve will take about one hour sampling time. 

In order to perfarm polarisation experiments the spectrometer has 

to he rotated around the y-axis because only then the angle of B with 

the relative velocity g can he made zero for all appearing veloeities 

of the metastable neon beam. A hearing system with the axis through 

the scattering centre enables the device to he rotated to 75 degrees 

to either side of the secondary beam. Figure 6.11 shows what the 

resulting angles with g are for the two limiting veloeities of 600 

and 10000 m/s. 



RANGE OF 

SPECTROMETER 

FIGURE 6.11 : Permitted angles of the magnetic field to the relative 
-1 -1 

veloeities under rotatien of the spectrometer. v 1=600 ms , v2=10000 ros , 

v =400 ms- 1 . 
sec 
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The rotation is performed by a stepper motor/gearing combination 

resulting in steps of 1.25 degrees. At the end of the range of angles 

an opto-switch read-out inhibits the motor to step further. Only the 

upper half of the spectrometer is driven by the motor. The lower half 

follows the upper one because it is attached to it be means of a 

conneetion device of cylindrical symmetry which is, apart from the 

electron detection system, the only part of the spectrometer that 



FIGURE 6.12 : Actual design of the spectrometer, as it will be installed 

in beam machine 'Klavertje 4'. 

I laser beam/axis of rotation, 2 metastable beam, 3 secondary beam, 

4 magnet section, 5 connecting device, 6 hearing system, 7 gearing, 

8 stepper motor, 9 secondary beam collimator. 

I 61 
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intersects the beam plane. This means that it can obstruct the 

secondary beam at two positions of the device. Tagether with the 

effect of the ~rids and the beam stop it will render the range of 

angles of -5 to 5 degrees with the secondary beam less reliable for 

data sampling. 

The inner diameter of the rotation axis of the device measures 6 

mm, which is wide enough to let the laser beam pass undisturbedly. 

This beam has to be collimated to 2x2 mm by means of a slit that is 

fixed to the defining collimator of the secondary.beam. This way the 

intersectien of laser beam and secondary beam defines the scattering 

region. It should be carefully matebed with the maximum in the 

magnetic field. The position of the primary beam should be adjusted 

until it overlaps the scattering region. 

The whole spectrometer is attached to a ring that can reproducibly 

be fixed to the vacuum chamber of beam machine 'Klavertje 4'. This 

facilitates both maintenance and the realisation of adaptions that 

are bound to occur in the course of time. 

Figure 6.12 gives a schematic view of the whole apparatus. At the 

moment that this report was written the blueprints were on their way 

to the workshop, and only the magnetic rings were manufactured. Thus, 

no experience in working with the device can be reported, so that the 

description will stop here. It was our aim to design an electron 

spectrometer that bas enough possibilities to make it work under the 

various conditions that an experimenter is likely to create. It is 

left to future users of the device to test whether this goal has been 

reached. 
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