
FolanÍzed F luorescence by the Electron Inapact Excitation of,

.4.toms

A thesis

submitted to the Faculty of Graduate Studies,

University of Manitoba

In partial fulfillment

of the requirements for the degree

Master of Science

by

Brian John Eves

Winnipeg, Manitoba, Canada

@ July, 1998



t*,; \afonar Librav 
SfBiHå:" 

nationare

Acquisitions and Acquisitions et
BibliographicSe¡vices servicesbibliographiques

395 Wellington Street 395, rue Wellington
Ottawa ON KiA 0N4 Ottawa ON K'lA 0N4
Canada Canada

Your l¡le Volre télétanæ

Our frle Notrc Élércnce

The author has granted a non- L'auteur a accordé une licence non
exclusive licence allowing the exclusive permettant à la
National Library of Canada to Bibliothèque nationale du Canada de
reproduce, loan, distribute or sell reproduire, prêter, distribuer ou
copies of this thesis in microfoml vendre des copies de cette thèse sous
paper or electronic formats. la forme de microfiche/film, de

reproduction sur papier ou sur format
électronique.

The author retains ownership of the L'auteur conserve la propriété du
copyright in this thesis. Neither the droit d'auteur qui protège ceffe thèse.
thesis nor substantial extracts from it Ni la thèse ni des extraits substantiels
may be printed or otherwise de celle-ci ne doivent être imprimés
reproduced without the author's ou autrement reproduits sans son
permission. autorisation.

0-612-32104-5

Canad'ä



TIIE UNfyERSITy OF rlfAr\ITOBA

FACULTY OF G*RADUATE STUDIES

COP}'RIGHT PER..VIISSION PAGE

POI.ARIZED FTUOBESGENCE

I}IPACT EXCITAÎION

BY TEE ELECTRON

OF ATOUS

A ThesisÆracticum submitted

of iVanitoba in partial

BY

BRIAN JOErf EVES

to the Faculty of Graduate sfudies of rhe universitv

fulfill¡nent of the requirements of the degree

of

MASTER OF SCIENCE

Brian John Eves @1998

Permission has been granted to the Library of rhe university of ùfanitoba to lend or sellcopies of this thesis/practicum, to the National Library of canada to microfilm this thesisand to lend or sell copies of the film, and to Dissertations Abstracts International to publish
an abstract of this thesis/practicum.

The author reserves other publication rights, and neither this thesis/pracficum norextensive ertracts from it may be printed oi otherwis. r.produ..d without the author,s
written permission.



Abstract

Pola¡ized radiation emitted by electron impact excited atonìs carries information

about the anisotropic population of the magnetic sublevels. An overview of the theory

necessary to describe the time evolution of an electron impact excited atorrL and therefore

the emitted radiation, is presented and applied to three cases. The three cases include the

1s4d-1s2p-1s2 cascade transition in heliurr¡ the 3s4d-3s3p-3s2 cascade transition in

magnesium, and the electron impact excitation off of a laser excited P-state to a D-state

and subsequent re-emission back to the P-state.

The apparatus required to measure the heliurr¡ and magnesium cascade transitions

has been built. The apparatus consists of an electron gun aimed at an atom vapour beam.

The emitted radiation was detected by two photon detectors, one for each level transition.

The equipment is tested by comparing the measured polarization of the 1s4d-1s2p

transition in helium to existing published data. The polarizarion of the 3s4d-3s3p

transition in magnesium has also been measured. The coincidence measurements required

to complete the determination of the magnetic sublevel populations of the D-state for

helium, and magnesium have not yet been made.
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Chapter 1 Introduction

The polarization of light is a cornmon everyday event which occurs, for example,

as a result of the scattering processes which make the sky appear blue, or the scattering of

light off of the atmosphere, and is also responsible for the ability of polaroid sunglasses to

block the glare from the road while driving. In general, any process which is anisotropic

will produce polarization of some forrn In the case of scattering off of the atmosphere,

the anisotropy is supplied by the direction of the incident light, or the position of the sun.

By analyzing the polarization we can determine information about the anisotropic process

which causes it. In atomic collision experiments the anisotropy is usually supplied by the

colliding electron bearn The information obtained from the polarized emission which is

due to the de-exciting atoms gives information about the electron excitation of the atom.

The scattering cross section is used to measure the likelihood of an event in a

collision. In classical physics the cross section is simply the effective area of the target

which is to be hit by a projectile. If the target is a dart board, for example, then it is easy

to see that the cross seciion is highly dependent upon ihe direction of the projectüe. The

larger the cross section, the easier the object is to hit. The cross section concept is only

valid for large ensembles of targets and projectiles since it is assumed that the projectile is

not actually aimed directly at the target, but is instead directed in the general direction of

the target. In quantum mechanics the incident projectile is modeled as a plane wave,

where the scattered wave is given by

oi?' \*:-¡b',ù)/-\L(
V,.",(i) - ---;-l e'Pr

(2r)-- \
(Sakurail994). (l.l)



The f,nst term in equation (1.1) is just the original plane wave, while the second term is a

spherical wave propagating outward from the collision centre with an amplitude defined

by

f (p',n) = -fit2n)''' #Þv¡r¡
Equation (1'2) is called the scattering amplitude and is a measure of the interference

between the incident plane wave and the target, in a direct ion p,. The differential

scattering cross section is definecl to be the rate of particles scattered into a unit solid

angle divided by the total flux of incident parricles or

#0"=lf (Þ,,p)l'do.
( 1.3)

The quantum mechanical scattering cross section is consistent with the classical equivalent

and has units of area. If the scattered particle is not directly measured then the quantitv

which is usually measured is the integrated scattering cross section, or

rdoo=Jdæa

= llr?,,p)l'¿a.

(r.2)

/ 1 ,1\
\ r.+.,

Only the polarization of the emitted light from elecrron impact excited atorns will

be investigated in this work, and the obtained information will therefore be in terms of the

integrated scattering cross sections. The detai.led analysis of the polarization from excited

atomic systems is required to increase the understanding of the processes which occur in

plasmas' The peripheral regions of classical gas-discharge sources exhibit appreciable

anisotropy and are key components in maintaining a plasma. The data obtained by



studying the polarized emission from atomic ensembles can help to cha-racterize the

principal processes occurring in the peripheral regions (Kazantsevlggg).

The fi¡st experiments which measured the polarized radiation due to electron

impact were carried out in the 1920's. In 1927, shortly after the first measurements,

Oppenheimer (OppenheimerlgZT) published the first atempr to detail the theory of

polarized emission. The theory was later improved upon by Penney n lg3T (penney1932)

when he showed it was necessary to include the effects of the fine and hyperfine structure.

The combined Oppenheimer-Penney theory was incomplete however and gave ambiguous

results in the limit of small fine and hyperfine structure energies. In 1958, the ambiguities

were resolved by Percival and Seaton (Percivall958) and they presented a method for

detailing the polarized emission from an excited atorn A more general formalism was

introduced n 1973 by Fano and Macek (Fano1973) which included rhe time modulating

effects of internal and external fields. The formalism also explicitly related the scattered

electron to the subsequently radiated photon, and therefore enabled the parameters

describing excitation to a P-state to be fully determined by electron-photon coincidence

experiments. The lì¡st electron-photon coincidence measurements were carried out in

1972by King er al.(Kngl972). A paper by Macek and Herrel (Macekl974) n tgj4

detailed how superelastic scattering off of a laser excited state is in fact the time-inverse

process of the inelastic electron-photon coincidence measurements. This, along with the

advent of the continuous wave dye laser, created the framework for a powerful

experimental tool. Superelastic electron scattering has been used extensively ever since to

probe the coherence parameters which describe the shape and orientation of the electron

excited atomic charge cloud of the P-state. In 1986, Heck and Gauntlett (Heckl9g6)



presented a method, based upon the work of Blum (Blum198l), for completely

determining the parameters necessary to describe the electron excitation of a D-state. The

suggested electron-photon-photon coincidence measurement has yet to be realized. In

1995 however, Mikosza et al.(Mikoszal995) carried out a photon-photon coincidence

experiment for a helium D-P-S cascade transition. Though their measurements did not

provide all of the available parameters, a relatively simple experimental setup can be used

to determine the scattering cross sections of the magnetic sublevels.

The current work details the theory necessary to follow the time evolution of an

excited atomic state, and applies the results to photon-photon coincidence measurements.

The two different atoms which are investigated are helium and magnesium. Since

magnesium has an isotope with non-zero nuclear spin, the calculations must include the

effects of the hyperfine structure. Preliminary experimental work is presented for the 4rD-

2tP-tS cascade transition in helium, and for the 4rP-3rD-31S transition in magnesium.

The recent work by Zetner in 1997(Zetnerl997), and work in progress by

Johnson, Eves. and Zetner studying inelastic electron scattering off of a laser excited p-

state, has also prompted my investigation of the polarized radiation due to the electron

impact excitation of a D-state from a laser excited P-state. Not only are the D-p

scattering cross sections available, but also some off-diagonal elements are non-zero due

to the breaking of axial syrnmerry by the aligned p-state.

This thesis is organized into six separate chapters. The second chapter develops

the theory necessary to describe the time evolution of excited atomic states, while in the

third chapter the theory is applied to three separate cases: the photon-photon coincident

measurement of helium; the photon-photon coincident measurement of magnesium



including the odd mass isotope; the polarized radiation from a D-state excited by electron

impact from a laser induced P-state. The fourth chapter describes the apparatus designed

and constructed to carrv out a photon-photon coincidence measurement, while chapter

five gives the preliminary results for the D-P transitions and some diagnostic tests of the

photon-photon coincidence apparatus. The last chapter provides an overall summary of

the work.



Chapter 2 Theory

2.1 Introduction

The excitation of an atom by an electron is a complex process, and not very well

understood. Once excited however, the behaviour of the atom can be followed through its

evolution until it ultimately decays to the ground state. The information which defines the

state of the evolving atom is given by the polarÌzed photons which are emitted after each

energy level transition. If the scattered electron and all of the emitted photons are

detected, the initial excited state of the atom can be reconstructed, and information can be

obtained about the initial electron induced excitation. This chapter provides the necessary

tools to describe the time evolution of an ensemble of excited atoms which have been

excited to a D-state. The procedure is general enough, however, to be applied to the time

evolution of other atomic systerìs. The theory contained in this chapter is an expansion

of the work by Blum(Blum1981) who describes the evolution of the density matrix and

applies the theory to a single cascade transition. The analysis of multiple cascades has

already been presented by Heck and Gauntlett, Mikosza et al., and Wang et al.

(Heck 1 986,Mikosza 1 996,Wang 1 995).

2.2 Density Matrix Theory

Density matrices are useful when describing a mixed ensemble of states. The

density operator for a system is defined as

(2.2.r)

6

\.a | \/ |

P= Lw'lcr'l(a' l,
i



where the weighting factors must satisfy

)*' =t'
(2.2.2)

Equation (2.2.I) describes a system in which a fraction of the ensemble, w¡, is in the state

t\
la, ) . The density matrix for a general two state system is

/^r r^ \ I *lþ,lq)l'*,,1(B,lob)l' r,(p,lqXo,lp,)*,,(p,l.,,Xqlp)l
(F'ldp;/=[*þ,1*)(*lB,).,,(B,lqX.,,lB,)' 

r(B,läit.,,liu,úi''' 
-',1 (2.2.3)

The diagonal elements of equation (2.2.3) give the total probability that the system is in an

t^ \
arbitrary state lÞi/, and are necessarily real. The off-diagonal elements represent the

excitation of the system into a coherent superposition of basis states. If only the diagonal

elements are non-zero then the density matrix is said to be incoherent, since no phase

relation is defined between the states. A density matrix is coherent if at least one off-

diagonal element is non-zero. Since the total probability of a system must add to one, the

trace of the density matrix must also equal one.

The ensemble average of an observable is found by summing the weighted

expectation value for each state or

(e)= )a(cr,lelu,)

= _L*,(", l o, )(o,,lalB,XB, 1 ", )

= Ð (8, lplB,, )(0,, Into, )

= trace[p A] (2.2.4)

'Ihe above result is general, and therefore proves that the density matrix contains all the

information inherent in a system. If the operator only acts on a portion of the system,



(o,,B,,lo(o)1",F,) = (cr,,la(cr)lo,)ô,,r,

then the ensemble average is

(e(")) = îacefpe(cr)]

= I (o,,F,, lpl",F,X",,F¡ la(o)lo,B, )

= I (o,.P, lpl",F, X",, le(ct)la, )

= I (",,|p(u)lcr, )(a,, le(")", )ii,

= ffacelp(a)e(")], (2.2.6)

where the reduced density matrix is defined by

(o,,lp(")lo, ) = > (",,Êrlpl",B,) {ntumresr). (2.2.1)

The reduced density matrix only contains information on the o( system.

2.2.1 The Photon density matrix

An ensemble of photons can be efficiently described by the definition of a photon

density matrix. A convenient basis for the density matrix is the helicity states of a photon.

The quantization axis for a helicity state is the direction of propagation of the photon,

while helicity is defined as the component of angular momentum along the quantization

axis, and has two values, À = *1. The density matrix for the two state system is simply

( Pnr,*, P-,-,.-r I
P = 

[P-,,., p-,.-, )' (2.2.8)

What makes the helicity representation useful is that the helicity states can be shown to be

synonymous with right and left hand polarized light, for example see Blum (1931). The

expansion of the helicity states into a cartesian basis is then

())5\



or

I t r) =, J-Jr(.,) t ;1., )),

1..)= -rtnL)-l-r)),

1.,)= øfn+l-r))

" the degree of circular polarization

I, _I,
'^o=T

' the degree of linear polarization with respect to the x and y axes

(2.2.e)

(2.2.T0)

(2.2.Tr)

(2.2.rzb)

and

The helicity representation is beneficial as a mathematical descrþtion of the photon

ensemble, however, the Stokes parameters are more useful from an experimental view

point. The Stokes parameters are defined in terms of measurable quantities as

o the total beam intensity, I

" the degree of linear polarization with respect to two orthogonal axes oriented at

45" to the x axis

I(n / a) -t(ztt t +) (2.2.12a)rh-

I(o)-r(n/2) (2.2.12c)
17t =

The photon density matrix can be expressed in these quantities by hrst ensuring that the

trace of the matrix is equal to the total intensity of the ensemble of photons, and by then

finding the specific intensities as noted above. For example,

9



r(o) = (..1p1.,) ,

and

I(n /2) = (.,lol., ) .

The density mahjx written it terms of the Stokes parameters is therefore

^_!( 
7+42 -%+i4,1Y-2[-4,-¡4, 1-tlz )'

where

I = Pr., *P-r.-r

I .4r = i(or,_r- p_,,, )
I '42 = Ptt - P-t.-t

/
I . Tlz =-(0,,_, +p_,,,) .

often it is necessary to prepare a specific photon density matrix.

polarized state can be written as

l.) = .orÉle,) + 
"'u 

sin Ble. ) ,

where B is the angle of a polarizer with respect to the x-axis and ô is the

between the two axes. The photon density matrix is then given by

p = rte)(e | = ; [_.":;Jï,1,T"'Åu.", u 
- ."ì1ï',ï:iju."'u) 

,

and can represent any purely polarized photon state.

(2.2.r3)

(2.2.14a)

(2.2.14b)

(2.2.14c)

(2.2.r4d)
A purely

(2.2.1s)

phase shift

(2.2.r6)

10



2.3 Scattering Theory

The state vector for a projectile electron with momenturn, B, and spin, rz, is

t\
In,"¡ . The target atom of total angular momentunL J, and magnetic quantum number, M,

can be written as lalU), where o( represents all the other quantum numbers needed to

completely define the atom. The quantization axis for the atomic system is along the

direction of motion of the incident electron, þ , arrd is shown in Figure 2.1 along with the

relevant quantum numbers.

If a collision occurs between the electron and the atorn, then the states are no

longer independent and must be written as the single state vector l**t pn) . tne excited

state can be related to the initial state via a transformation operator defined by

l*, *,, -p,m,) = sl-, M,; p,m,) .

The density mafrix of the initial state,

(2.3.r)

(2.3.2)Or = ì r,laJ, M, ; p,rt,)(al, M, ; p,rn l,

is then related to that of the final state bv

Po = Sprj*. (2.3.3)

The above density matrix contains all the information about the collision process,

including the trivial case where the initial state is the same as the final state. To

concentrate upon transitions between differing states, the transition operator, f , it

defined as

(2.3.4)

11

T=S-1,
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Figure 2.1: Initial scattering geometry showing the relevant quantum numbers. The
incident electron and atom wave functions are initially separate. After the collision, the
electron scatters off at an able 0. and the wave functions a-re no longer independent.
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where it is understood that the subtraction is by a unit matrix. The densitv matrix which

describes the excited ensemble of atoms is

Po,,t = TP,rT* '
(2.3.s)

The initial density matrix cha¡acterizes an ensemble of atoms which are all commonly in

theirground state. Electron scattering offof excited atonìs is discussed in section 3.4. If

no attempt is made to prepare the initial spin states of the incident electrons, and the

atomic electrons, then each spin dependent stâte is populated with equal probability and

I s,,
P h = tefi\tlusrur ; þnt,)(usM ¡, þnt,l,

(2.3.6)

(2.3.1)

(2.3.e)

where the total angular momentum of the atom reduces to the atomic spin, S, for the

ground state. Writing only the essential quantum numbers, the excited ensemble of atoms

is now represented by

Pou,=îp*î.
I

= ---7------------T \îl ru,*,)(m,*,1î.,
2l2so+7) u,,,,

which has mafix elements

(* i *; lp,,,,l *, *,) = dÐ Z,(m ; *; 14 *,*,)(m,*, lf 
.l m, *,)

=,+ f,r(u;nt¡; M,m,)r(ur*r; u,m,) . Q.3.8)
z(zso +ù ñ,,'

The bra-ket of the transition operator is called the scattering amplitud e ¡(m ,mr; M ,rn,)

and is usually normalized to the differential scattering cross section by

lr(* ,*,; rø,rr,)l' =#(*,,,r,; M,ur,) .

13



If the spins of the electrons, atomic or scattered, are left unobserved then the density

matrix must be summed over all the spin states, with the resulting reduced density matrix

being only dependent upon the orbital angular momentum, or

(* ; lo ",,,1 
¡ø,) = \ (* ;,4 lo ",,,1 

u, u,,)
ntiilt f

=;J----:r L >, f (m;n4; rtr,nr,)¡(ru,nt,; M,,n,).
2l2So +I) ,,ft,fi,,"

= þ(ru)r(*,).),

where the angle brackets indicate an average over all spins.

2.4 Expansion of the Density Matrix into State Multipoles

In order to calculate the evolution of the excited density matrix, careful

consideration of the appropriate quantization axis to use is required. In analyzing the

electron-atom collision, it is advantageous to use the electron beam direction as the z-axis,

while for the calculation of the electric dipole operator elements, it is more convenient to

use the photon direction as the quantization axis. By expanding the density matrix into

irreducible spherical tensors it becomes a simple matter to express the density matrix in

any rotated basis.

A convenient expression for the spherical tensors, as proposed by Blum

(Bluml981), is

(2.3.10)

(2.4.t)rfQ't)= I(- 1¡t'-M'(zx*r)"( !,,M'M \M' -M -Q)''

where its manix elements are simply

I4



(t,m'lr[ çt't¡V*) = Ç 1¡t'-u' (2rc +rl,'(t;, t * !n), (2.4.2)

(2.4.3)

(2.4.4)

(2.4.s)

and the inverse relation is given by

1t,ru,)(trwl = > eù''-"' (z*.ù'(1, _t* ln)rt U,tr.

The definition of an irreducible spherical tensor can be given in terms of how it transforms

under a rotation, specifically

r[ (r'r) =lrf Q't)ofn@)
q

where ofn@) is the rotation marrix for the Euler angles, R = {T, Þ,ø}, defined by

o'r,, (n) - r-i( M'v + M a) (l m'lr-'',\''lt *)
- 

"-i(M'y+Ma)¿i,r@).

The rotation of a coordinate system by the Euler angles is illustrated in Figure 2.2.

Equation (2.4.4) says that an irreducible spherical tensor can be rewritten as a sum of

irreducible spherical tensors defined according to a rotated basis, where the coefficients

are simply the rotation matrix elements. The usefulness of expanding a density matrix into

irreducible spherical tensors is a direct consequence of the above property, since a system

can be analyzed in the most convenient basis, and then, when appropriate, rotated onto a

different basis to aid in subsequent analysis. The tensors, defined by equation (2.4.1), do

indeed satisfy equation (2.4.4) upon substitution.

15
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Figure 2.2: Rotation of a coordinate system due to a rotation defined by the Euler angles
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ofsuch tensors according to

p - Lþ'* lpltu)1 t'm'l(tu 
I

JM,JM_

=>lZþ'¡w,lpltu)et)''-''( :' r r\ I
T\KQLM'M 'l '|' \M'-"M --n)r'*+1)u'$u'tl

= àJr;ç't¡.)r[e,t),

Having defined the irreducible spherical tensors, the density matrix is expanded into a sum

(2.4.6)

where the state multipoles, the coefficients of the above expansion, are defined as

(rå ft ¡y) = \(t,rø,lpVu)ç t)''-.' ( ::,\v' 't frír, t't /\ -/ 
\M, _M _O)' '

= r'{n{( t't).}. e.4.i)

The above two equations provide a mechanism for finding the state multipoles of a given

density matrix, and conversely, for finding the density matrix, having been given a set of

state multipoles. The usefulness of this is apparent when a given density matrix must be

acted upon by a state or operator defined according to a different basis. Using equation

(2-4.7) the density matrix can be rewritten in terms of state multipoles in the correct basis,

and the required density matrix elements are simply found by the action of the stares upon

the spherical tensor. Often it is more convenient to manipulate the state multipoles rather

than the tensor operators. The analogous form of equation (2.4.4), the expansion of a

tensor into a set of tensors with a different frame of reference, is given below for the state

multipoles as

(r[ 1t't¡.) =2(r{ ç't).)o[o@) ,
q

where the inverse relation is

(2.4.8)
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and the superscripts over the state multipoles explicitly define the quantization axis.

2.5 Symmetry Considerations

If the scattering process shows a high degree of symmetry then the amount of

information that can be extracted from the experiment will be less than for a more general

systen For scattering iilustrated in Figure 2.1there are two main symmetries. The first is

due to the invariance of the transition operator f with respect to parity and rotation

(defined by an electromagnetic interaction Hamiltonian). This requires that there be

reflection invariance within the scattering plane, or the density matrix be invariant under a

rotation of n about the y-axis and an inversion of parity. The symmetry condition can be

applied to the density matrix when it is written as a function of the scattering amplitudes,

equation (2.5.8) or when it has been expanded into a linear superposition of irreducible

spherical tensors, equation (2.4.6). Both approaches are identical.

The rotation about the y-axis is achieved by the rotation operator D(0,æ,0) acting

upon a state ket, or

(rf Q'Ð.) =)(r; ft't).)oä,(R). ,

o(0,:r,o)l JM;pml = (- 1)/+t'z-*-^"lJ - M;-þ- *) .

The action of the parity operator on a similar state ket is

(2.4.e)

(2.s.1)

vl tu; p*) = nltu;-B*) , Q.s.z)

where æ is the parity eigen value with possible values of *1, and the combined effect of

M = Po(O, ø,0) is therefore
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ullu;þrn) = n(-l)'*'''-'-"'lJ - tø;-p -rù . (2.5.3)

If an arbitrary density matrix representing an electron excited ensemble of atoms,

o = *ì îln't,,",)(nr,rr,lî*, (2.s-4)

is to remain invariant under the effect of the combined syrnmetry operators then

(m;'t'ld*'*)=Y;!!'r.r:':,lK' 
j),-*)ÇM,-ffi 

,tî.1-nr,-*,)' (2.5.s)
.(-Ð"rrI f(- *; -m,:-M,-*,)¡(- M¡ -m¡;-M,-r4)r ,

where

u=2J¡ +2J, +4(Tl2)- M; - Mf -ri, -,n, -2M, -2m,. (2.5.6)

If the initial state is the ground state with zero spin and the incident and scattered electron

spins are unresolved then

(* ;lrl m,) = Z(* ;*,lrl *,*)
ntjilr¡

=(_r)Mi*Mr I >ft),,,'r*,,r*2,,, ,? *; _rA;o_*+)f(_ *, _m,;o_m,) (2.5.7)
- DliDtfil,

= (- t)Mi 
* M r (r I m)r?, ).)

The above relation implies that

do , do.
dCI(t 

M)= ¿r\M),

where do(M) I dÇ2 refers to the differential scattering cross section for excitation of the

MÛ'magnetic sublevel.

Applying the reflection invariance symmetry operators to the density matrix

expanded into a superposition of irreducible spherical tensors gives
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and therefore, K + Q must be an even integer for the density matrix to remain invariant.

The second applicable symmetry is a direct consequence of not detecting the

scattered electrons. Without their detection the scattering plane is not defined and the

density matrix must be invariant for any rotation about the electrons' initial direction of

propagation. An arbitrary rotation applied about the z_axis,

M.(R)pnr = àJr; ft,t).)o. @,n,0)r[ (r'r)o(0,n,0)

t"r-o' .r

tïFe' ' q

= >_(_ r)r.o (r[ e,t).)r[ e,t),
J']KQ

D(0,0, q)ltu: p*) = e''*lJM; pm) ,

to the density marrix def,rned by (2.5.9 yields

(* ; *, lol *, *,) = (y ; *,1 o. (0,0, æ)o(0,0, æ)po* (0,0, n)D(0,0, fll u, *,)
- 

"itM 
r Mi )o r Z(ru ; *;ll nt,*,)(u,*,lr.l M, *,)

= ei(M,-ui)+ qM ;*,ld r r*)

(2.s.8)

(2.s.e)

(2.s.10)

The only way in which equation (2.5.T0) can be satisfied for an arbitrary rotation is if

Mi = Mr, and all off-diagonal elements are zero. If the scattered electrons are nor

measured then electron induced excitation to a singlet D-state is described by the three

independent parameters o(M) for M=0,1,2 where o(M) is the integrated scattering cross

section for excitation of the Mil'magnetic sublevel. The relation between integrated and

differential scattering cross sections is given in equation (1.4). An axially symmetric

system is therefore incoherent.
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Axial symmetry applied to the density matrix expanded into irreducible spherical

tensors requires that

D* (0,0, rp)po(0,o, *) = å (r[ e,|.)D* (0,0, ç)r[ (t ,t)n(0,0, 
e)

J']KO '

= àr(r; 
(t'4.)4 e'T õ n.nrf; (t't)

= 
,*>r(-r)'nr 

(ri Q\.)r[ (t't).

If the density matrix is to be invariant then the above equation should hold for all rp. This

implies that Q must equal zero, or

(2.5.11)

(2.s.r2)p =2(r{ Q'f.)ff Q't),

and from equation (2.5.8), K must be an even integer and, hence only even state

multipoles contribute. According to the previous results for an axially symmetric systerr¡

the density matrix for a D-state can be expressed as

2.6 Tl¡e Time Evolution operator for an Excited Atomic system

Once excited by electron impact, the atom will reside in the excited state until a

time t, at which point it will decay down to a lower energy state. If no electric or

magnetic fields were present, and if the effects due to the fine or hyperfine coupling were

minimal, then upon de-excitation the state of the atom will not have changed. The emitted

photon, which caries information about the excited state, can then be used to probe the

physical properties of the excitation process. To determine how the photon is related to

the excited state, the Hamiltonian of the system must first be defined and then used to
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describe the time evolution of the excited atom density matrix.

The time development of an atomic system is governed by the wâve equation

¡W(,)=ttff

where the Hamiltonian for the system includes contributions from the canonical

momentum and the scalar potential field due to the point charges. In the non-relativistic

limit, the components of the canonical momentum reduce to the momentum of the particle

and the time dependent vector potential. The Hamiltonian can then be written as

^ I rr2 */- \ I Sf^ ^/ rr2 , \ (2.6.2)
H = -:- | fr r - zeA(rN r)l- + ze Q(rN ) * * >Lþ, + rÂ(r,, r)l' - e Q(r,),/l-lut- " \" /r Lp t-

where þr and îr arc the momentum and position operators for the nucleons, and ô, and

î, ar" the momentum and position operators for the electrons. If we study only those

cases where a single valence electron makes a transition, and assume that the atomic

constituents remain unaffected during the process, then the constant terrns can be ignored

and

(2.6.r)

(2.6.3)

(2.6.4)

(2.6.s)

where

È = +lþ + "Â(,,t)l eQG)

= Êo + Ê,(t) ,

- eQQ), and

u, = frÂ{r,ù þ +l,Â. 1r,t¡.

n- =* u'
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The term 11, is called the atomic Hamiltonian and generates the time independent energy

eigenstates of the atorrL or in our case those of the excited electron. The second terrn

*H', medtates the interaction between the atom and the radiation field, and therefore earns

itself the title 'the interaction Hamiltonian'. The main component of the interaction

Hamiltonian is the vector field operator, Á, which, according to the rules of second

quantization, can be expanded in terms of the photon creation and annihilation operators,

âi and â0, as

Â = >,( 24)¡ 6, r-,,r, *,r,-['\ ø* /'"
+ â.;e''r'-'F'' jer . (2.6.6)

The sum is over all photon modes in a cavity which have direction k-, energy har, and

polarization e-* . The action of the photon creation and annihilation operators on a photon

t\
eigenstate ln* / is defined as

âil,tr) = (nr +t)'''l,rr +1),
(2.6.7)

and

â rl,, r) =,r'r'tlnr - t) .

(2.6.8)

From the above definitions it is apparent that these operators are responsible for the

emission and absorption of photons which correlate directly with de-excitation and

excitation processes of an atom. For more details see Loudon (Loudon1983).

Having defined the Hamiltonian, it must still be shown how the system evolves

with time. Since the interaction Hamiltonian is itself dependent upon time, we cannot

write down a simple time evolution operator. To overcome this diffrculty the base

eigenstates are transformed according to

.¿3



where ø, is ttre radiation field Hamiltonian and is defined in terms of the number operator

íìr = âiâr as

-¡u,t
Y,(t)= eTVþ),

Ê, =\ï,øríir,

and satisfies the time independent energy eigen value relation

(2.6.e)

(2.6.r0)

(2.6.r2)

(2.6.13)

Ê,l,rr) = nørurlur) . (2.6.rr)

By applying the above transformation to the wave functions of equation (2.6.I) one finds

that (Loudon1983)

{r. * n,(t)},+ v,Ø = n L{"+ *,Ø}

=,r{+,+v"G)+ ,* ry}
Multiplying both sides by ¿-intrn and noting that Ê, and Ê, do not commute vields

f, ¡. *" '¿'l ¿v,G)

1", 
* H, + e ,, H," ' 

JXtrl 
=,rT,

where the application of the proper commutation relations gives

{u" * Ê, + Ê,(r = o)}v"( ,) =inËf . (2.6.r4)

The Hamiltonian on the left hand side is now time independent and the evolution of the

wave function, Y"(r), can be described by the comparatively simple time evolution

operator

24



_iH,l

t),(r)=¿ n 
, (2.6.rs)

where

È,=Ê"+Ê,+Ê,=Ê"+Ê,. (2.6.16)

Unfortunately, the Schrodinger equation cannot be solved in closed form for the above

Hamiltonian due to the presence of the interaction Hamiltonian. In order to solve the

Schrodinger equation, time-dependent perturbation theory must be applied. Of course,

finding the eigen value solutions to the atomic Hamiltonian is in itself a daunting task for

atoms other than hydrogen, but in principle it is possible. The radiation field Hamiltonian

can also be solved in closed fornu and the appropriate eigen value/eigen function solutions

to both of the previous Hamiltonians ale

Ê,,1n,) = E,,ln.),

and

Ê,1",)=8,1",)' (2'6'18)

The time evolution operator for a system composed of the above Hamiltonians is

(2.6.r7)

(2.6.re)fT [tl=e It
- o\-',

A useful transformation of the atomic time evolution operator, given by equation (2.6.15),

results if the complex conjugate of the previous time evolution operator is appJied to it.

The time evolution of the new operator is
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infi {u : dlú, (,)} = o,{&,+ û,ç,¡ *,#1',alj
=,r{þ u j (t)u,(t) + u : (t)4Ú" (t)'[-"'l l' L'/o\I)u s\t )-ruovl n Í
= u: (t)u,û 

"(r)û; 
(t)û,(t)

tnfrû 'ç,¡ = nû '(t) (2.6.20)

where

Û'(t) =u:(,)û(t) , (2.6.2r)

and

u;ç¡ = u;ç¡u,û "çt¡. (2.6.22)

The benefit of the above transform arises when both sides of equation (2.6.20) are

integrated with respect to time, giving

.t

û' çt¡ =, - ;[ u i(r)û' (r)¿r,
U

where the above recursive formula, in its expanded forrru is called the Dyson series. This

is useful since the time evolution operator, Û,Q), has been expanded in a power series of

ni(r) , and can be calculated to any degree of accuracy depending on the number of terms

included. To the first order.

(2.6.23)

2.7 The Time Evolution of the Densitv Matrix

The density matrix of the excited atoms directly after the collision is p(r = 0) ,

which evolves in time according to the time evolution operator as

u ,ç¡ = ,¡ "C¡{t - ij ,: e)u,û "(òor} .
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pQ) = ú,1r¡p1o¡ú,.1r¡. (2.7.r)

This matrix contains all the observable information about the state of the atom

immediately after the collision. To f,lter this information out of the time evolving density

matrix, the photons emitted during de-excitation can be observed and the resulting

information can be directly related to the reduced density matrix of the photon. Such a

matrix completely defines the photon, and is only a function of the initial state.

The notation which will be used in the following sections is summarized by the

energy scheme in Figure 2.3. The different coordinate axes which will be used to simplify

the analysis are shown for each part of the cascade: the initial electron excitation to the

D-state ìn Figure 2.4; tbe decay to the P-state in Figure 2.5; the final decay to the ground

state in Fisure 2.6.

The state ket of an atom with orbital angular momentum L¡, and z-component Mi

is, in general, defined by the complete set of quantum numbers lol-, tø,), where u

represents all the other quantum numbers required to define the state completely. We can

represent such a state in the more concise form, 
I 
I, M,), or even just lt) so long as no

confusion is possible. A photon is completely described by the ket latrt l,), which

specifies the energy lt@r,the direction of propagation É, and the helicity Â*. To make

subsequent calculations easier the quantization axis will be defined to be the direction of

propagation of the emitted photon. This axis will obviously change as the atom emits the

second photon in the cascade. The density matrix for a specific energy level, i, with
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å
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lr@o

I-nvel2

lr,u,)

Level 1

lt,*,)

Level 0

It,*,)

)

=h(Ð,, 

=\Þ-

Figure 2.3: The energy level scheme for the D-P-S cascade transition illustatins the
general notation which will be used in the following sections.
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Level 2 + e-

Scattered e

Xuu

Yluu

e

Figure 2-4: The initial electron excitation of the atom. The scattering plane is defined by
the Z-axis and X-axis. This coordinate system is called the lab frame, rh"r. the Z-axis is
along the direction of propagation of the incident electrons.
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Level 1+photon Ztut Y¡

e

Figure 2-5: The atom after de-exciting to the P-state. To aid in the analysis of the dipole
operators the quantization axis is defined by the Zy-axis. The two sets of axes. the lab
frame and the current photon frame, ar-e related by the angles Or,ex.

X¡

30



Level 0 +
photon

Xl^o

e

Figure 2.6: The atom after de-exciting to the ground state. To aid in the analysis of the
dipole operators, the quantization axis is now defined by the 7..,-axis. The two sets of
axes, the lab frame and the current photon frame, are related by the angles 0n,gu.
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quantum numbers defined by a z-axis in direction á wil be characterized by p:G), and a

density matrix which also defines a specific photon wiil be charactenzed by pfr.(r).

Using the above notation, the density matrix for the initially excited state is

p:Q) = Û ,(t)pi@)Û: (,). (2.7 .2)

If, at a time t1, the atom de-excites via photon emission to energy level 1, then the

conesponding density matrix elements are given by

þ;r,lo (t,)lr'to') = þtnlû ,ç,,)pi (o)ú"*( r,)lr:r,,) .
(2.7.3)

The above equation is a function of both the emitted photon and the subsequent atomic

state. Since it is the photon which will be measured, the reduced density matrix is formed

by summing over the atomic states

pfr* (t,)= ) {t, nlÛ,(r,) pilo¡ú,. (r, )l u É') (2.7.4)

giving a photon density matrix which only describes the emitted photon.

To continue characteiuing the time evolution of the atom, the densitv matrix

describing the first energy levef pf (r;r,), must also be subjected to the time evolution

operators as in equation (2.7.2). A diffrculty arises due to the definition of the

quantization axis, which requires that all quantum numbers be related to the direction of

propagation of the emitted photon. When a second photon is emitted, the time evolution

operators and the states of the system are quantized according to it, however, the actual

density matrix , pl(t:rr), is defined according to the direction of propagation of the first

photon. This can be resolved by expanding pf (r¿r) into its stare mulripoles and then

expanding them into a set of multipoles whose quantization axis is that of the second

a1̂/



photon. The resulting density matrix will be defined by pi.ro,, and its evolution

charactenzed by

pi,rr,(t;t,) = û ,(r:t,)pi,*,(t,)u".(r; r,). (2.7.5)

After the emission of the second photon in direction íì , and at a time t2. the density matrix

elements are

(o: nl pi,", (r z ; t,)lo' ; ¡') = ( 0;, 
| 
ú, (,, ; t,) pi,rn (t,)û ; (r, : t,)l o; íi') .

(2.1.6)

Since the gtound state is non-degenerate, the atomic density matrix and the photon density

matrix are both given by the single element shown above.

A two level cascade process for an axially symmetric system is almost completely

described by the previous density matrices. To pull out the information describing the

initial collision-excited state, all that is required is the calculation and then measurement of

both the photon polarization density matrices. As mentioned beforehand. for the

excitation of an atomic D state there are only 3 unknowns available for measurement if the

collision process is axially symmetric.

2.7.1 Evaluation of the Density Matrix Elements

The term þ;nlo!(tr)lf;t'), and the corresponding terms for the different energy

level transitions are comlnon elements of the photon density matrix. To analyze them, the

time evolution operators are explicitly included and completeness is applied using the

excited state eigenkets, or
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(t:nlo!(t,)lr';t'¡ = (r; t lû,1', )pj (o)¿¡".' ( ,,)lt',n')

= 
à,à.(tl,lû ,(t,)12')(z'lpi(o)lz)(z lú,. (r, )lr';;û'). e.i .7)

Since

(zlu; (r,)lt'tÊ') = (r':Ê' lú,(r,)lr).,
(2.1.8)

we need to explicitly evaluate only two distinct matrix elements. The first to be

considered, the matrix element of the time evolution operator, is evaluated by applying

first order pefiurbation theory to the evolution operator, or from equation (2.6.23)

/t.îifr /, \lo,\ -/r.îlrì (. 
( ' t'

1r;r¡u,(r,)l z') = þ;rlû "(r,)i 
t - íl r: (r)u,û 

"çr)arllz,l . e.l.s)

The action of the time evolution operato, Û "(tr) on the different basis states is

-iH ^t, _i8,1,

ú,(r,)l un) = ,--lr'¡û) = ,i r-''o',lt',â), un¿

-iH"r, -i8,,\ -T-r,
Û "(rr\2'l = ,--o lz'l = , n 

"--lz'l .

(2.7.10)

(2.7.r1)

An extra factor has been included for the time evolution of the excited state which

accounts for the radiation of the moving electron before the state de-excites. The factor is

an inherent component of the de-excitation process and specifies the minimum linewidth

that can be achieved for the transition. The term y' is therefore called the natural

linewidth of the transition. Application of the above results to equation (2.1 .9) yields
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(r;r. lú,1r, ¡lz') = -L r# ,-''-" j(r, nlû;1r¡u,û 
"(r)lz,)ar

U

. -iElt tt iEtt _iB".t _yi
-I^l 

^f¿- A -''+"(1; klHlT,))e h e,,o,e r, e 2 dr=_i, " e 
o

-Ty

= i(t, nlu,¡21"# r-'.r', lt\!31 , (z.j.r2)Ft\' | " i(rr,,-ar)+T,12'

where

t,t - 
E,'- E,

*2,1 - h (Z.l.t3)

The next step requires finding the matrix elements of the perturbing interaction

Hamiltonian. To evaluare (l;nln¡2') recall that

1

u, = l, ÂØ p + .,,!- e, çr¡ ,
l-t ¿p

and

( n-r\u2
ÂG\ =tl 

Ltut | | ^ ¡t-.¡ ^* -,F.rl -
^\I ) - +l rr ) la*e +ake Jtr .

The squared vector potentìal term mediates a transition with the emission, or absorption of

two photons. There is a very small probability of such a process occurring, as

demonstrated by Mizushima (MizushimalgT}), and will not be considered here. Usine

the above equations the interaction Hamiltonian matrix elements become
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(r;r lal z') = t(r;ÊlÂçr¡ p1z'¡

= i+(T)"'{(,, Êlâr,,'o'',r, þlz')* (r; r lâi,,-'o'' 
-r, þlz')}

= î:(T)''' 
"'''o' 

-r þtz'l

(;Êlu,¡21 = -u(T),,,,rrler îlz,l,

and the time evolution operator becomes

The electric dipole approximation is now made, in which the size of the atom is assumed

to be small as compared to the wavelength of the radiation field. The exponential,

approximated to the first order, is therefore one. The resulting expression is usually

written in terms of Ê by making use of the commutation relation between it and the

atomic Hamiltonian. or

r^ ;ì I iItþ
Lt,HoJ= , .

The resulting expression for the matrix elements of the interaction Hamiltonian is

(2.1.r4)

(2.7.15)

þ; nlu,(,,)lz'l = iþ, nlu,¡z'¡,#,
./ \ -Tz'

1 __tl(ò,,1_(OL f, 1;..,, l- e ' '' ^"e -

i(rr, - itor) + yr 12

" 
(zrrn\''t t.t- ^, -., 

j+ :... t- r-i(a,t-ar)',r#=;l _ | cù.,,,(lle, î12')e îr e-Iokli T-------------\ .Ër(ø^ ) 
--!I\-I-K ' t i(rrr-ar)+T,12' Q.7.16)

The position operator, i , is a vector operator, or tensor of rank one. The matrix element

of er î can be evaluated using the'Wigner-Eckart Theorern, which separates the physical

orientation of the system with respect to the quantization axis from the physics of the
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interaction. For a tensor of rank K, and magnetic quantum number Q the Wigner-Eckart

Theorem states that

(2.1.r7)

where the Wigner 3j symbol has been used, and the physics of the interaction is given

solely by the reduced matrix element (a llv " ll! ) . writing the componenrs of rhe position

operator in the helicity basis of the photon k,

î = r_rër,_, + 6e],,0 + rrd¡.1,

and applying the Wigner-Eckart Theorem gives

(t, nlû,(,,)lz,l -- +( ?4)''' @,,,w,,,(r, X- r)\-,,( L\ | "\r/' , rrlar ) 
!I jr\-rl\ / 

[_M, Lk

where

(r,m,lv[lt u,)= (- 1)4-M, (_7, 5 h,)W'il¿),

pj (o) = 
. L^ (r; (,",r,). )- rt (r,, u)
I-.(-KQ'

Recalling that the matrix elements of the tensor operator ar.e

î,,){rl,,,lrr, (zi ts)

(2.7.18)

(2.7.2r)

+)e
-i(to,,r-or)t,

i---.--:_
)+vrl2

-e

(Ðk

,(,
\.

'l

-, rr,

|.øt

e

I

-iEll
eh

Wr,,(t,) = (2.7.20)

The above is the first of two matrix elements required to describe the time evolution of the

excited state density matrix.

The second, according to equation (2.7.1), is the density matrix element of state 2

at the time of excitation. A general approach, independent of the excitation method, is to

write the density matrjx as a superposition of spherical irreducible tensors, or
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(t, r,,lr[ (u,t )lt u,) = (- 1)a'-M" (zt< * r)','(#,, _X, !n), e.].22)

then the components of the density matrix are

(t ,tt,,lplfol LM,)=I(- r)1'-u,'ex+r),,( :' 1,, "^lKe \¿r\ T r/ 
lur, - M, - 0) Q'7 '23)

('i Q.''.).)' '

As mentioned previously, the state multipoles contain the 'physics' of the state and for

excitation by electron collision they can be written in terms of the scattering amplitudes.

In the case of excitation by decay from a higher lying atomic state, the state multipoles can

be found from the time-evolved density matrix of the higher lþg state by the procedure

we now describe.

Applying the results of the previous analysis, equations (2.7.Ig) and (2.7.23), to

equation (2.7 .1) gives the time evolution of the density matrix as

þ;r,lor(,,)1,,,Ê,)=r:yt*o?u,,1,1i,,,i,,,),r,,(ztû;(,,)ly,Ê,)

= tll cr,.o(t,)(-t)\-u,*r-,'-mr+r..-Mz, (zx+t)u, (z.l.z4)
I2M;I2MrKg

(L I r,,)( ,", L Kyr", I ¿, 
1

\_M, k M,)\M, _M, _O)\_M" k, M,)

Alþ,,llz1(r; Ø, t ). )u 
(,11, llr).

where
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and the approximations úd^. = tD, and @z,t a @zt, = t0,, have been made. The above term

is dependent upon two differing frequencies: the frequency of the radiation field, which

interacts with the atonL and the energy difference between the transition states. To

collapse the expression into only a function of the transition ûequency, it is multiplied by

the density of states of ø* and integrated over all positive real numbers. However, since

the trace of the photon density matrix has been defined to be in units of intensity, the

expression must first be multiplied by the energy of each photon. The required integration

is

i. ^ / \ . - . dA "î ^ / \ / \''
) harcr,.o(r,)p,rdarde = 27Te2 ffi ri,l øiw=,,(r,)wrr(r,) aar

e'dç¿.î . / \ / \*
= --'.- otí, I alW,lr,)Wlr r) da *rcc_ _-i

which can be evaluated with the help of the inregral (Heitlerl944)

and therefore

where

cu(r,) =f n, rc r,,r (t,) p,rd or de
0

_ e= ú)!, I -..e-''rt', e-Tr'" ,n 
-c- La22' + y22'

(2.7.26)

(2.7.21)

(2.1.28)@zz,= @:y -tD.,, and Tzz,=Tz !Tz'
'!! 2
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The effects of a finite detector area have also been included by the addition of the solid

angle. Equation (2.7 .23) can now be written as

(r;t loi(r, )lr'; 
t')= (r;r lú,1r, )pi(o)út1r,¡lr';r')

= à,à (" nlu ,çr,)lz')(z' lpi (0)l z)(zlû;(', 
)l r,'¿,)

= j jt,* (r,)(r, M,lrr 4r,M,)(L,,nr,,lo!(o)lr,ur,)U¡ø;4, ' ¡ - -t\ - -r'-\/r : (2.7.28)

(L,m,lË1, il L,M,,)

where the contributions from the dipole operator terms are clearly visible.

If the electron source, which is exciting the atoms, is a continuous beam then there

is no way to keep track of the amount of time elapsed before the atom decays. In fact, the

emitted photons will be randomly distributed over time and the detection system is then

sensitive to the number of counts of detected photons and not their individual arrival

times. For such a case, the sampling time of the apparatus is much longer than the decay

time of the atom, and the exponential factor in equation (2.7 .26) goes to zero. A second

simplification results if the energy levels are well defined and resolvable by the equipment.

The energy difference between the state transitions, (Ð,t, and,úù,,,, vanish giving the steady-

state form of equation (2.7 .26) for resolvable lines as

c,,=$Lor.c- Tzz,

2.8 Effects of Nuclear Spin

(2.1.2e)

Since the results from the previous section pertain only to atoms with zero nuclear

spin, these results must be amended for atoms with non-zero nuclear spin. The angular
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momentum vector for the atom is now the sum of the orbital ansular momentum vector.

L, and the spin vector of the nucleus, I. The atom can thereforJb. .n*ucterized by the

state vector la(fl)fU), where F is the total angular momenturr¡ and M is the z-

component of F. During the excitation process it is assumed that no particular spin

orientation of the nucleus is favoured and the state vector is then essentially identical to

the one used for the atom with no nuclear spin, but with the initial density matrix divided

by 2I+l to account for the unresolved nuclear spin states. Equation (2.7.28) can then

accurately describe a non-zero nuclear spin atom if the quantum number L, and all its

variations, is replaced by the total angular momentum quantum number F. Unfortunately,

the dipole operators complicate the evaluation of equation (2.1.28) since they mediate

transitions between the orbital angular momentum states, and not the total angular

momentum. Therefore, before the Wigner-Eckart theorem can be applied to equation

(2.7.16), the coupled angular momentum states l(ft)fU¡ must be uncoupled into a sum

t\t\
of states ILM ,) ØlIM t), by the transformation

lçn¡ru) = >l Lr; M,M,)(n; nt,ru,lçu¡rnr)
MtM,

= I (1)-r.,v (zn +t)"( ^: ^', '^,)lr*,)ølru,). (z.B.r)
MrM, \Mt Mr -M)

Applying the above equation to the matrix elements of the electric dipole operator gives
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({ 4 D r r u rlrr.l e. t' ) 
pr M r) = 

r,,à},;))- 
r'- \ + M' + M'+'' t' 

l(r or + t)(z n r* t )] "'

(r"rø,,|,^lr,u,.l(#,, í, _';,)
(t r F. \
Ir., M] - nt,)õ''''õ',,',

= I (- r)-.- M"+M,+2t-M,,1(zr, +\(zrr* t)]"'
M tzM ttM t

(qllr llq )(*',, l, -';.)
(\ I F, Y Lt I ¿,1
\M^ Mr -M,)l-Mr, ¡. Mr,)

= (- 1)r*4*1+F,+F -M,len, +l(zrr* t)]t"

( r' 1 4lf 4 F, 
'\t,.t¡,Lr¡ \¡ 

(2'8'2)

(- M, À *,)l;, ¿ ii(rtt'tta)ô""

where the contraction of the Wigner-6J symbol has been used to eliminate the sums over

the magnetic quantum numbers.

Another complication arises when the density matrix of the initial excited state is

expanded into the scattering cross sections for the magnetic sublevels, for example see

equation (2.1.24). These cross sections are defined according to the orbital angular

momentum, not the total angular momentunr. To correct this, equation (2.8.1) is once

again used to expand the total angular momentum states into a sum of orbital angular

momentum states, or
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(( 4t,) r,. trt, lpi to)l(t t,) p, u,l = 
"\!(,".,,) 

r, u,. lr[ (t", t")l( rÐ r, m,l

(r;u'Ð.)r
=, ¿.^ 2(\p,,)F,'M,,y'.t,, u, u,,)(4r,; M hM,,l(ur)r,v,l

Ia.l2KQMbMbMt.Mh

(,.,* ,l$ (,", ,")l t u ,)(r[ Q", ,).)r

= 
r7r nG 

r)r+ 
h' + I'?+ F' + F - *' 

f(z r,, + t)(z r, . ùl- (-'i,, ; #,)

{7, Z';}F;v"'"ry

^a+J



Chapter 3 ,{pplications of the Theory

3.1 Introduction

The theory derived in Chapter 2 is applied to three different cases. All of the

applications use information carried by emitted polarized photons to measure properties of

the electron-atom collision. The scattered electrons are not measured, and the complete

quantum knowledge of the collision process can not be determined. The first two

applications analyze a two photon cascade from the D-state to the ground state for heliurru

and magnesium. The analysis of magnesium is complicated by the presence of isotopes

with nuclear spin. The last application examines the scattering of electrons off of laser

excited P-states, and into a D-state.

3.2 Photon-Photon Coincidence Measurements in Helium

As stated previously, the maximum number of unknowns in the scattering matrix

for the incoherent excitation of a D state is three. The detection of the polarization of the

3Dt -zPt photon, which is in the visible spectrum at 4g2nm for heliunL and the detection

of the polarization of the 3Dt-2Pt photon in coincidence with the detection of the cascade

transition 2Pr-lsr, gives two of the th¡ee needed independent observables. A third

possible measurement is to determine the total scattering cross section, which would make

it possible to extract the absolute scattering cross sections for the different magnetic

sublevels. If the total scattering cross section is not available then it can be set to one, and

the results are then relative.
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The ground state of helium has zero atomic spin due to the closure of the S-level,

and the lack of stable isotopes with spin. The analysis of the evolution of the excited atom

can then be carried out using equation (2.7.4), which is repeated below,

where

/.1 î / rl .\ / ^l ^ z r î , , ^ z rt ^ \

\tlPi*,(t' )11'/ = (l;,tlu, (r, )pi (0)t,. (,,)lt'; t ')

t .uri,M..\ ' 
J\'/r I

= ,,I*,c,,* 
(', )(r, u ,le r ' tlr' * ,')(t" u ,,loiirDlt' u ')

(t., ,lei, rlr,, m ,,)

=Ð
I.,V 214' M:. KQ

l-vt- r*\í/ | -t rt \

\r.l (¿,, L=) ) \1,, u 
=,lrö lr,, r,)lr, u,).

p**. = I (t' rrlû,(t,) p!(o)ú,. (r, )l r' ['),
!, tV,

(3.2.1)

(3.2.3)

(3.2.2)

Due to the resolving power of current interference filters and the spacing of the helium

spectral lines the apparatus can be made sensitive to specific singlet-to-singlet transitions.

Such a limitation collapses the sum over L, and L", to a single entry of L,, ihe roiai

angular momentum of the excited state. In equation (3.2.2), the quantum numbers are

defined with the z-axis as the di¡ection of propagation of the emitted photon. A more

convenient frame of reference is the direction of propagation of the incident electrons.

Using equation (2.4.8) the state multipoles can be expanded into a sum of multipoles

whose frame of reference is the lab frame. or

l-vt t-\r s / u/ \+\lr¿'(riU-)- ) = >.(r!(u\') D:.bl,a \\u\-:/ / 2\'s t !/ | -uq\--rfk/.
q
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Now that the multipoles a¡e defined in the scattering plane, the results of the symmetry

considerations can be applied. Axial symmetry requhes q to be zero, and the reflection

invariance in the scattering plane causes K to be only even integers. Expanding the lab

frame state multipoles gives

/-rt- r,*\l"b f ,-,,, v/ r+l
(ry (4) / = tracelp:'(o)ff (4) i

= à (u m,'lo!' @)lu u,)(t" *'l'; Q).lr= u .')
M r,M,

= 
Ð 

(, u,lr{ @,). lu u,) 
" @,¡ (3.2.4)

where the scattering cross sections have been substituted according to equation (2.3.10).

Substituting the above formula into equation (3.2.2) results in a computational photon

density matrix which is shown below for the steady state:

Using the above equation, and the third Stokes parameter, equation (2.2.7d), the

polarization of the emitted radiation is calculated to be

/ì
, - -lP-,.r+ 

P,.-,)

Ptt * P-t,-r

6sin2(or)(o(o) + o(r) -zo(z))

.2 à c 
=, 

( r" M,l, r . 4,- r,,) (," u,lei. I a dd,) (u u,,lr; ( Qla u,)
M2M2. KQ

l=(,.r=lr: G-)'þ-* ",)o(ø,, )ofi(æ-<p- )

å.àÐq,(- 1)4-M'*t -M,-M2 -M2' (til,,. ll4þll,,.llt)frr* r)o(u,.)a[,(e_) 
(3.2.s)

(\ 4 'll4 r., tll 4 r" *\( ,. 41
\M, - M' -Xr )\M. - M,, -Lr,)\Mr, - M. -g)\M., _ M2,, 0 I

Po'=I
Ml

-s-./r
Ml

(3.2.6)
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which was evaluated using MathematicarM. The density matrix elements should be

integrated over the azimuthal angle, g¡ , before finding the polarization, to account for the

lack of a defined scattering plane. However, due to the proper choice of symmetry

conditions, the matrix elements are independent of the angle, and therefore the constant

term is simply canceled. The MathematicarM file used to calculate equation (3.2.6) can be

found in Appendix 1. The maximum polarization is obtained by setting a detector at

0* = tt /2,whichgives a polarization of

:(o(o)+ o(r) -zo(z))f-=m' (3.2.7)

and is in agreement with the literature, for example see Percival and Seaton

(Percival1958). The solid angle of the detector will have a tendency to wash our rhe

polarization, and will be investigated in Chapter 5.

Following the procedure outlined in section (2.7), the time evolution of the atom

after it has made the transition to the P-state is given by

pî.r*G: r,) = û,(r; t,) pi.o,(r, )ú,- (r; t,) .

To accommodate the change in the quantization axis the density marrix pi*,G) must be

written in terms of the previously derived marrices pi.*r(r,).To do this, pi.*,(tr) is

expanded into irreducible sphericaì tensors,

Pîrr =l(r; rtr)' rf (t) ,

(3.2.8)

(3.2.e)

/l'7
-I



:1
 

^
Ë

b'
+

iþ
gã

a.
.>

H
5å

qi
9x

æ
-É

x$
dr

oà
óã

F
+

B
 

Ë
' 

-/
\ 

Ê
 

ã-
--

--
--

\ 
ll 

ll 
;. 

Jp
 

ñ 
ã 

I 
õ

ñ 
,s

t 
S

 
flV

È
 

{ 
u1

 ti
s 

í.,
 

g-
 S

 
:

.o
 

E
 

*j
i 

È
V

iM
 

á'
 

,, 
,, 

I 
ñ 

5
,o

 
F

r
ç 

J 
io

 
-¡

1 
-S

'^
'Ë

 
H

 
ll 

ll 
ll 

g 
; 

Ë
Ë

 ì
1 

Ë
 =

 êl
-¡

 
* 

ðM
 ð

M
 ð

M
 r

 Ê
 i

x 
à,

 
F

. 
-i\

 
G

- 
=

 
H

. 
;.-

.-
 

K
i 

o?
 

,o

å=
."

,E
+

ãå
 

ïfl
¡1

 s
X

Ë
$i

ä
i3

 -
iM

 
A

' 
s 

?=
 Ð

- 
h 

-\
ì-

 
"ì

 
.l 

H
 F

i 
il

L"
 <

^-
 Ë

 
F

=
 *

-S
 

; 
X

 
X

 
ìi 

"ã
 i 

7
},

fã
-^

--
r 

ä,
+

.¡
_t

-.
'¡'

-H
'N

)
^ 

Þ
 

f 
A

 
i 

'" 
,g

 ì
1 

3 
È

 
åä

 
f

P
J\

l.J
=

at
--

rl 
É

h'
l-r

-.
-:

: 
v

L5
-å

pÌ
r-

P
Ììg

f,q
F

 
i*

'[ 
=

F
È

 
g 

F
"^

 s
t"

 
s 

ã
ôr

 
fì 

R
 

o-
* 

X
 

- 
é-

 
il 

=
.

q 
+

' 
x 

s 
¡-

- 
j<

 
G

 
ã 

L-
 

ã'
 

!.J
å 

_S
 *

 
-,

=
_ 

ì=
-s

--
 

\ 
F

 
F

 
E

 t
tr

 =
F

: 
.8

 +
S

 
g 

|ù
 þ

 
ã 

Y
i.¡

 
J-

 
6 

þ 
":

.'t
 È

- 
:-

 
U

* 
.L

-,
 

+
 

É
- 

Þ
 

- 
ì-

 
-,

 
-r

' 
rr

 
fì 

\-
-$

--
- 

g 
(D

IJ
 

5 
--

+
 

\ 
t 

R
-^

 d
t^

 
ô 

?

's
 

E
 

-f
- 

gF
 

; 
å:

- 
C

 
? 

E

E
 

J.
 

5 
<

-¿
 

A
. 

p 
E

=
.-

íA
iÕ

€-
ec

*J
ã

e 
-x

 
.s

 
. 

g 
rd

(Þ
 

_f
-"

sL
r-

sË
=

iã
R

\
È

 
{.

- 
J-

 
¡*

 
l' 

v'
 

H
d-

si
r 

;g
ãa

;
ã<

--
S

'9
u>

H
|l-

- ð,
èã

P
S

- ér
oÊ

fE
H

5
)F

{ lG
G

Ê
G

.Ë
&

ô'
þþ

i{þ
o-

gE
'

l-C
D

ñ
) -g

.iJ
=

"u
=

u1
 

o
.ã

v!
'r;

vH
+

C
Þ

(D

Þ oo



pu,..*,= I .I c,.,(ole,, ,=lr,)(r,1ry(a)lr)(rle;, rlo)og,n.,(oe*q*).oän",(0e,,,e,,)
MrMíeeh_et

"), 
(t"lo i^-'lr")(r'lr;,( r ). 

i 
t')

= I ) I c,.(dc. rlr)(rlr; (1.)r)(rle;, /o)(r.lr;.(r,).1r")
MrMtKSQr,bQ\ Mt-M(

I IÇ,(rlc-
M.,M,R,Q, M,.

oj,n,, (oe* p r)' D [n,",(oe,, g,, )oj;, (oe- <p )o(u r)

The elements of the resulting photon density matrix are dependent upon both of the

emitted photons. If the first photon decay is not measured then the resulting photon

density matrlx could be found by finding the intensity of the D-P transition, equation

(2.2.1a), and then integratin-s over all related angles. Doing so would of course erase all

knowledge of the initial D state. Measuring both photons in coincidence preserves the

knowledge of the D state. If the polarization of the D-P transition photon is measured in

coincidence with the intensity of the P-S transition then the expected polarization is found

from the density matrix

Pí*'= Pt.ta,,* P-t.-**,. (3.2.14)

The resulting formula is independent of the previously found polarization for the D-P

transition, equation (3.2.6). The solution of equation (3.2.13), using the MathematicarM

program found in Appendix 1, gives

rlz') (z'lr ;' ( a ) 
z) (z 

I 
e 
.*, 

rlt,') (2,'lr,-, (,.). 
l 

t . 
)

(3.2.13)

(3.2.1s)

Þ
'Coinc

t,,\
-lD; , + D',,1

\, ''-¡ '_|,1]

^' 
J- ñ't'L.I ' t'-t--l

(z - cos(za))"(o) - 60(2)
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â-!uk - a
L

A -7tun-¡
¿

Qn=QrtA

where Â is the difference between the zenith angles of the two detectors. If the two

photon detectors are rc radians apart then the coincidence polarization becomes

Dt Coint -
s(o(o)- o(2))

5o(0)+6o'(1)+3o(2) ' (3.2.16)

which agrees with the work of Mikosza(Mikosza1996). The polarization measurements

give two of the three independent equations required to determine the individual

integrated scattering cross sections. If the sum of the integrated cross sections is set to

uniw.

1= o(o) +zo(t) +2o(2) ,

then the corresponding values for the cross sections a_re

(3.2.1,7)

o(0) =

o'(1)=

o(2)=

(3p + isXp.,,,. - 3)+ +g

(r-!(rrr"r. -5)
(sp + t:)(t t - sp.,,,. )- tzg

5(p-3)(2er",,,-s)
(p - s)(s pr",^, - g) + tzo

25(p -3)(3er",^, -s)

(3.2.18a)

(3.2.18b)

(3.2.18c)
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3.3 Photon-Fhoton Coincidence Measurernents in Magnesium

Magnesium is an alkali-earth metal with a twelve proton nucleus, and is the eighth

most abundant element in the Earth's crust. It occurs naturally in three isotopes, the most

abundant of which has zero nuclear spin. Properties of the magnesium isotopes are given

below in Table 3.1.

Table 3.1: Naturally occurring isotopes in magnesiurn The number of nucleons is given
by A, and the number of protons by Z (Heath1986).

Natural Abundance Nuclear SninZA
1A

25

26

12

t2
t2

l8.99Vo
70.00Vo

ll.jIVo

0

5/2
0

Since magnesium has a low molecular weight, the orbital angular momentum is still a good

quantum number and the analysis for the isotopes with zero nuclear spin is identical to that

of helium. The singlet D-P transition, 3s3p-3s(2s)4d, is in the visible spectrum with a

wavelength of 552.8 nm, while the singlet P-S transition, 3s2-3s(ts)3p, is in the ultra-

violet region with a wavelength of 285.2 nm.

For the A = 25 magnesium isotope the analysis has to be carried out using the

methods described in section 2.8 since it has non-zero nuclear spin. Modifying equation

(3.2.5) and inserting equations (2.8.2) and (2.8.3), gives the density matrix describing the

P-State as
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(rloi", l' ) = 

^^À,.,r,,(r, 
r,¡e-,1n, *,,)(0., nr,,lo\lr, *,)

(r,M,lé.r, ;1r,, m,,)

\f \' Sr lp ¡,t l; .;lp ^r \ 
(3'3'1)

II -lLt1 | \ F2M2FIM2, KQ MLiMr.M,,

(F, M,lr",, AF,,M ,,\(F,, M,,l L, r ,; M ,, M , )
\ - -l ' | /\ - - | - '2t

(tr,ri M r,M,,lr,*r)(t,* r,|ry Ø)lr,m "¡
2 þ, M,,lror(¿, ). lt r,,,þ@ 

")of, 
(oe * q* ),î..\ - -r'

where the photon density matrix is

p'^i, = 
à,(r, 

*,lri *r,lr, u,)

The calculation of equation (3.3.2) was carried out with the program contained in

Appendix 2. MathematicarM was not used to do the calculation due to the complexity of

the expression and the inefficiency of MathematicarM when doing non-symbolic

calculations. The results of the calculation are

(3.3.2)

(3.3.3)

from all of the

formed, and the

(3.3.4)

(3.3.5)

pr,-r = p-r,r = 0.08044o(2) - o.o+os6o(1) - 0.039s8o(0)

Pr.r = P-r,-r = 0.10000o(2) + 0.15000o(t)+ 0.0s333o(0).

To find the polarization of the D-P transition due to the contributions

isotopes, a weighted sum of the isotope polarization density matrices is

equation is solved for the resulting polarization, or

p*r, =0.1899pä, + 0.1000p^-'?f + 0.1101p*16,,

Ptt t P-t.-t

and
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The final expression for the polarization is therefore

^ 2.939o(0) +2.943o(l) - S.SS¡o(Z). = ' (3.3.6)

Equation (3.3.6) is almost identical to the corresponding equation for helium, equation

(3.2.7). The effect of the hyper-fine splitting has been to decrease the measured

polarization.

The decay of the P-state for the odd isotope is characteri zedby

pll,,,rr, = .L .¿ ¿ c,o(rod,ro,le, rlr,,m,)(n,m,le), rlr,m,) ß'3'7)
M.,, M ^ F., M.,F. M.KO O. .O.

| | vl rl \ ,' / \''

\Fy 
M ,,lr; (F,, F)IFL M ,) Därn,*(oe * q, )- oöo,*(oe,,p, )

2 þ,, *," lp i--. I 
q r,,,,\( r, m,,,,lr[, ( r,,e, ). | ¿, M,,,),

uã'- \ ' r'

which is a modification of equation (3.2.13). Once again, a weighted sum is required to

incorporate all of the magnesium isotopes into a single density matrix, and for the case

where the polarization of the P-S photon is not observed

P*'= Pr,rrc,*P-r,-rl*'

= o.zsee(nî1, u. +p'-1,-,u,)+o.rooo(pî,1*, +p1',,-,**,)+o.rror(nîÍ*.+p1Í,-,^*,) rr.r.r,

The computer program in Appendix 2 was used to calculate equation (3.3.7). The results

of the analysis are

pi1, = p1Ì,, = 0.01661o(2) - o.otoozo(o) (3.3.9)

p?.1 = p1l.-, = 0.01667o'(2) + 0.03333o(1) + 0.0277so(0).

The final expression for the magnesium photon-photon coincidence measurement is

therefore
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which is identical to the photon-photon coincidence calculation for helium presented in

section 3.2. Equation (3.3.10) implies that the coincidence measurement of the D-P-S

cascade transition is independent of the de-polarizing effects of the odd isotopes. The

polarization of the D-P and P-S transitions, however, are effected by the presence of the

odd isotopes. The polarization of the P-S transition in magnesium for just the odd isotope

(A = 25) is

^ 3o(0)- 3o(2)n
' coittc - so'(o) + 6o(1) + 3o'(2) '

o(o)- o(i)ptzs = 0.77s;(oñõ,

where the polarization of the equivalent even isotope tansition is

(3.3. 10)

(3.3.11)

(3.3.r2)
o(o)-o(t)

D
- ct'cn o(o)+o(t) '

3.4 Electron Scattering off of Laser Excited P-states

So far I have shown what information can be obtained about the scattering

amplitudes for a ground state to a D-state electron impact excitation, without the

detection of the scattered electrons. A similar exercise can be canied out for the electron

excitation of a D-state off of a pre-excited P-state. The preparation of the initial P-state

can be effectively accomplished via laser pumping. A laser provides enough energy

resolution to selectively choose the appropriate transition, and by controlling the

polarization of the light bearq the initial populations of the magnetic sublevels can be

chosen. The laser orientation with respect to the electron beam is shown in Figure 3.1.

54



The initial density matrix for the system describes the ground state atom and the

purely polarized laser beam, or

where the coeff,rcients Arr., are the density matrix elements for a purely polarized light

beam given by equation (2.2.9), and the quantization axis is along the direction of

propagation of the photons. The time evolution of the initial system, as usual, is given by

(3.4.r)

(7 4)\

(3.4.3)

(3.4.4)

p:,Ø = uG)pl,u. (r),

and the resulting excited states are found to be

(r' røjoi,{ùlrvl= 

^h ;,*L 
e,.,., (r, u,lu (r)lrroÀ; s, M,)

(t a?"'; s, u,lu. (t)lt*)

The partial evaluation of the time evolution operator bra-ket gives,

/^ * \l/2
(r' m'lû ç¡lnøt'oo) = w,,ol) ll; ) a,,o(1, M, lE Êl 00),

where the derivation is analogous to that for equation (2.7.19), and the ground state is

assumed to have zero spin. With the application of the above equation, equation (3.4.3)

becomes

(r' m'loi.Ølrm) = c,oî)Ð e,,,(r' tr'la loo)(oole, rlrnr), (3.4.s)

after having been integrated over the radiation frequency, as in equation(2.7.27). If the

laser is operated continuously then the steady state form of equation (3.4.5) is required,

and
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Figure 3.1: orientation of the laser beam axis in comparison with the
electron beam axis where the polarization of the laser is given by the angle

B from the laser's x-axis and the phase difference ð between the two
orthogonal polarization axes (not shown)
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(r u'loi,G)lm) = c 
^Ð 

e,, ,(r' m'le. loo)(ool e.r, rlrm) .
(3.4.6)

The above equation gives the density matrix for the P-state atoms which have been excited

by a purely polarized laser beam. Before electron scattering off of the P-state atoms can

be discussed, the atomic density matrix must be rewritten with the quantization axis along

the electron beam axis. Expanding the density matrix into state multipoles gives

r .li

(r{ Q' r).)r = Z (t' m'loi,lm)(r' m'lr; qt r¡.lrml

= t o^,, 
F*þ' 

*'lr[ @' r). lru)c,,(r' M'1, r rloo)

(oolei, 4tr)
t -- .r,(=LA^,\rö(yr)-)^^, (3.4.7), ' )"),'

where I have defined the set of state multipoles to be

(r[ @'r).)'*,,= 2(t'u'lr[ G'r).lru)c,,(L'M'lt k loo)(oolei , rlt*) (3.4.8)

Using the notation defined in Figure 3.1, the state multipoles redefined along the electron

beam axis are

(rf Ø' r).)'"0 = 1(r[ G' r).) 
r 
ofn (oe*,p* )'

=Z A,,,).þ{ (L,L)-)',.,",ofn (oe* q* )''fr '"' î,
=Ð o,,,(rf @'r).)'il, ß 4'e)

),?.'

with the corresponding density matrix

p'jl! =Ð o,,, )rr(r[ fr't).)",],r[ 
(tr). (3-4.10)
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The optically pumped atomic states interact with the incident electrons according to the

transition operator and

plï' = îp'f,!-î. ,

where the combined optically excited state and incident electron density matrix is given by

the combination of the density matrices pti! , and,

(3.4.1 1)

(3.4.r2)

(3.4.r4)

p'io =*>t pn,,)(8,,"1,
- Dl.

to give

plio" = iÐ o* flr(r; ft'tf)":,Ðr{ (r'r)1p,,")(p,,,"1

=lt A,,,1. (rÍØ'r).\'" t Çt)''-''o**rr'''( L' . L K l e.4.r3)
2 fi'^"' Lão\- u \" "/ l rt' ,,rî*' ' lU' - M - O)

lÞnt"r'm')(p*"rml

The density matrix elements for the electron excited states are therefore equal to

(r., u,,l o!|' 1,. r,) = ;Ð o,, à nþå 
( L' L). )" ;,,,,,,Ð,1; t)'' 

- "' (z x+ I ) "' .

(L' L K\, ,^,

l;' -"* -'n)\ø"';t'' 
u''lfløryI'M')

(ø,rurult.l-n',4r.u,)

= Z o,,, fi,(r; rt' t).)'::,àç 1¡L' 
- M' 

(z x+ r)"'

(L' L ¡rl
l;' -"M --n)t(r"'ru"'; 

r'u')f (\M 
': 

LM)-

where the lack of electron spin analysis, both preparation and detection, has been taken

into account, and absorbed into the definition of the scattering amplitudes. The above

equation gives the density matrix elements for the excited D state, and is equivalent to the

initial D state population in equation (2.3.11). The analysis for the time evolution of an



excited D state can now be used to find the polarization of the D-P transition, or even the

cascade transition D-P-S.

The symmetry conditions derived in section (2.5) must be reevaluated for the laser

excited P-state system. The symmetry of the problem will change depending upon the

orientation of the exciting laser, or in other words, the orientation of the excited P-state

dipole. Therefore, the system will not generally be axially symmetric and off-diagonal

elements of the density matrix will no longer necessarily be zero. The reflection invariance

symmetry, however, is still applicable. Reflection invariance applied to equation (3.4.14)

gives

t | | f 1- 
- 

/ .,t/,¿á

\t",Mr,lM- Mp'fi M- MlI"Mr) =;LA* L \r; (L'L)* ),,,.a )J: L',ll(Q

or

¡(t",- M,,;L'- u')r(u - M,;L- M)" ,

.f (k, tw r, ; r' m') ¡ (r, M,,; LM) = (- l)M r* 
M 2+ M' + M 

.f (t", - M,, I L' - M')

¡(t"- Mr;L- M).

The density matrix for the de-excitation to the P state is found by a direct

application of equations (2.7.17) and (3.4.14) to give

Zl:r)''-"' çzr< *¡"( !,, t., u^)(, *, t p'm(lu.îrwlt m,; p,n")
nt"nt"M,M \M' -M -Q)\

(ru ; p,n"lm. ? ntþ-, u,; p',,,i,)

=>.A^]: \(r[ çr'rl)'l
]J"', L',tl(g (3.4.1s)

(3.4.16)
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o*, = Ð,Ð, r,,(," *,le r rlr- u.,)(,", 
"loi,þ" 

u,)(u u "lei, 
. rlu m,)

Mt M'M"'

M, M"M.. KQq

(rf U.). )'" 
of, (oe * <p* )

= Ð ,.Ð Ðr,,(,.*,ler 
.tlr.rø,,)(uu"le;, rlUm,)("u,1ri U)lhM.) e.4.r.,)M, M.M". KQ(l

,à .(r r,lr,ï ( q. 
1," 

n r,,,,) (r. u, "lo?! 
| 
u m,,,,)of, (o e - <p - )

The actual polarization of the emitted radiation is, of course,

n Pt,: I Pt¡ (3'4'18)
¡- =--'

Pt¡ * P¡.-t'

where

p*t,=I(t, m,lp'*,lr,nt,). (3'4'19)
îi\

If the scattered electrons are not detected then the density matrix elements must be

averaged over the zenith angle before the polarization can be calculated.

Before solving for equation (3.4.19) it is instructive to see what combinations of

density matrix elements of the P-state can be chosen with the pumping laser. Finding the

matrix elements of equation (3.4.10), the excited P-state density matrix given in the lab

frame, for the three laser orientations 0¡ = 0, 0¡ = nl4, and 0r= nlT yields

0l= 0
| ¿r- sin(2B) sin(ô)) 0 - å(.",(tu) 

+ rcos(ð),i'(p))l

| 0 0 0 lß.4.20a)

[- åt"<rB) - rco(ô)sin(B)) 0 
å(r 

. sin(zB) sin(ô)) 
)
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(3.4.20c)

When the laser beam is inline with the electron bearn, 0l = 0, the density matrix is in its

simplest form since the geometry is axially symmetric, though the excited P-state is not

necessarily axially symmetric. Note that when circularly polarized light is used, see Figure

3.2, tbe matrix collapses to a single element, either pr,r or p-r,-r depending upon the

photon's dilection of rotation. Another single element density matrix is possible if, in the

perpendicular laser beam direction, 0t- = nlZ, the polarizer is oriented along the electron

beam axis, or þ = nz¡, see Figure 3.3. Such a system is axially symmetric due to the

alignment of the P-state along the electron bearn, and the density matrix collapses to the

element Po,o. Note that for þ = nlz the P-state is orientated perpendicular to the electron

beam for all of the different azimuthal laser directions, for example see Figure 3.4, and

hence all three densitv matrices are the same.

The two axially symmetric systems in Figure 3.2 and Figure 3.3 are the easiest to

analyze, and hence a good place to start. Using the MathematicarM program given in

Appendix 1 the appropriate polarization density matrices were generated by calculating

equation (3.4.19). Since the scattering amplitudes are dependent upon both the initial and

final states the following change of notation will be implemented

(3.4.2r)

Qr= nl2

sin'(B)

6

sin'(F)

6

t sin(zB)e-Iô
----.-

6^12

sin'(F)

6

6J'
1 ^.,

- icos'(F)
tsm(zB)eIô--iE-

t sin(zB)e'u

6J'
sin'(B

f (t,, M r ; Lì, u,)l(r,, M', ; Li, M!) = ¡ #,:,Ii
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Figure 3.2: Circularly polarized light is produced by a laser inline with the electron beam

axis and viewed at 90o to the electron beam. The excited atom state is shown.
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Figure 3.3: Linearly polarized light exciting a P-state dipole along the electron bearn
Incident laser light produced perpendicular to the electron beam axis, but with the
polarization axis along the beanu causes a the P-state to be orientated along the electron
beam.
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Figure 3.4: Linea¡ly polarized light exciting a P-state dipole perpendicular ro the elecrron
bearn Laser polarization perpendicular to the electron beam axis results in the same
physical excitation of the aligned P-state for various orientations.
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The resulting stokes parameters for the setup as defined by Figure 3.2 arc

flr =0
trz =0

z( rlr + f t'tt _2 ¡t:r\"\J 0l , J rll -J !21 Jm'
where

D3=

(3.4.22)

(3.4.24)

(3.4.23)

If the polarization in equation (3.4.24) is compared to the previously derived equation for

the helium D-P transition, equation (3.1.7), then it is apparent that their forms are

identical. This is true even though the electron is scattering off of an anisotropic M=l p-

state, and not the isotropic ground state. It is interesting that the scattering amplitudes for

excitation to the Mr = !2 sublevels appear as a single term , as do the M¡ = fl sublevels.

This suggests that the paired terms might be inseparable, and will therefore reduce the

total number of independent parameters that can be measured. A diagram showing the

available energy level transitions is in Figure 3.5.

The Stokes parameters for the second setup (Figure 3.3) are

¡il , ¡-tl
frir_J¡tTJ-¡tJlir - 2

flr=0
lz =0

î¡if +:¡io +:¡$o
"3 - 

e ¡if +e/,io +s/$o

Once again the results are identical to the polarization for the Helium D-P transition. This

time, however, the scattering amplitudes are due to scattering off of the M = 0 P-state.
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Mr= -2
D-states
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Figure 3.5: Energy level fansitions available from the laser excited P-states
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In, - -4sin(zn)cos(e* )sin'(er)(: fl,l_, +zJønrlfü])

1n, = 3 r¡ z 

1e- )þin' (e, )(f#' * ¿å' - z f;:)* (r +.or, (e, ){f,î, + .f=îi, _ 2 f :;, )l
-cos(2Â)sin

where the intensity, I is

r = (z+ 3 sin2 (00 ))þi,' þ, )r- * (r * .or, (e, ))r,î,] *
:(z + sin' (e- ))þi", (e,) f ,:: *(r + .or' (eo ))r"1, ] 

*
6(r + cos, (e- ))þi", (e,) ¡;i *(r + .or, þ, ))r;,] *

cos(2a) sin, (00 )sin, (r, )(i 
^ll, 

+ J6 o.tA,])

If either the laser or the detector is orientated along the electron beam axis then the

relative angle Â in the density matrix elements must be integrated over a full revolution

since the relative angle wül no longer be defined. Two ofÊdiagonal terms are evident in

(3.4.25)

(3.4.26)

(3.4.27a)

(3.4.27b)

The scattering amplirudes

and

f-lr^o= f"f +f-if
2',

¡10 , ¡-10
fÌrj= Jto TJ_rc
rrlu 

2 )

do not appear in equation (3.4.24) due to rhe symmeny defined by equation (3.4.16).

The solution to Equation (3.4.19) for the general case of a circularly polarized

laser in a direction defined by (0p,eo) and a detector with a position defined by (0r,rpp+a)

yields

Itt, =g

' (t, Xt + cos2 (e- ))f *¿ll, + Jo n.[ n'_l ]1,\ r/\ . "rz\2" Lru_tJ),



equation (3.4.27) and both are dependent upon the relative angle A. The contributions

from these elements disappear as soon as axial symmetry is restored to the system.

The solution to equation (3.4.19) for the general case of a linearly polarized laser

orientated in a direction defined by (0o,rpp) and a detector with a position defined by

(0¡,<po+Â) gives

In, = -4sin(24) cos(e* ) cos' (t, Xr7_",l, + zJ 6n.[f;i ]) (3.4.28a)
In, =g

In, - 3 sin -2r;;')l

where the intensity, ¿ is

t = (z+ 3 sin2 (e, ))þi" (e, )r# * .or, (eo )/01' ] 
*

3(z + sin2 (e- ))þi'''(r, )¡f + cos2 (e" )r=îï'] *

6(1 + cos'(e- ))þi" (e, )f# + cos2 (e, )fJ1'] *

cos(24) sin, (e* )cos' þ, )(; Ê','-, + ra n"tfü ])

For the linearly polarized laser beam, the relative angle A is well defined until the P-state

electric dipole is aligned with the electron beam (0p = nl2) or when the detector is aligned

along the electron beam. The difference between equations (3.4.21a) and (3.4.28a) is due

to the extra dipole component contained within the circularly polarized laser beam. The

beam can be split into two orthogonal components. The component which is in the

laser/electron beam plane is identical to the dipole caused by the linearly polarized beanr,

while the component which is perpendicular to the plane is equivalent to the dipole shown

in Figure 3.4.

'(e-)þi"'(e,Xr,å' +,r,åo - zf::)+ cos2(r,Xr,î' +,r,1ï,

- cos(za).or'(00 )(r + .or'(r- )(;.f,'-, * Va n.[r,l],]),

(3.4.28b)



The number of independent parameters, as indicated by equations (3.4.27) and

(3.4.28), is eight. Three of the paramerers, { f::,fr::,,fJoo }, are simply rhe scatering

cross sections for excitation out of the M = 0 p-state. Three more, | ÍËrt , flr'r' ,.foÎt ), *.

the scattering cross sections for excitation out of the M=l P-state. Two of these

scattering processes, /fit and ,f*Ìlt , do not discern between their target states even

though the contributions from the different processes are anisotropic. The last two

parameters, Íil, ana,f-','-,, a.e off-diagonal elements which only contribute when the axial

symmetry has been destroyed by the orientation of the P-state dipoles, M=*1.

The number of independent measurements required to completely characterize the

D-state atomic density matrix created by electron scattering off of a laser excited P-state is

eight. The number of independent parameters available for measurement in equations

(3.4.27) and (3.4.28) is five. This becomes obvious when either of the equations is

rearranged. For example, equation (3.4.28) can be rewritten as

Í2, = -3 rin(zl) cos(e, ) cos' (eo )f
(3.4.29a)hl,=g

In, = 3 sirz(e- ¡þin' (eo )oo * cos' (eo )cx, ] - cos(za) cos, (eo )(r + cos' (0* ))y,

and

I = sin2(0p)[B, * sin2(0*)or]*.or'(er)[F, + sin2(0*)o,]*
(3.4.29b)

cos(2Â) sin' (e* ) cos' (oo þ,

where

l0



a, = fo',' + f;| -2frî,'
Þ, = 5/o?' *gf;,i' +6fË,'

?-
y =;f:,'_,+Jon.[¡fi].

(3.4.29c)

Since a cofitmon factor can be divided out from the numerator and denominator of the

polarization, there are only four independent parameters contained in equation (3.4.29). A

ñfth parameter can be obtained by either setting the total closs section for the transition to

one, or by measuring it. The measurement of the polarized D-P transition is, therefore,

not sufficient to fully determine the D-state density matrix populated from a laser excited

P-state. I propose that in order to fully charactefize the D-state density matrix, the

polarization of the D-P transition must also be measured in coincidence with the P-S

cascade transition, or in coincidence with the scattered electron.. This is analogous to the

measurement procedure required to fully characterue the D-state density matrix which has

been excited from the sround state.
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Chapten 4 Apparatus

4.1 [ntroduction

The apparatus was built to perform photon-photon coincidence measurements. It

is capable of measuring the polarization of a visible photon, and will be capable of

measuring the polarization of the visible photon in coincidence with an ultra-violet photon.

The general setup of the apparatus is illustrated in Figure 4.1. The interaction region is

formed by the intersection of the electron beam, the atom beam, and the optical axis.

4.2 Yacuum System

The main vacuum chamber is an aluminium block 10 Vz by l0 Vzby 15 inches with

a 9 Vz inch diameter hole bored through its length. The ends are capped with aluminium

plates, the one on the front actually being a capped cylinder which increases the available

volume. A four inch Varian diffusion pump provides the required vacuum and is

exhausted by a Duo Seal Model 1402 roughing pump by the V/elch Scientific Company.

The chamber can be isolated from the diffusion pump by a pneumatically operated gate

valve and roughed directly via a separate inlet. At low pressures, < 10-4 torr, an ion gauge

is used to measure the chamber pressure, at higher pressures there are 2 avatlable

thermocouple gauges, one before the diffrrsion pump exhaust valve, and the second after.

The lowest pressure measured with the above system was approximately 9x10-8 torr. The

system is shown in Figure 4.2 There are six flanges attached to the main chamber which

are used to interface to the outside: two on the top and two on each side. Two of the

flanges are used solely for electrical connections, and another contains two quarter inch
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Atom beam

Electron
gun

Rotatable polarizer

Atom source Visible PMT

Figure 4.1: The general setup of the experiment. The interaction region is defined by the
interception of the three orthogonal axes.
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Figure 4.2: Block diagram of the vacuum chamber

'74



stainless steel pipe feedthroughs to allow the regulated supply of a target gas into the

chamber. The flange which holds the ion gauge also incorporates a light baffle to prevent

any outside light from entering the chamber. Another flange holds the internal ultra-violet

photo-multiplier tube and also provides for cooling and electrical connections, or contains

a T Vz inch diameter quartz window with the PMT being mounted on the outside. The last

flange contains a 1 Vz inch diameter glass window enabling the visible florescence to enter

the external optics setup. The birefringence of such windows has been investigated by Li

and was found to be undetectable (Li). The flanges form a vacuum seal to the main

chamber by using Viton o-rings, while most connections onto the flanges are made via a

Conflat Flange seal..

A number of safety circuits have been built to minimize the risk of a catastrophic

event. The first main system is triggered by the ion-gauge pressure surpassing a set

trigger point. Once this pressure is exceeded, the power to the electron gun filament

supply, the high voltage supply for the UV photo-multiplier tube, and rhe actual ion-gauge

are automatically shut off. The chamber is also isolated from the diffusion pump by the

closing of the gate valve, and the diffusion pump is itself isolated from the roughing pump

by the closing of a valve. A second system tests for water leaking from the cooling lines

of the diffr¡sion pump, and in such an event shuts off the water supply and the power ro

the diffusion pump heater.

4.3 Electron Gun

The electron gun was designed by A. Chutjian at the Jet Propulsion Laboratory

and its design is detailed in his 1979 paper(Chutjianl9l9). The goal of the design was ro

15



create an electron gun which could focus at a fxed region over a large range of electron

energies. A further requirement was that the tuning of the gun over the wide range of

electron energies could be accomplished with the variation of only one potential.

The lenses used in the gun are simply created by a potential difference between

two isolated conductive cylinders. The field varying region between the cylinders

accelerate or decelerate the incident electrons in a manner similar to an optical lens

focusing light. The electrostatic lenses can be approximately rnodeled as a thick lens with

focal points fi and fz, which are measured with respect to the principal planes Hr and Hz.

The object focused by a lens is best represented as two limiting apertures, a window and a

pupil. The window is defined to be a physically limited source which emits a constant flux

of electrons. The image formed by the source is then limited by the pupil which defines

the half angles of the rays (Figure 4.3). The image formation by a thick lens is illustrated

in Figure 4.4. The linear and angular magnification factors for a thick lens ale given by

and

x. f.-a f.
tt , J I
tft L -' *., f, ft-P'

,u er ft- P f,o 0r ft fz-Q'

(4.3.r)

(4.3.2)

where p and q are the object and image distances respectively, defined with respect to the

principal planes. The ray-transfer matrix method, described by DiChio (DiChio1973), was

used by Chutjian to design the lens elements. The matrix method is just an application of

the optical ray tracing matrix methods used to analyze optical elements discussed, for

example, by Klein and Fultak (Klein1986).
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window
aperture

Figure 4.3:

pupil
aperture

An image defined by a window and a pupil. Adapted from (Li1996).
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Thick lens

Figure 4.4: The formation of an image window and pupil by a thick lens. Adapted from
(L1r996).

78



The first lens in the gun (Figure 4.5) is a Pierce extraction diode which forms the

first image of the hairpin filament defined by the window w1 and the pupil pr. The next

lens is placed with its focal point roughly located at w1 and the emitted rays are therefore

mostly parallel. A spatter aperture is located within the parallel portion of the electron

beam to limit any aberrations. The purpose of lenses two and three is to place a secondary

image defined by w, and pz at the focal point of the variable zoom lens system. The zoom

lens is created by the focusing of lenses four and five, and the window w2 is capable of

being focused at w3, the interaction region, for a large range of energies ,2 eY to 1800 eV.

The electron gun routinely supplied l-2 ¡t A of current over a wide range of

energies, 15 eV to 350 eV. At lower energies, less than 15 eV, the overall current output

decreased and the gun required more than the adjustment of the single focusing element to

retune after a change in operating energy. The Faraday cup used to measure the electron

flux consisted of two concentric surfaces. The inner diameter of the first was 0.083

inches, while the diameter of the second was 0.112 inches. A normal current distribution

was 1 pA on the inner cup, and less than 100 nA on the outer cup. The energy resolution

of the gun was directly determined by the energy resolution of the cathode since no energy

analyzer was used. The electrons' energy profrle for emission by a thermionic cathode is

given by the Boltzmann equation

)Fv2 E

t(n) = In--::-s-re ," n"'lkT)"'-

(4.3.3)

where E is the kinetic energy of the emitted electrons and T is the cathode temperature.

measure of the electron beam energy resolution is the full width at half maximum

equation (4.3-3), or

A

of
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Figure 4.5: The electron gun elenrents and the interaction chamber. The lenses are locatecl along with the real images of the filament.
Also shown is the interaction region defined by the elecfion beam axis and the optical axis.
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LE =l.lgkT. (4.3.4\

For a normal operating temperature of 3000oK the resolution of the electron gun is

approximately 0.5 eV.

The power supply for the gun was made by Yufei Li, and consists of separate

supplies for each gun element all biased off of the cathode bias power supply. A block

diagram of the electron gun power supply is shown in Figure 4.6. The last element of the

gun and the interaction region are grounded, and therefore, the cathode bias supply is

negative with respect to ground. To enable the electron gun to be switched on and off

remotely, a background switching circuit was developed which can be installed in series

with these existing power supplies. The circuit, depicted in Figure 4-7, was designed to

switch voltages less than 450 V with a minimum of effort. The switching speed of the

circuit is limited by the high voltage opto-isolators, MOC8204, which take at most 5 ¡rS

to change state. The circuit is essentially an up/down counter whose sequence wiII ensure

that both power supplies are isolated. The RC combination at the input to the CLR pins

guarantees that the flip-flops will turn on in a safe state.

The electron gun is capable of sweeping the impact energy of the electrons over a

10 Volt range due to the ramp output of the ORTEC MCS computer card. To increase

the range of the ramp a simple non-inverting op-amp circuit was built. The circuit, shown

in Figure 4.8, provides the operator with the options of by-passing the ramp or applying a

10 V, 20V, or 30 V sweep. The ramp is only capable of increasing monotonically over

the set range.
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C2

DECI

Deflectors
for DEC1

PS: Gun element power supply capable of 0-330 V

D: Deflector power supply, XlzV on top of the element

BS: Background switching circuit

Figure 4.6: A block diagram of the electron gun power supply. The deflector potentials
are not mounted in sedal with the parent element, but utilize some of the same circuitry to
guarantee their voltages are centered around the parent.
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To gun

element

Background -24 V with respect
to cathode bias

Figure 4.7: The background switching circuit capable of switching a gun element from its
operating potential to a different potential. The 'Background' signal line determines
which supply is connected to the element: high - normal gun element supply; low - -24y
with respect to cathode bias.
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33V

Ramp input

4.1 KçL

To cathode bias

Figure 4.8: The ramp amplification circuit. The ramp input is a 0-10 V signal from the
MCS pc card. The amplified signal acts as a base voltage for the cathode bias. The
possible voltage ranges are 0 V, 10 V, 20 V, and 30 V.
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4.4 Atom Sources

4.4.1 Helium

The two different atoms which wili be investigated, helium and magnesiurr¡ require

two completely different delivery systems. The helium is supplied to the interaction region

via a molybdenum tube with an inside diameter of 2 mnì, and a length of 2 inches.

Molybdenum is used for this purpose because it is completely non-magnetic and a good

conductor. The flow of gas through the needle is limited by a Varian variable leak-valve

capable of supplying leak rates as small as 1x10-10 Torr-litres per second. To ensure a

clean supply of heliurr¡ the entire gas delivery system can be pumped on to remove any

contaminants. The alignment of the gas needle to the interaction region is accomplished

by aligning a needle, inserted down the shaft of the tube, with two sets of orthogonal

apertures. The first set of apertures is defined by the Pierce element of the electron gun

and the final element constituting the Faraday cup. The second axis is determined by the

set of apertures which define the optical path.

4.4.2 Magnesium

The supply of magnesium to the interaction region requiles more effort. To

produce a metal vapour beam the magnesium must be heated to approximately 530 "C.

The oven that is used to heat the magnesium is shown in Figure 4.9. The heater used, a

400 W element made by ARi Industries Inc., is a 2-wire coaxial element which is wrapped

around the magnesium chamber. The coaxial nature of the element significantly reduces

the magnetic fields emitted by the oven due to the high cunents involved. To insulate the
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Figure 4.9: Magnesium oven. The magnesium oven is mounted underneath the electron
gun. The magnesium chamber is sealed with a stainless steel plug. The ceramic balls and
the holes drilled in the oven walls helped to minimize heat loss.
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main chamber from the rest of the oven the amount of conductive metal was reduced by

drilling holes in the cylinder walls and by using ceramic balls as spacers between the

mounting bracket and oven, and the mounting plate and oven. The ceramic balls also

serve to accurately position the oven since they sit in hemispherical depressions which

have been drilled into the mounting plate. A major concern in designing the oven was

ensuring there was a long enough exhaust hole to aid in collimating the metal vapour

bearn However, if the chamber heats up prior to the exhaust tube then there is a danger

of condensation forming on the exhaust walls and blocking it. To prevent this, the exhaust

tube was off-centered and placed at the edge of the in¡rer chamber. This ensured that the

exhaust tube heated up at the same rate as the inner chamber walls.

4.5 Photon Detection Svstems

4.5.1 Visible

The visible photon detector consists of a number of optical elements whose aim

was to select a specific polarization of light at a specific frequency from the interaction

region. The general setup is shown in Figure 4.10. The first element in the optical path

was a 0.75 inch diameter lens with a focal length of 1.75 inches. The lens was placed so

that the interaction region was located at its focal point. The interaction region was

therefore focused at infinity, or equivalently, the diverging radiation, which was collected

by the lens, was collimated into a non-diverging plane wave. With the atomic fluorescence

no longer diverging, the distances between subsequent optical elements was no longer

critical. The solid angle seen by the lens was 0.14 sr. After passing ttuough the glass

flange, the light was polarized by a sheet polarìzer mounted in a rotating assembly. The
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Figure 4.10: Optical path for the visible photon. The sheet polanzer and the quarter-
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assembly was rotated by a 200 step per revolution stepper motor geared down by a ratio

of 3.56:1. The motor was controlled by the data acquisition computer and could be

placed with an accuracy of 0.5o. Since there was no encoder on the shaft of the moror to

provide a feedback as to the polarizer's position, the motor was only rotated in one

direction, and its position was calibrated every rotation by an optical switch. Also

mounted within the rotating assembly was a quarter-wave plate which had its fast axis

mounted at a 45" angle to that of the polarizer. This arrangement changed the linearly

polarized light into circularly polarized light which negated any polarization sensitivity that

the subsequent elements had.

The last optical element before the photo-multiplier tube was a Fabry-Perot

interference filter, a band-pass filter, with maximum transmission at the waveleneth of

interest. Shown in Figure 4.11 is a percent transmission curve for the 492nm filter used

with helium. The closest adjacent line in helium was at 502 nm, and was therefore weli

rejected by the filter. The interference filter used to measure the 553 nm transition in

magnesium had a FWHM of 10 nm centred at 550 nrn The closest transition to the 553

nm spectral line was at 518 nrn, and was therefore also rejected. Fabry-Perot interference

filters are sensitive to the direction of the incident light since the effective length of the

interference cavity is increased for light rays which are not normal to the filter. The

increased cavity length increases the frequency of the transmission maximum and increases

the bandwidth of the filter. The plane wave produced by the initial collimating lens

reduced the angular spread of the light and therefore minimized the amount of non-normal

light incident on the filters. The last optical element was the actual photo-
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multiplier tube, EMI 9658R. The tube was enclosed in a Peltier cooled, hermetically

sealed enclosure, a TE-206TSRF made by Products for Research Inc. The cooled tube

had an improved dark count, which for an operating voltage of 1100 V was approximately

90 Hz. The wavelength sensitivity range for the 9658R was from 300 to 900 nm with a

peak sensitivity at 370 nm.

4.5.2 Ultra-Violet

The ultra-violet photon detector was mounted inside the vacuum chamber in a

stainless steel container. Since the detection system had to operate when the oven was at

535 oC, the normal operating temperature of magnesium oven, the container was cooled

by an enclosing stainless steel water cooling line. Stainless steel was chosen for the tubing

to minimize the risk of a rupture when under vacuum, since the lab has found copper

tubing to be susceptible to corrosion.

Two different UV photon detectors were required to measure the ultra-violet P to

S transitions in helium and magnesiurn The high energy of the helium transition, 2I.2 eY ,

required the use of an electron multiplier tube. The dynodes of the EMT are coated with

an active film of processed alumina which emits an electron upon the absorption of a

photon. The quantum efficiency for a device with a processed aluminium oxide coating is

reported to be I47o for an incident wavelength of 58.4 nm (Canfield1987). The P-S

transition in magnesium emits a photon of lower energy, 4.35 eV. A conventional UV

photo-multiplier tube, Hamamatsu R2078, with a spectral range of 160 to 320 nm, and a

peak sensitivity at 240 nm was used. The quantum efficiency of the detector was reported

to be l}Vo for the 285 nm spectral line (Hamamatsu1997). The view cone for the detector
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is formed by an aperture (diameter = 318 ") mounted

the physical extent of the interaction region. The

approximated to be a 3 mm cube.

4.6 ÐataAcquisition System

on the stainless steel container. and

extent of the interaction resion is

As mentioned previously the photon detection was accomplished by using photon-

multiplier tubes (PMT), or in the case of the high energy ultra-violet transition in helium,

an electron multiplier tube. The output from both of the aforementioned devices was

similar, and consisted of small negative current pulses caused by the cascade of electrons

through the device. The detection electronics for both of the photon detectors for

magnesium is shown in Figure 4.12. The difference in the detection electronics for the

visible and ultra-violet photons was due to the use of the EC&G preamplifier/discriminator

which outputs a TTL or ECL pulse without the need for a separate amplifier stage and a

single channel analy zer.

The setup for helium was almost the same as for magnesiunr, the only difference

was a change in the de-coupling circuit which extracted the current pulse from the

electron multiplier tube. Since the electron multiplier tube can measure energetic particles

including ions, and electrons, the entrance aperture of the device was grounded to limit the

electric field intensity, and the anode was maintained at a large positive potential. Photon

multiplier tubes, however, cannot measure charged particles, and a large negative potential

was applied to the cathode, leaving the anode at ground. The latter scheme was

convenient since the detected pulses were measured at the anode, and thelefore, did not

need to be separated from the large DC component of the EMT power supply.

92



UV PMT
De-coupling

circuit Pre-amp

Spectroscopy
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Figure 4.12: Detection electronics. The separate detection paths for the visible and ultra-
violet detectors converge at the time to pulse height converter. The PHA was used to bin
the coincidence signal according to pulse height. The MCS was used to collect excitation
functions and to measure the polarization of the visible signai.
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The signal which contains the polarization of the D-P transition can be measured

directly after the visible photon pre-amplifier/discriminator stage with the multi-channel

scalar. The exact method of measuring the polarization, either accumulating signal at the

maximum and minimum of the signal or mapping out the entire polarization curve, was not

limited by the apparatus and can be accommodated by the controlling hardware. The

second measurement of interest, the polarization of the visible photon measured in

coincidence with the ultra-violet photon, used the time to pulse height converter to

generate a pulse train of varying height. The ultra-violet transition, whose intensity was

over an order of magnitude greater than the intensity of the visible transition, was used to

start the time to pulse height converter. If the time to pulse height converter did not time

out before a pulse from the visible transition arrived at the stop input, then a pulse whose

height was dependent upon the time difference was sent to the pulse height analyzer and

binned into one of 1024 channels.

The operation of the apparatus was controlled by an IBM compatible computer

which interfaced with the equipment via a digital inpuloutput computer card. The card, a

PCL-720, had 32 digital input and output channels and three 16-bit prograrnmable

counters. The hierarchy of the control system used is shown in Figure 4.13. The VO card

contlolled the advancement of the MCS data channels and the stepper motor with the help

of additional onboard circuitry. The extra circuitry, shown in Figure 4.14, enabled the

software to control individually which devices were being advanced and also enabled the

'End of rotation' signal to stop any further motor rotation once an optical switch on the

rotator was triggered.
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Figure 4.13: The controller hierarchy. The software controls thePCL-72O, which in turn
enables the advancement of the MCS and/or the stepper motor. The rotation of the
stepper motor can be stopped by the 'End of Rotation' signal.
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Figure 4.14: Onboard VO card controller circuit. The signals'Mode 1'and'MCS
Or/Offl were used to enable the advancement of the MCS channel, while the signals
'Mode 2' and'Motor Or/Off were used to advance the motor. The motor rotation can
be stopped automatically by the rotator if the 'Clock On/Off signal is low, and the rotator
sends the 'End of rotation' sisnal.

Procrarnrnable One-Shot
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The square wave generator and the programmable one-shot modules in Figure

4.14 arc two of the three available counters on the PCL-720. The square wave rate

generator used the 10 KHz signal as a base clock and generated a variable clock to be

used by the other circuitry. The rate of the variable clock output was set by a

programmable 16-bit register. The square wave rate generator can be turned on by a high

signal at 'D'. The variable clock signal can be stopped by the 'End of rotation' signal

supplied by the rotator if the 'Clock Or/Off signal had previously been set low. The

current status of the generator was read with the 'Clock monitor' signal line. The second

counter operated in a programmable one-shot mode, and was used to generate a pulse

train whose length was predetermined by a 16-bit register. This enabled the stepper motor

and/or the MCS to be advanced by a specified number of pulses. The clock to the counter

was supplied by the output of the variable clock pulse generator, and the counting

sequence was initiated by a pulse on the 'Counter toggle' line. The state of the counter

was determined with the 'Count monitor' signal line. The truth table for controlling which

component of the system was to be advanced is given in Table 4.1. The program which

controlled the hardware is included in Appendix 3.

Due to addressing conflicts within the computer, the PHA card had to be installed

in a separate data acquisition computer. The communication required to synchronize the

computers was accomplished with the existing VO card and a separate controller program

which manipulated the PHA. The separate controlling program enabled the data from the

time to pulse height converter to be placed into two separate memory groups. The first

memory group contained the polarization which was
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Table 4.1: Truth table for the controller circuit. The operation is analogous for the MCS
advancement. The first column refers to whether a pulse train is currently being generated
by the programmable one-shot counter module.
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one-shot

Programmable
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Square wave
rate generator:
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parallel to the electron beam, and the second contained the polarization which was

perpendicular to the electron beam. The program is included in Appendix 4.
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Chapter 5 FrelirnÍnary Results

5.1 Ls4d-1s2p TransÍtion in [nelium

The initial diagnostics for the polarization sensitivity of the apparatus were

performed with the 1s4d-1s2p singlet transition in helium since there is a large amount of

readily available data for this transition. For example, McFarland (McFarlandl967) has

determined the polarization for electron impact energies ranging ftom24 to 550eV, while

Raan et a/.(Raan1970) have measured the polarization with electron energies of up to

1000eV. To date, however, there have been no D-P-S photon-photon coincidence

measurements made involving the 492 nm spectral line. The only published results of a

double photon coincidence measurement have been presented by Mikosza et aI.

(Mikosza1995) for the 1s3d-ls}p-Ls2 helium transition and Williams et at.(Wr1liams1993)

for the hydrogen n=3 levels.

The apparatus described in Chapter 4 was used to measure the polarization of the

492 nrn transition in helium. The incident electron energy ranged from the excitation

threshold of the D-state, 23.76 eV, to 350 eV. The vacuum chamber was maintained at a

background pressure of approximately 3x10-s torr during the measurements, but the actual

density of the helium in the interaction region could not be determined with the apparatus.

The electrongun was tuned so that 1.0 ¡tA was measured on the inner Faraday cup, and

only 75 nA on the outer Faraday cup. The actual data were taken by continuously

rotating the polarizer and collecting the processed visible photon signal with the Ortec

MCS card. The background signal due to the dark count of the PMT and any ambient
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Iight was measured by repeating the polarization measurement, but with the electron gun

turned off. Since the average collection time for a polanzation measurement was

approximately 15 minutes and the background signal rate was extremely stable. It was,

therefore, not necessary to continuously alternate the polarization and background

measurements in order to eliminate error accumulation. At 40 eV an average photon

count was 8 KHz with a background signal of approximately 90 Hz. Examples of the data

collected, with the background already subtracted, are shown in Figure 5.1, 5.2, and 5.3.

The three figures depict the extremes of polarization measured. At 43.6 eV the

polarization was near its maximum (Figure 5.1), while at approximately 303.6 eV the

polarization underwent a sign change and was almost equal to zero (Figure 5.2). The

polarization maintained a negative slope until the limits of the cathode bias power supply

was reached at 353.6 eV (Figure 5.3) and data collection stopped.

The entire collection of polarization measurements taken for the 492 rm helium

transition is shown in Figure 5.4, along with previous measurements taken by Raan et aI.

(Raanl970). The energy scale in Figure 5.4 was determined by measuring the excitation

functionof the ultra-violet 1s2p-ls2 transition as shown in Figure 5.5. The threshold of

excitation is sharply defined by the steep drop-off in the UV count rate. A straight line

was fitted to the incline and the intercept was used to shift the energy scale to the proper

threshold excitation energy. The accuracy of the excitation function energy scale was

guaranteed by noting two energies off of the digital multi-meter at set places in the energy

sweep. The threshold energy, as shown by Figure 5.5, is 24.1fl.9 eV, while the accepted

value is 21.24 eV. The energy scales in Figures 5.1 through 5.4have aheady had the 3.5

eV voltage shift applied. The measured
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Figure 5.1: Intensity as a function of 'Channel #'for the He singlet-singlet transition
1s4d-1s2p at an impact energy of Eo - 43.6 eY. The fitting results are given in the bottom
corner of the graph for the equation A(l+p cos(2æw x + C)). The parameter p is the
polarization of the signal.
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Figure 5.2: Intensity as a function of 'Channel #' for the He singlet-singlet transition 1s4d-
ls2p at an impact energy of E6 - 303.6 eV. The ñtting results are given in the bottom
corner of the graph for the equation A(l+p cos(2nw x + C)). The parameter p is the
polarization of the signal.
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Figure 5.3: Intensity as a function of 'Channel #' for the He singlet-singlet transition
1s4d-ls2p at an impact energy of Ee = 353.6 eV. The fitting resulrs are given in the
bottom corner of the graph for the equation A(l+p cos(2nw x + C)). The parameter p is
the polarization of the signal.
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Figure 5.4: The polarization function for the He singlersinglet 1s4d-1s2p transition as
found in this work and as found by Raan et al. (Raanl970).
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polarization curve shows good agreement with the measurements by Raan et al.(Figure

5.4). Although discrepancies between the two curves become noticeable at higher

energies, Heddle has noted that the polarization measurements of other authors for the

492 nm line also diverge (Cloutl97l, McFarlandIg6T, Raanl970) and is probably a result

of the small cross sections which occur at the higher energies (Heddle1989). The

polarization minimum near the threshold has been noted previously by McFarland

(McFarland196T) and similar minima have been observed for the 389.9 nnl 438.8 nrr¡ and

501.6 nm spectral lines of helium (McFarlandl964). The polarization minimum is not a

general feature of all spectral lines and has not been observed in the lithium and sodium

resonance lines (Haidtl 965).

5.1.1 Analysis of the Depolarization Effects on the 1s4d-1s2p Transition in Helium

There are four main mechanisms for the depolarization of the fluorescence caused

by electron impact excitation. The four mechanisms are the anisotropic polarization

sensitivity of the apparatus, the alignment of the atomic state vectors due to external

electric and magnetic fields, the cascade population of the D-state from more energetic

states, and the absorption and re-emission of the fluorescence.

The polarization sensitivity of the apparatus can be caused by the finite solid angle

measured by the photon detectors, and the inherent polarization sensitivity of some of the

equipment. Since the electrons were not detected, the experiment was axially symmetric

and the emitted polarized light was independent of the zentth angle (assuming the electron

beam was the z-axis). The depolarization can therefore only be dependent upon the

azimuthal angle seen by the detector (Figure 5.6). The dependence of the measured
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Figure 5.6: Effect of the detector's view cone on the polarization. The view cone of the
detector defined by a detector of radius r. The distance between the electron beam axis
and the detector is d. In the experiment the detector is actually the collimating lens (f = d)
which then focuses the interaction region at infinitv.
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polarization on the orientation of the detector was previously calculated in section 3.2 and

is given by equation (3.2.6), or

o__ osin'(eoXo'(o)+o(r)-zo'(z))

(.o'(ze* ) - z)o(o) + (r.o'(ze * ) - r s)o(r) - z(z cos(ze* ) + o)o(z)'

A measure of the sensitivity of the polarization to the finite solid angle can be calculated if

equation (3.2.6) is integrated over the detector view cone for sample values of the

scattering cross sections. The polarization, rewritten in terms of the angle, cx (Figure 5.6),

and rearranged gives

P_
6cos2 (crXo(o) + o(r) -zo(z))

(5.1.1)

where

a = 6(o(0)+ o(r) -zo(z)),

6 cos2 (cxXo(o) + o(t) - zo(z)) + (4o(0) + I 2o'( 1) + zao(z))
a 1/ \

tcos- 
(c[/

o ^'1+; cos' (a)
D

cos'(a)

(s.r.2)

and

u = 4o(o) + 12o(1) +24o(2). (5.1.3)

Integrating over the detector's view cone, and normalizing by the detector area yields the

corrected polarization

,^^-,( ''\( a 1/ 
' \

t 
*" 

-[al | - cos- (o() 
|

Prorrr","d--j- | | ' l+¿TEr- t 
It 

+! cos' @) )

-d2 tan'(u\
----^=----::d Cf .

(s.1.4)

The detector would be polarization insensitive if the coeffici ent alb was zero, or
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equivalently, if the measured polarization was zero. The detector would also be

insensitive to the polarization If alb was much larger than one. Since the total scattering

cross section requires that

1 = o(o) + 2o(1) +zo(z)

for the relative cross sections, the maximum and minimum values

c¿+ = -05, or o(2)= 05,
D tnin

for alb occur when

and

(5.1.5)

(s.1.6)

I^ =15,or o(0)=t.

The coefficient a/b,,,o, corresponds to the theoretical limit for the relative cross sections at

the threshold excitation energy. The coefficient a/b,,¡,, does not necessarily relate to a

physically realizable case but will still supply a bound on the system. The percentage

difference between the numerical integration of equation (5.1.4) and equation (5.1.1) with

cr = 0 is shown in Figure (5.7). The calculations show that the effect of the detectors view

cone on the polarization of the fluorescence is less than 27o lor any impact energy.

The polarization sensitivity of the optical elements must also be accounted for.

The optical elements before the polarizer, the collimating lens and the glass window, ale

essentially polarization insensitive, and will not affect the polarization. After the polarizer,

the optical elements are the quafter wave plate, the Fabry-Perot interference filter and the
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Figure 5.7: The polarization sensitivity of the detector as a function of the coefficient a/b.
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PMT (Figure 4.8). The Fabry-Perot interference filter is sensitive to the polarization of

the incident light if the incident rays ale not perpendicular to the filter. The transmitted

wavelength is also dependent upon the incident direction of the light since the effective

length of the interference cavity is dependent upon the light's direction. The interference

filter works by causing destructive interference between reflected waves in a cavity

(Figure 5.8). The reflectance of a surface is polarization dependent and for a plane

dielectric boundary, the reflection and tansmission coefficients for perpendicular

polarization are, respectively,

r ,2, cos 0i - rz, cos 0, (5.1.7)tt=E.*q.*r,, .*e,
_ _ Znrcosj,
't - txzcosO, +l?, cosO, '

and for parallel polarization are, respectively,

r lz, cos 0, - rz, cos 0, (5. 1 . 8)

'r = r*oug, ..¡2, go6q.

_ _ 2nrcosj,
'tt - nzcosO, +re, cos0, '

Since the light must undergo multiple reflections before being fully transmitted, the

important quantity is the difference between the two reflection coefficients. The

perpendicular and parallel reflection coefficients are graphed for a light-air interface in

Figure 5.9. To remove the polarization sensitivity, the linearly polarized light can be

converted into circularly polarized light. The circularly polarized light will still lose

intensity when traversing the f,lter, but the loss will be constant and independent of the

initial linearly polarized light. As mentioned earlier in section 4.5, a quafier wave plate
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with its fast axis oriented at 45" to the linearly polarized light will convert the linearly

polarized light into circularly polarized light.

A consequence of not ensuring that the apparatus is polarization insensitive is

shown in Figure 5.10. The figure shows the fitted polarization curves for the helium 492

nm transition before the insertion of the quarter wave plate. The fitted curves have had

their offset intensities removed. From the figure it is clear that as the electron impact

energy increases, a noticeable phase shift develops between each measurement. The

actual cause of the effect has not been determined. It is not due to misalignment of the

interaction region with the photon axis, since the focusing of the electron gun had no

effect upon the measured phase shifts. The problem was solved, however, by inserting the

quarter wave plate. The effect might have easily been missed if the polarization data had

been collected by the more traditional method of only recording data with the polarizer

parallel and perpendicular to the elecfton beam.

Another cause of depolarization is the alignment of the atomic state vectors due to

the presence of external electric and magnetic fields. If a small magnetic field is present

then the angular momentum vectors precess about the direction of the field at the Larmor

frequency of the excited states. This is an important effect for long lived states since there

is ample time for the momentum vectors to precess, therefore destroying the polarization

before the state has time to decay to a lower lying state. If the state is short lived then it

can decay before there is time for precession. The depolarization of light due to an

applied magnetic field was discovered by Hanle in 1924, and is commonly called the Hanle
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effect (Hanlel924). The density matrix descrþtion of the Hanle effect can be found in

Blum (Blum1981). The effect of an electric field on an atom is to force alisnment of the

charge cloud with the electric field to minimize the system's energy.

Electric fields can be easily shielded from the interaction region by a simple metal

cage with a fixed potential. Generally it is harder to shield out magnetic fields. The

normal method of shielding a region is to surround it with a substance of high

permeability. The magnetic field energy is minimized if the field flows through the

substance, therefore preventing ñeld leakage into the interaction region. The alloy

commonly used to shield out magnetic fields is called ¡r-metal and is manufactured by Ad-

vance Magnetics Inc.. To obtain an ideal p-metal shield the alloy must be in one

continuous piece and the effects of machining must be minimized by annealing the

finished product. Due to the limited space in the vacuum chamber and a limited supply of

p-metal, the magnetic shielding for the apparatus was not in one continuous piece and it

has therefore not been arurealed. The magnetic field strength was minimized however, by

de-Gaussing the apparatus with a large oscillating magnetic field produced by a set of

Helmholzt coils before each experiment. Three sets of Helmholtz coils, one set per

orthogonal direction, were also built to actively minimize the magnetic fields present. The

coils also allowed the dependence of the polarization on the applied field to be measured.

No effects due to the applied freld were detected and therefore, the de-polarization due to

magnetic fields was not considered important.

The analysis of the electron impact excitation of the D-state has been carried out

using the assumption that the electrons are the only mechanism for exciting the D-state.

In reality the D-state can also be populated by decay from higher lying energy states which
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are also excited by electron impact. A thorough analysis would require calculating the

contributions to the D-state density matrix from all of the upper levels which can cascade

down into it. This is impractical since we have yet to characterize completely the D-state

density matrix, and have acquired even less information about the more energetic states.

An estimate of the cascade intensity can be made with the available data. Heddle and

Gallagher (Heddlel989) have presented a method for empirically determining the cascade

contribution to a state if the cascade contributions are known for some of rhe lower level

transitions. The method is unsuitable for the current problem though since there are not

enough data to fit a non-linear curve. The cross sections for the higher quantum number

states decrease rapidly and it can therefore be assumed that a good approximation to the

cascade intensity can be found by analyzing only the contributions from the two closest P-

states. The energy level diagram for the transitions is shown in Figure 5.1 1. The 1s4p and

1s5p states can be populated directly from the ground state or from the metastable 1s2s

state. The scattering cross sections are available for both the 1s4p and 1s5p states. The

cross sections for the states at an impact energy of 100 eV and the radiative transition

probabilities are given in Table 5.1.

Table 5.1: The total cross sections of helium (measured at 100 eV)
and the radiative transition probabilities for the transitions which
contribute to cascade population (Heddle1989, Wiese1969).

l. (nm o (10-20 cm2) A¡.¡ (108 sec-t)

I s'- 1 s4p
I s2s-1 s4p

I s2- 1 s5p
1 s2s- I s5p

1s4p-1s4d
1s5p-1s4d

52.2
396.5
51.6
36r.4

r09
109

56
56

2.46
0.01n

7.28

0.0316
5.lxT0-7
0.00166
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Figure 5.11: The energy level diagram for the cascade population of the 1s4d state.
radiative transition probabilities are also shown.
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The cascade contribution is simply given by the proportion of the scattering cross section

which feeds the 1s4d state. The proportion is determined by the ratio of the transition

probabilities. A weighting factor must be applied to the terms which describe scattering

out of the metastable 1s2s state since it is only populated by cascade ûom the higher lying

states. Table 5.2 shows that the contribution from the 1s2s state will be small since the

transition probabilities are much smaller than the 1s2 terms, and the metastable states will

therefore be ignored. The cascade contribution is approximated as

Ar r.oo 4r.ro
Arnrrudr-6+p 

^ 
+6t, ¡'^ls,4p /¡l.s,Sp

= 0.073 x 10*20 cm2 ,

(5.1.e)

while the cross section for the 1s4d-1s2p transition at 100 eV is 9x10-'o crrf (Raanl989).

The cascade population therefore contributes less than l7o to the excitation of the D-state,

and the depolarization effects will be small.

The last potential cause for a depolarization of the emitted fluorescence is due to

the re-absorption of the light by an atonl followed by its subsequent re-emission into a

different solid angle and with a different polarization. The process, commonly called

radiation trapping, is negligible for the D-P transition since a high population of the P-state

is required to absorb the D-P radiation. The P-state is extremely short lived (A1'2o -

17.99x108 sec-l) and therefore no significant population can be achieved to facilitate the

radiation trapping. The pressure dependence of the polarization for the 492 nm transition

was not observed with the current apparatus, and has been reported to be insignificant for

the helium 492 nm transition by McFarland (McFar1andl967). The process is important

120



for S-P transitions, since a large ground state population exists to trap resonance

radiation.

5.2 3s4d-3s3p Transition in Magnesiurn

The 3s4d-3s3p transition in magnesium was measured in an analogous manner to

the helium D-P transition. The major difference between the two measurements was the

use of the oven to form a metal vapour bearn The oven normally operated at a

temperature of 530oC which resulted in a background pressure of 3x10-6 Torr. The actual

pressure inside the interaction region could not be measured. Since the ion gauge was not

calibrated to measure magnesiun¡ the background density was probably also a lot higher.

The oven was maintained at the operating temperature by approximately 1.0 A of DC

culrent. The black body radiation given off by the oven was detectable by the visible

photon multiplier tube. Baffling inside the vacuum chamber was used to block the

radiation, although some was still detected (Figure 5.I2). The polarization of the

radiation is presumably due to the many reflections offof metal surfaces that the light must

have traversed before entering the PMT, in conjunction with a highly selective path. The

data collection was carried out in an identical manner to the helium transition, though the

energy scale covered was much smaller. The threshold energy for the ultra-violet

transition is 4.35 eV, and the excitation function for the transition is given in Figure 5.13.

The required energy shift is calculated to be 0.7t0.2 eY. The polarization of the emitted

radiation as a function of energy is shown in Figure 5.14. No previous measurements of

the polarization have been reported. The shape of the curve is similar to the helium

ffansition though near threshold the behaviours differ. A minimum near the threshold is
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Figure 5.13: The excitation function for the ultra-violet 3s3p-3s2 singlet-singlet transition
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suggested by the data but the energy resolution of the electron gun is not adequate to

resolve any structure.

5.2.1 Analysis of Depolarization Effects on the 3s4d-3s3p Transition in Magnesium

Of the four depolarization mechanisms discussed in section 5.1.1, only one needs

to be re-addressed. The cascade contribution to the D-state must be re-evaluated for the

3s4d-3s3p magnesium transition. However, no data has been reported which would

enable an analysis of the cascade contribution. The best estimate for the cascade

contribution is therefore the previously calculated cascade population results for the

helium D-P transition discussed in section 5.1.1.

5.3 Photon-Photon Coincidence Measurements

At the time of writing, a successfril coincidence measurement had not been made.

The general setup of the appa-ratus used to attempt the measurements has been discussed

previously in Chapter 4. The coincidence measurement required finding the polarization

of the D-P transition in coincidence with the P-S transition. Attention was focused on the

magnesium photon-photon coincidence measurement due to the favourable total cross

sections of the D-state. A simple calculation can be made to determine an expected rate

of coincidence. Using the notation in Figure 2.4, the detected rate of emission from the D

state is

Ñ* = or'lor

where

u oz = total scattering cross section for level 2

Ao*
4n' (1.1)
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/¡ = length of the interaction region seen by the visible photon detector

ÂO, - solid angle of the visible photon detector

K,, = quantum efficiency of the visible photon detector

n = atom beam densifv

i = electron beam current.

A similar expression can be written for the P-S transition

ñ, = (o, 1rtl,i 
^ç¿"+o j )-l(^ 4n , (r.2)

which includes the cascade contribution from the D-state, assuming that the D-state

cannot decay via a different transition. The coincidence rate is simply the portion of the

D-P transition which is also detected by the ultra-violet detector or

. nl,.í 
^O- 

ACI,.
N,oi,, =or-ïo"Ë*o-È. (1.3)

The coincidence rate can be rewritten in terms of the D-P photon count rate as

(r.4)

and an approximate value for the coincidence rate can be determined if the solid angle and

quantum efFrciency of the ultra-violet detector are known. The count rate of the visible

photons has already been determined from the P-D polarization measurements. The solid

angle seen by the UV detector is approximately 0.0013 sr, and according to the

Hamamatsu catalogue, the quantum efficiency of the PMT is l}Vo (Hamamatsul997). For

a visible count rate of 1 KHz the coincidence signal should therefore be roughly 0.01 Hz,

or 360 counts every ten hours. The background signal accumulated over a ten hour
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period is of the same order of magnitude as the coincidence signal. This suggests that

suff,rcient coincidence signal is present to resolve a coincidence peak in under 24 hours.

To check the timing of the visible and ultra-violet photon signals, a de-excitation

timing curve was generated for each signal. The electron gun was repeatedly switched on

and off, and the signal which switched the electron gun off also triggered the stop pulse

on the time to height pulse converter. The start pulse to the time to height pulse converter

was supplied by a delay generator fed by one of the photon detectors. The procedure is

clarified in Figure 5.15. The switching of the electron gun at a frequency of 20 KHz was

accomplished with the background switching circuit described in section 4.3. The timing

diagrams for the visible and ultra-violet photons are shown in Figure 5.16. Ideally, the

two graphs would have the same shape and be offset by the life time of the D-state or 0.7

ns. However, the two curves are offset by more than 20 ps and their shapes are not

identical. The different prof,les of the graphs were due to a misahgnment of the ultra-

violet detector. When the UV detector was aligned, the UV data profile mirrored the

visible photon timing curve in Figure 5.15. The cause of the timing difference between the

two signals has yet to be established.
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Figure 5.16: The timing curves for the visible and ultra-violet transitions of Mg. The
shapes of the above curves should be the same, and the timing difference should be less
than 1 ns. The difference in shape was caused by a misalignment of the ultra-violet
detector.
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Chapten 6 Summary

The measurement of polarized fluorescence emitted from electron impact excited

atoms provides information on the relative populations of the magnetic sublevels for the

excited atomic state. An overview of the theory required to describe the time evolution of

excited atoÍls has been presented and has been used to calculate the contributions of the

integrated scattering cross sections of the magnetic sublevels to the measured polarization.

Three separate cases have been analyzed: the 1s4d-ls2p-1s2 cascade transition in helium;

the 3s4d-3s3p-3s2 cascade transition in magnesium that required the inclusion of hyper-

fine splitting effects; the D-P transition as a result of electron scattering off of a laser

excited P-state.

The first case, the 1s4d-1s2p-1s2 cascade transition in heliurn, has been previously

analyzed by Mikosza (Mikoszal996) and his results agree with the calculations in this

work. The corresponding transition in magnesiunL 3s4d-3s3p-3s2, has also been analyzed

in this work for all naturally occurring isotopes. The affects of the hyperfine splitting on

the magnesium cascade transition did not result in a depolarization of the emitted

fluorescence. However, the polarizations of the D-P and P-S transitions were affected by

the hyperfine structure.

I have also shown that the laser excitation of a P-state removes the axial symmetry

for a collision process in which the scattering plane has not been defined. The loss of axial

symmetry resulted in the contribution of off-diagonal atomic density matrix elements to

the calculated polarization. These results provide the background theory for a set of new
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experiments which can be used to probe the scattering cross sections for excitation off of

an excited atomic state.

The measurement of the polarÌzation of the D-P transition, and the polarization of

the D-P transition in coincidence with the P-S transition was shown to be sufñcient to

obtain relative measurements of the integrated scattering cross sections. The apparatus

required to conduct the D-P-S cascade measurements has been constructed, and

preliminary diagnostic testing of the apparatus, to ensure accurate polarization

measurements, has been completed for the 1s4d-1s2p transition in heliurn The measured

polarization for the helium transition agreed with the previous measurements of Raan ¿/

al. (Raanl970). The polarization of the 3s4d-3s3p spectral line for magnesium was also

measured. This measurement is the first of two measurements required to calculate the

integrated scattering cross sections for the D-state of magnesium. The D-P-S coincidence

measurement has yet to be realized. Initial diagnostic work has revealed a timing problem

in the apparatus. Further diagnostic work is required before a photon-photon coincidence

measurement can be made.
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Apperedix tr MathenaaticarM Frogrames

Fhoton-Fhoton Coincidence Measurernents for l{elium

Off[ClebschGordan::phy] /Turns off annoying messages/
Off[ClebschGordan: :tri]

ifct[x_] := If[x > 0, 1/(x!),0]

/Rotation matrix for a rotation about the y-axis by an angle 0, see Blum (Bluml981)/
d[_,mp_,m_,0_]:= d[,mp,m,O] = Sum[(-1)"0-mp-kX(+m)!(-m)!(+mp)!(-mp)l)^(l12)

ifctff-m-k] ifctff -k-mp] ifctfm+mp+k] ifctfk] Cos [0/2]^(2k+m+mp)
Sin[0/2]^(2j-2k-m-mp), {k, 0, j+Abs[m]+Abslmpl ]l

/Rotation matrix for a general rotation defined by the Euler angles (y,F,cr)/
rot[_,mp_,m_,y_, B_, o(_] := (Cos [mp y]+I Sin fmp y])d[,mp,m,B] (Cos lm øl+

I Sin[m cx])

/Conjugate of the rotation matrix/
Crot [_,mp_,ffi_,y_, F_, o_] : = (Cos fmp y] -I Sin [mp y] ) d [j,mp,m, B ]

(Cos[m cx]-I Sin[m s])

lDipole operator matrjx elemenl
DipoleElement[ a_,ma_,n_j b_,mb_] := (- 1 )^( a-ma) ThreeJSymbol | {j a,ma }, {j b,-mb },

{ 1,-n}l

/Irreducible tensor matrix elemenl
TensorElementff a_,ma_,K_,Q_jb_,mb_] ¡ = (- 1 )^(a-ma) (2K+ 1 )^ (l / 2)

ThreeJSymbol[ {ja,ma }, {jb,-mb }, { K,-Q } ]

/Conjugate of the irreducible tensor matrix elemenl
TensorElementc U a_,ma_,K_,Q_jb_,mb_l ; = (- 1 ) ^( b-mb) (2K+ I )^ (I / 2)

ThreeJSymbol[ {jb,mb }, {ja,-ma }, { K,-Q } ]

/Following equations are equivalent to equations (3.1.2),(3.1.3), and (3.1.4)l
DS tateDensity [m2p_,m 2_,0 _,e _f : = DStateDensity lm2p,m2, 0, {p] =

Sum[If[EvenQ[K], TensorElementC [2,m,K,0,2,m]
TensorElem entlZ,m}p,K, Q, 2,m21 o[Abs [m] I rot[K,Q, 0,0, 0, (p],

{m,-2,2}, {K,0,4 }, { Q,-K,K}]

PStateDensity[m1p_,m1_,k_,kp_,0k_,ek_] := Sum[DipoleElementf1,mlp,k,2,m2p]
DStateDensity[m2p,m2,0k,rpk] DipoleElementl2,m2,-kp,1,m11,{m2p,-2,2},
{m2,-2,2}l
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Æollowing equations are equivalent to equarion (3.1.12)l
PStateMulti[K_,Q_,k_,kp_,0k_,rpk_] := SumfTensorElementC[1,m1,K,e,1,m1p]

PStateDensity fml p,m 1,k,kp,0k,rpk], { m 1,- l, I }, { ml p,- l, 1 } l

RotPStateMulti IK_,Q_,k_,kp_, 0k_, (pk_, 0n_, {pn_] ; =
SumIPStateMulti IK,qk,k,kp,0k, gk] Crot[K,qk,ql,0,0k, rpk]
rot[K,Q,ql,0,0n,qn], { qk,-K,K }, { ql,-K,K } l

Æollowing equations are equivalent to equation (3.1.T3)/
RotPStateDensity [m I p_,m I _,k_,kp_,0k_,rpk_,0n_, tpn_] :=

SumIRotPS tateMulti IK,Q,k,kp, 0k, rpk, 0n, rpn]
TensorElementf 1,m 1 p,K,Q, 1,m 1 ], { K,0,2 }, { e,-K,K } ]

SStateDensity[k_,kp_,0k_,rpk_,n_,np_,0n_,{pn_]:= Sum[DipoleElement[0,0,n,1,m1p]
RotPStateDensity[m1 p,m1,k,kp, 0k,<pk, 0n,çn]
DipoleElementf 1,m1,-np,0,0], { mlp,- l, 1 }, { m1,- 1, 1 } ]

/Equivalent to equation (3.1.4)l
SStateMeasureable[k_,kp_,0k_,<pk_,0n_,qn_] :=

Sum[SStateDensity [k,kp, 0k,çk,n,n,0n,{pn], { n,- l, 1,2 } ]

/To calculate the polarization density matrix for a D-P-S cascade transition with the D-P
detector at (Ok,gk), and the P-S detector at (On,<pk+Â)/

p = Table [SStateMeasureable[k,kp,0k,gk,0n,gk+Â],{k,-l,I,Z}, {kp,-1,1,2}]

/The Stokes parameters arel
Simplify [(-p [ [ 1,- I ]l-p[[- 1, 1 ] l)/(p [[ 1, 1 ] l+p[ [- 1,- I ] l)l
Simplify[(p[[ 1, I ]l-p[[- 1,- 1 ]l)/(p[[ 1, 1 ]l+p[[- 1,- 1 ]l)l
Simplify [I(-p [[ l,- I ] l+p[ [- 1, 1 ] l)/(p[ [ 1, I ] l+p [ [- 1,- 1 ]l)l

/To calculate the polarization density matrix for a D-P ffansition with the detector at
(0k,rpk)/

PStatePhoton[k_,kp_,0k_,<pk_] := SumlpStateDensitylm1,m1,k,kp,Ok,<pk], {m1,-1,1 }]

pl = Table fPStatePhotonfk,kp,0k,<pk], {k,-l ,1,2}, {kp,-1,1,2}l

/The Stokes parameters arel
Siniplify[(-p 1 [[ 1,- 1 ]l-p 1 [[- 1, I ]l)/(p 1 t[ 1, 1 ]l+p I t t- t,- 1 ll)l
Simplify [(p 1 [[ 1, I ]l-p 1 [[- 1,- 1 ]l)/(p 1 [[ 1, 1 ]l+p 1 tt- 1,- 1 ll)l
Simplify[I(-p I [[ 1,- 1 ]l+p 1 [[- 1, 1 ]l)/(p I [l 1, 1 ]l+p I tt- 1,- I ll)l
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Electron Scattering off of Laser Excited F-States

Off fClebschGordan: :phy]
Off[ClebschGordan: :tri]

ifct[x_] := Iflx > 0, 1/(x!),01

/Rotation matrix for a rotation about the y-axis by an angle 0/
dlj-,mp-,m-,0_l := d[,mp,m,0] = Suml(- 1 )"(-mp-kXfi +m) ! (-m) ! (+mp) !

0-mp)l)^(I12) ifct[-m-k] ifctff-k-mp] ifctfm+mp+k] ifctfk] Cos[0/2]^(2k+m+mp)
Sin [0/2] ^(2j -2k-m-mp), { k,0 j +Abs [m] +Abs [mp] ] l

/Rotation matrix for a general rotation defined by the Euler angles (y,F,cx)/
rot [_,mp_,ffi_,T_, F_, d_] : = (Cos fmp T] +I Sin [mp y] )d [,mp,m, B ]

(Cos[m cr]+I Sin[m cr])

/Conjugate of the rotation matrix/
Crot[_,mp_,m_,y_, F_, cx,_] : = (Cos fmp y] -I Sin fmp y] )d [j,mp,m, B ]

(Cos[m cr]-I Sinlm ol)

/Dipole operator matrix elemenl
DipoleElementfa_,ma_,n_jb_,mb_] := (-1)^(ja-ma) ThreeJSymbol[{ja,ma},{jb,-mb},

{ 1,-n}l

/Irreducible tensor mafrix elemenl
TensorElementf a_,ma_,K_,Q_jb_,mb_] ;= (- 1 )^(a-ma) (2K+ 1 )^ (I I 2)

ThreeJSymbol[ {ja,ma }, {jb,-mb }, { K,-Q } ]

/Conjugate of the irreducible tensor matrix elemenl
TensorElementC I a_,ma_,K_,Q_jb_,mb_] ; = (- I )^( b-mb) (2K+ 1 )^ (I I 2)

ThreeJSymbol[ {jb,mb }, {j a,-ma }, { K,-Q } ]

/purely polarized photon, equivalent to equation (2.2.16)/
A[,1][P_,ô_] := (1 + Sin(2F)Sin(ô))/2
A[-1,1][P_,ô_] := (-Cos(2F) - I Sin(2B)Cos(ô))/2
A[1,-1][P_,ð_] := (-Cos(2B) + I Sin(28)Cos(ð))/2
A[-1,-1][P_,ô_] := (1 - Sin(28)Sin(ô))/2

/Equivalent to equation (3.3.7)l
PStateMulti [K_,Q_, B_,õ_] := PsrareMulri lK,Q, P,ôl = Sum [(A [À,],pl I B,õ]

TensorElement[1, À,K,-Q, 1,- Àp] DipoleElement[1, ]",],,0,0]
DipoleElementl 1, Àp, l,p, 0, 0] ), {}",- 1,I,2}, {}vp,- T,1,2}l
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/Equivalent to equation (3.3.9)/

RotPS tateMulti [K_,Q*, 0_, q_, Þ_, ô_] : = Sum [PStateMulti [K, Qp, F, ô]
CrotlK,Qp,Q,0, 0,rpl, { Qp,-K,K}l

/Equivalent to equation (3.3.10)/
LaserPStateDensity[0_,q_,P_,ô_] := Tablefsimplifylsum[RotPStateMulti[K,Q, 0,rp,Þ,ô]

TensorElementf1,ml,K,Q,1,mlp], {K,0,2}, {Q,-K,K}ll, {ml,-1,1}, {mlp,-1,1}l

/Equivalent to equation (3.3.14)l
DStateDensity [m2p_,m2_,0_, g_, Þ_, ô_] : = Sum[If [EvenQ [K+Q],

RotPStateMulti[K,Q, 0,q,Þ,ô] Sum[If[Abs[m+Q] < 1,

TensorElementf 1,m+Q, K, Q, 1,m] f[m2p,m+Q] Conj [f[m2,m] 1,01,

{m,-1,1}1, 01, {K,0,3}, {Q,-K,K}l

Æollowing equations are equivalent to equation (3.3.I7)/
DS tateMulti [K_,Q_, 0_, q_, B_, ô_] : = Sum[If[Abs [m2+Q] < 2,

DS tateD ensity [m2+Q, m2, 0, q, B, õ] Tens orElem entCl2,m2,K,Q,2,m2+Q],01,

{m2, -2,211

RotDStateMultilK_,Q_,0k_,<pk_,0p_,(pp_,P_,ô_l :=
SumlDStateMulti [K,q,0p,qp,Þ, ð] rotIK,Q,q,0,0k, <pk], { q,-K,K } l

RotDStateDensity[m2p_,m2_,0k_,qk_,0p_,qp_,P_,ô_] := Sum[If[Abs[m2-m2p] <
K, TensorElementf2, m2p,K,m2p -m2,2,m21
RotDStateMulti [K,m2p-m2,0k, rpk,0p, qp,Ê,õ], 01, { K,0,4 } l

PStateDensity[m1p_,m1_,k_,kp_,0k_,gk_,0p_,(pp_,P_,ô_] := If[Abs[mlp-k] < 2,

If[Abs[m1-kpì < 2, DipoleElementf1,m1p,k,2,m1p-k]
RotDStateDensity [m 1 p-k,m 1 -kp,0k,<pk, 0p,<pp, B, õ]
DipoleElement[2,m1 -kp,-kp, l,m1 ],01,01

Æquivalent to equation (3.3.19)/
PhotonDensity[k_,kp_,0k_, gk_,0p_,(pp_,P_,ô_] :=

Sum[PStateDensity[ml,m1,k,kp,0k,qk,0p,ep,F,ô], {m1, -1, 1 }l

/To calculate the polarization density matrix elements for a system with a laser at (Op,gp)
and polarization defined by (B,ô), and a detector at (Ok,çp+Â)/

p = Table llntegrate[PhotonDensiry[k,kp,ek,rpp+Â,0p,rpp,P,ô],
{tpp, -æ, æ}1, {k,-1, 1,2}, {kp,-L,1,2}l

/The Stokes parameters arel

Simplify [(-p[ | 1,- 1 ] l-pl [- 1, 1 ] l)/(p [ [ 1, 1 ] l+p [ [- 1,- 1 ] l)l
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Appendix 2 Fhoton-Fhoton Coincidence Prograrns for
Magnesiurn

Two different programs were created to calculate separately the polarization for the D-P

transition in magnesiunL and the polarization of the coincidence measurement, D-P-S, for

magnesium. The programs use analytical forms of the rotation matrices, Clebsch-Gordan

coefficients and the Wigner-6j symbols presented by Zare (Zxel988). Note that there is a

mistake in the analytical form of the Clebsch-Gordan coefficient printed in 7are, and the

equation has been corrected for the programs.

Polarization of the D-P Transition in Magnesium

#include<math.h>
#include<stdlib.h>
#include<stdio.h>
#define PI3.141592654
/ X'4 * -2,' * * I * :f * * * * * * * * * * * * * *,k * * * * * >i. >t >:< * * * * * * * * * * X * */

int ftoi(double num)
(
t
int i;

i = floor(num);

if (abs(num-i) > 0.5)
i++;

return i;
t,

f *'4'* * + *" *,, *,. >i. * * * * * * t,F ì< * * * * * * * * * * >:< * t< * )k * * -* * * * * * * * * X /

double f(double num)

I
t

double answer=1.0;
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int i;

i=ftoi(num);

if (i < 0)
return 0.0;

else if (i <= 1)

return 1.0;

else

{
while (i > 1)

{
answer=answer*i;
i--;
ì.
Ít

retui'n answer;
ì.

ì.t,

/>3 
X * * X * * * X * * * * * X X * )i. * * * * * * * >k * *,ir X * * * * >k * * * X * >:<'l'l * X/

double Lcomb(double a, double b, double c)

{
return sqrt(f(a+b-c) xf(a-b+c) *f(-a+b+c)/f(a+b+c+ 

1 )) ;
ì.lt

/ 
*,' *' * *'* * * * *':. * * * * * * * * * * * * * * * * * * * * * * * * * >i< X *'i. X * * * * */

double threejs(double jl, double ml, double j2, double m2, double j3, double m3)

{
double answer,

Sum=0,
t-p;

int k;

if (fabs(ml+m2+m3) <= 0.0001)

{
answer - pow(-1,ftoi( 1-j2-m3))*f_comb( I j2j3)*sqrt(f( 1+m1)'rf( 1-m1)x

f]2+m2)'k f Q2-m2)* f Q3 +m3 ) 
* f(j 3 -m3 )) ;

for (k=O;k<=( I +j 2+j 3) ;k++)
I
ì.

tmp=¡6 1 +j 2-j 3-k) *f( 1 -m 1 -k)* f1T+m}-k¡'t
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f(3-j 2+m 1 +k) *f(j 3-j I -m2+k) xf(k) 
;

if (fabs(tmp) >= 0.0001)
sum+-pow(1,k)/(tmp);

Ì;

return answer*sum;

Ì
else

return 0;
Ì:

/'+ * * *'+ * *'+'4'+'+'+ * * * * * * * * * * * * * *'l * * *'F >3 >ì. * * * * X * * x * X X X/

double Rot(double j, double mp, double m, double theta)

I
1

double tmp,
sum=O.0,
answer;

int k;

answer = sqr(f0+m)xf(-m)*f(+mp) *f(-mp)) 
;

for (k=0;k<=(fabs(m)+fabs(mp)+j );k++)
II
tmp - f(-m-k) * f( -k-mp) * f(m+mp+k) * f(k) ;

if (fabs(tmp) >= 0.0001)
sum += pow(- l,ftoi(j-mp-k)) "pow(cos(th etalZ),2*k+m+mp) *

pow(sin(th etal 2),2* j-Zx k-m-mp)/tmp;
ì.I¡

return answerxsum;
ì.l¡

/*>F**>f **>f * ** >:<****XX>f *'+'4**'+** >¡>k*:k>i.)i. )i+t*XX >l*X *X>k*/

double cg(double jl,double m1, double j2, double m2, double j3, double m3)

(
t

return pow(-1,ftoi(i1-j2+m3))'rsqrt(2'tjlal)x¡fueejs(1,m1j2,m2j3,-m3);

/**>?>?*>?>r** * * * **** ** *** * ** * x>i< ****.,****-**********l

142



double sixjs(double j l,double j2, double j3, double 11, double 12, double 13)

I
t

double tmp,
sum=O;

int min,
max,
1..

min = _j1_j2_j3;

if (min > -jl-12-13)
min = _jl_12_13;

if (min > -ll-j2-13)
min = -ll-j2-13;

if (min > -11-12-j3)

min = -ll-12-j3;

6¿¡ = j1+j2+ll+12;
if (max <j2+j3+12+13)

p¿ç = j2+j3+12+13;
if (max < (i3+j1+13+ll))

¡¡¿¡ = j3+j1+13+11;

for(k=abs (min) ;k<=max ;k++)
II
tmp - f(k-j 1 -j 2-j 3 ) 

* f(k-j 1 -l 2-13 ) 
x ¡,0-t t -, 2-13 ¡ 

x ¡1¡-t t -r2-¡l¡*
ffi 1 +j 2+l 1 +12-k)* f Q2+j3 +l 2+l 3 -k) * f( 3 +j 1 +13 +l 1 -k) ;

if (fabs(tmp) >= 0.0001)
surnf =pow(- 1,k) * f(k+ 1 )/tmp;

ì.
Jt

sum * = f-comb( 1 j 2 j 3 ) 
* f_comb QI,l2,l3)* f 

-comb 
(l I j 2,1 3 ) 

* f_comb (ll,l2 j3) ;
return sum;
t.l)

/*>i<:i<>:.***>:<***>F>ì<*****'l*>k******>l>l*>:<>k>:.>Fr!*,**r)rt>t*'*.*>?-'2,,f

double DipoleElement(double fa, double ja, double ma, double n,
double fb, double jb, double mb, double i)

{
return pow(-1,ftoi(1+ja+i+fa+fb-ma))*sqrt((2xfa+1)x(2'rfb+1))*threejs(fa,-ma,1,n,fb,mb)*

sixjs(a,fa,i,fbjb, 1 );
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l¡

f **,-*,.'4***'2,-*'2,-*r,,*.*'r,-*****'*'4***'* >i< >k * * *:l* * * *+*'+****** I

double TensorElement(double ja, double ma, double k, double q,

double jb, double mb)

{
return pow(- 1,ftoi(a-ma))*sqrt(2*k+1 )*threejs(a,majb,-mb,k,-q);
ì.lt

l'+'+'+ *'/. *'* * * * >i< * * * * * * * * * * * * )i< >:< * * * * * * * * * >ir )t * *,' >F * * * * * *,' I

double TensorElementC(double ja, double ma, double k, double q,

double jb, double mb)

Ít
return pow(- l,ftoi0b-mb))*sqrt(2*k+ 1 )*threejs(b,mbja,-ma,k,-q);
t.t,

/xx * * x * ** x * * * * * * * * x * ** * * * x * * * >i< * * ** * x * ** ** * * x * x/

void mainQ

{
double m2pp--1,

m2=-2,
fl,
mlz,
miZ,
f2,
f2p,
sum2=0;

int K=0,
n=I,
flP=- 1 

'
x=- 1,

xP=-1;

for(n=-lln(=l fl+=Z)
for(np=- | lnp<=1 ;npa=/)
for(m2pp=-2;ftoi(m2pp)<=2;m2pp++) {
for(K=O;K<=4;K+=2)
if(abs(ftoi(np-n)) <= K)
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f or (nú2= -2; ftoi (nil 2) < =2 ;rrl2 + +)
for(m12=-2.5 ;ftoi(mi2-0.5)<=2;*i2+= 1.0)
for(fl =1.5 ;ftoi(fl -0.5)<=3 ;fl += 1 .0)
for(f2=0.5 ;ftoi(f2-0. 5) <=4;f2+=I .0)
for(f2p=Q. J ;ftoi(f2p-0.5)<=4;f/pa= | . Q)

if (np+ml2+mi2 <= fl+0.1)
if (np-n+ml2+m12 <= f2+0.1)
if (rnl2+miZ <= f2p+0.I)
if (np-n+ml? <=2)

s um2 += DipoleElement(f 1, 1,np +m12+mi2,n,f2p,2,np -n+Íì12+mi2,2.5) *

DipoleElement(f 1, 1,np +rnl}+mlZ,np,f2,2,m12+mi2,2.5)*
cg(2,np-n+n,:ú2,2.5,rn12,f2p,np-n+ml2+mi2)x
c g(2,ntJ2,2.5,mi2,f2,m72+ni2) *

TensorElement(2,np-n+ml2,K,np-n,2,m72)*
TensorEl em entC(Z,mZpp, K, 0, 2, m2pp) *

Rot(K,np-n,0,P42.0);

printf("\nn= Vod np=q6¿ m2=Vof sum=7of \n",n,np,m2pp,sum2);
sum2=0.0;

Ì;

Ì;

PolarÍzation of the Coincidence Measurement in Magnesium (D-P-S)

#includecmath.h>
#includecstdlib.h>
#includecstdio.h>

#define PI3.141592654

double f[31];

/*-t!,,*>?*,-*'/.*">i.>lri<>!******>k***>¡****>i<*>k**):<*>i<'¡***ti.rf**t:./

int ftoi(double num)

i = floor(num);

if (fabs(num-i) > 0.5)
i++;

{
int i;
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return i;
t.t)

/>i< 
* X * * * * * * * >k * * * * X * * >i. * * * >i< * * * >? * * * * * -+ -4 -.k * :¡ :k >t * * * * * */

double factorial(double num)

{
double answer=1.0;

int i;

i=ftoi(num);

if (i < 0)
return 0.0;

else if (i <= l)
return 1.0;

else
lI
while (i > 1)

I
t

answer=answer*i;
i--;
ì.I,

return answer;
t.t)

t.

/X * * X * * * * * * * * * * * *'F * * * * * * * * * * * * * * * >F >F * X *'F X X * * rF * */

double f_comb(double a, double b, double c)

{
return sqrt(fl15+ftoi(a+b-c)]*f[15+ftoi(a-b+c)]*f[15+ftoi(-a+b+c)]/f[15+ftoi(a+b+c+1)]);
ì.
J¡

l**Ìr,.**'+** *>Ì.:f **:k>k**** *::<:l**Xlt>F)F>i.*>k*>!** ***,*-+*,-****l

double threejs(double j1, double ml, double j2, double m2, double j3, double m3)

{
double answer,

Sum=0,
tmp;
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int k;

if (fabs(ml+m2+m3) <= 0.0001)

{
answer = pow(- l,ftoi(i 1 -j 2-m3)) *f_comb( 1 j 2j3)'.sqrt(ff 1 5+ftoi( 1 +m 1 )l *

f [ 1 5 +ftoi ( 1 -m 1 ) ] 
* f [ 1 5 +ftoi(j 2+m2) ] 

x f [ 1 5 +ft oiQ2- m})l*
f[15+ftoifi3+m3)]"
f[15+ftoi(3-m3)]);

for (k=O;k<=(i 1 +j2+j 3);k++)
{
tmp=fl 1 5 +ftoi(i 1 +j 2-j 3-k) I 

* f [ 1 5 +ftoi fi 1 -m 1 -k) ] 
* f [ 1 5 +ftoi (i 2+m2-k) ] 

x

f [ 1 5 +ftoi( 3 -j 2+m 1 +k) ] 
* fl 1 5+ftoifi 3-j 1 -m2+k)l * f[ I 5 +k] ;

if (fabs(tmp) >= 0.0001)
sum+-pow(- 1,k)/(tmp) ;

Ì;

return answer*sum;
II

else

return 0;

Ì;

/**>f'4'+**>:r'*****':<*X*':<*****:k>:<*******'k>i.>Ft¡X*****):(>3X/

double Rot(double j, double mp, double m, double theta)

{
double tmp,

sum=O.0,
answer;

int k;

answer = sqr(fl15+ftoi(+m)]'.f[15+froio-m)]'.f115+ftoi(+mp)l'kf[15+ftoi(-mp)]);

for (k=0;k<=(fabs(m)+fabs(mp)+j) ;k++)
f
I

tmp = f [ 1 5 +ftoi( -m-k)] * f[ 1 5+ftoi(-k-mp)] * f [ 1 5+ftoi(m+mp+k)]'k f[ 1 5 +k] ;

if (fabs(tmp) >= 0.0001)
sum += pow(- 1,ftoifi -mp-k)) t'pow(cos(th etal2),Z.rk+m+mp)*

po w( sin(th etal 2),2". j -2*k-m-mp)/tmp ;
ì.
J¡
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return answer'*sum;
ì.
))

/* * X X * X X * X * * * * * + * * * * * * * * * >k * * *'+'+ * * *,? * * X X X * *'3 * * */

double cg(double jl,double m1, double j2, double m2, double j3, double m3)

(
1

return pow(- 1,ftoi ( I -j 2+m3 )) 
* sqrt(2*j 3 + 1 ) 

* threej s QT,ml j2,m2j 3,-m3) ;
Ì;

/X X * * X X * X X *':. * * * * * * * * * >i< * * * * * * * * * >k * * * * *'r,- * *' * *'4'4 * * I

double sixjs(double jl,double j2, double j3, double 11, double 12, double 13)

{
double tmp,

sum=0,
min,
max;

int k;

min = -jl-jz-j3;
if (min > -j1-12-13)

min = _jl_lZ_t3;

if (min > -ll-i2-13)
min = -ll-j2-13;

if (min > -ll-12-i3)
min = -lt-12-j3;

¡¡¿ç = j1+j2+ll+12;
if (max <j2+j3+12+13)

rn¿ç = j2+j3+12+13:

if (max < (j3+j1+13+ll))
rn¿¡ = j3+j1+13+11;

for(k=abs(ftoi(min)) ;k<=ftoi(max) ;k++)
{
tmp - f[15+ftoi(k-jl-j2-i3)l*f[15+ftoi(k-jl-r2-r3)]*f[15+ftoi(k-tr-j2-13)]*

f I I 5+ftoi(k-l I -12-j 3 )] 
*f 

[ 1 5 +ftoi( 1 +j 2+l 1 +12-k)] x

f I I 5 +ftoi (j 2 +j3 +12+13 -k) ] 
* f I I 5 +ftoi( 3 +j 1 +l 3 +l I -k) ] ;

if (fabs(tmp) >= 0.0001)
s¡¡¡g=pow(- 1,k)* fl I 5+k+ 1 l/tmp;

Ì;
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Sünì *= f-comb(i1j2j3)*f-comb(i1,12,13)xf-comb(I1j2,13)*f_comb(lI,l2j3):
return sum;

Ì;

/X>k* ****>k* >k >:<***>:<* * ** *>l******'2.***'+****¡F*'**>r>?;l** I

double DipoleElement(double fa, double ja, double ma, double n,

double fb, double jb, double mb, double i)

I
I
return pow(-1,ftoi(1+ja+i+fa+fb-ma))xsqrt((2*fa+l)*(2*fb+1))*ttu'eejs(fa,-ma,1,n,fb,mb)*

sixjs(a,fa,i,fbjb, 1 );
ì.
It

/*XX*X* *X*>k***>i<** * *'2"******* **>k****8** +***** >i.:t*

double DipoleElement(double ja, double ma, double n,
double jb, double mb)

f
I

return pow (- l,ftoi( a-ma)) * threej s( a,maj b,-mb, 1,-n) ;
ì..
t,

/>k 
* * >i< X X * )F * * * * * * * * àk * * * * * * * * * * * >3 * * * * * * * * * * >? * >k * * >f I

double TensorElement(double ja, double ma, double k, double q,

double jb, double mb)

I
t
return pow(- l,ftoi(a-ma))*sqrt(2*k+ 1 ) 

xthreejs(a,majb,-mb,k,-q);
ì.
It

/X * * * * * >k * :l >k >! *':. >:< * * * * * *'4 * *'+'4'r,, * * * * * * * * ):< >F X >i. X X * * * * */

double TensorElementC(double ja, double ma, double k, double q,
double jb, double mb)

{
return pow(- l,ftoi(b-mb))*sqrt(2*k+ 1 )*threejs(jb,mbja,-ma,k,-q);
J¡

f>:(*-r,.-+*-2,,*.+,,***>:.rk**>i(***>k:rx**x**>ii>f>i<>k>¡**>:<*>?*>l****-**l

void mainQ
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1

FILE *data;

double n't2pp=-),
fl,
flp,
m1ppp,
m1pp,
miZ,
mi0,
f2,
f2p,
suml=0,
sum2=0,
sum3=0,
sum4=0,
sum5=0;

int K=0,
k=0,
qlab=O,
n=l,
trP=l'
x=l,
xP=l;

for (k=-15;k<=15;k++)
f[k+15] = factorial(k);

data=fopen( "dpsmg.txt", "w ") ;

for(x=1 ;x>=-1;x-=2)
for(np= | ;np>=- I ;np-=2)
for(m2pp=O ;ftoi(m2pp)<=2;m2pp++) {
for(mi0=-2.5 ;ftoi(mi0-0.5)<=2;-i0+= 1 .0) {
for(f 1 = 1 .5;ftoi(f 1-0.5)<=3 ;f 1+= 1 .0)
if(ftoi(fabs(mi0-x)-0.5) <= ftoi(f 1 -0.5 ))
for(f 1 p= | . J ;ftoi(f 1 p-0.5)<=3 ;f I pa= | .Q)

if(ftoi(fabs(mi0-x)-0.5) <= ftoi(f 1 p-0. 5 )) {
for(k=O ;k<=froi(f 1 +f 1 p) ;k++)
for(qlab=-k;qlab<=k;qlab++) {

for(m1 ppp=-fl ,ftoi(m1ppp-0.5)<=ftoi(fl -0.5);m1ppp+=1.0)
for(m1 pp=-flp;ftoi(mlpp-0.5)<=ftoi(flp-0.5);mlpp+= 1.0)
if(ftoi(fabs(mlppp-m1pp)) <= k)
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lor(m12=-2.5 ;ftoi(mi2-0.5)<=2;n¡2+= 1 .0)

if(ftoi(fabs(m i ppp-mi2-np))<=2)
if(ftoi(fabs(m 1 pp-mi2-n))<=2) {
for(f2=0.5 ;ftoi(f2-0.5) <=4;f2+=T.0)

if(ftoi (fabs(m 1 ppp-np)-0.5 )<=¡¡si(f2-0. 5 ))
for(f2p=Q. J ;ftoi(f2p-0.5)<=4;f2pa= | .Q)

if(ftoi(fabs(m 1 pp-n)-0. 5 )<=ftoi (f2p-0. 5)) {
for(K=0;K<=4:K+=2)
if(abs(ftoi(m 1 pp-m I ppp-n+np))<=l()
sum5 += TensorElem entC(2,m2pp,K,0,2,m2pp) *

TensorElement(2, m 1 pp-n-mi2,K,m 1 pp-m I ppp- n*np, 2,m 1 ppp-np- m12)*

Rot(K,m 1 pp-m 1 ppp-n+np,0,PV2.0) ;

sum4 += DipoleElement(f 1 p, 1,m lpp,n,fZp,2,m 1 pp-n, 2. 5 ) 
*

DipoleElement(f 1, 1, m 1 ppp,np,f2,2, m 1 ppp-np,2. 5)*
cg (2,m 1 pp- n- mi2,2.5,mi2,f2p,ml pp -n)*
c g ( 2, m 1 ppp - np - mi2,2. 5,mi2,f2,ml ppp - np) * su m 5 ;

sum5 = 0; Ì;
sum3 += TensorElementC(fl,m1ppp,k,m1ppp-m1pp,flp,m1pp)*

Rot(k,qlab,m 1 ppp-ml pp,PV2) *sum4;

sum4 = 0; Ì;
sum2 += TensorElement(flp,mi0-x,k,0,fl,mi0-x)'F

Rot(k,0,qlab,PV2) xpow(- 1,ftoi(qlab))*sum3 ;

sum3 = 0; Ì;
sum 1 += DipoleElement(2.5,0,mi0,x,f 1p, 1,mi0-x,2.5) x

DipoleElement(2. 5,0,mi0,x,f 1, 1,miO-x,2.5) *sum2;

sum2 = 0; );
ì.*/l) |

fprint( d ata,"'Ít Vof %of 7o f",mZpp, mi 0, s u m 1 ) ;

fflush(data);
ì..t,

fprintf(data,"\nnp-%od n=%od xP=%od x=Vod m2=7of sum=7of \n",np,n,x,x,m2pp,suml);
fflush(data);
suml=0.0;
t.

fclose(data);

t)
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.A.ppendix 3 MCS Ðata Acquisition Frogram

The following program was written in Basic and compiled using Microsoft Quick Basic.

'program: DATA_AQ.BAS
'date of last modification: 22-05-1998

DECLARE SUB set.bckgrnd (seg.bckgrndTo)

DECLARE SUB send.to.end (dwellTo)

DECLARE SUB send.to.end.b (dwell%)
DECLARE SUB wave.gen (dwellTo)

DECLARE SUB counter.set (num%)
DECLARE SUB count.b (ntmVo, normalize!, max.num0 AS LONG, old.num0 AS INTEGER,
bin.widthTo)
DECLARE SUB count.a (numVo, normalize!, max.num0 AS LONG, old.num0 AS INTEGER,
bin.widthTo)
DECLARE SUB count.m (num%a, normalize!, max.numO AS LONG, old.numO AS INTEGER,
bin.widthTo)
DECLARE SUB get.mag (channel7o, num&)
DECLARE SUB norm (normalize!, norm.num&)
DECLARE SUB display (normalize!, max.numQ AS LONG, old.num0 AS INTEGER, bin.widthTo)
DECLARE SUB rearrange (bin.num&, max.num0 AS LONG)

DIM old.num(l TO 600) AS INTEGER 'stores the vertical position of the data for display purposes
DIM max.num(l TO 9) AS LONG 'keeps a record of the largest 9 numbers in the data

'address definitions and counter settings for the digital IO card
CONST cntr.cntrl = &H2A7 'address of clock control registers
CONST cntr.cl = &H2A5 'address of clock number l
CONST cnr.cbl = &H72
CONST cntr.cbl = &H42
CONST wve.cb2 = &HB6
CONST clck.c2 = &H2A6 'address of clock number 2
CONST ext.out = &H2A0 'address of external output port #?
CONST int.out = &.H2A2 'address of internal output port #?
CONST int.in = &HZAZ 'address of internal input port #?
CONST clock = 25000

'determination of the code segments to be run according to specific function keys, or due to error trapping
KEY(I) ON
ON KEY(I) GOSUB stop.loop
KEY(2) ON
ON KEY(2) GOSUB stop.end
ON ERROR GOTO error.routine

'input the initialization data from the save file "data_aq.dat"
OPEN "data_aq.dat" FOR INPUT AS #l
INPUT # 1, npas s %, dw e1l7o, mtr. period %, nchan7o, fi le.n ame$

CLOSE#1
'npassqa: total number of executions of the main loop
'dwellVo: default Divide by N
'mlrr.periodVo: number of stepper motor advances for one full revolution
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'nchanVc: total number of MCS channels available
'file.name$: sÍing containing the location and name of the data file

'initialize the counters for a pulse train of zero length with frequency determined by dwellTo
CALL wave.gen(dwell%)
CALL counter.set(0)

'rotate the polarizer until the optical switch is reached
CALL send. to.end(d w ell%o)

'initialize the graphics screen
SCREEN 2: CLS
LINE (0, 12)-(620,195), , B 'draws a box
LINE (0, 25)-(20,25) 'draws a reference line to indicate scalins
LOCATE 1,5: PRINT "[F1=Stop][F2=Stop at End]"

'this segment of code calculates the total number of channels which will be viewed and determines the
'amount of binning which must take place to accommodate a screen width of 600 pixels.
chan%o = 0
OPEN file.name$ FOR INPUT AS #1

DO
INPUT # 7, se g. chanVo, se g. dwell 7o, seg.adv Vo, se {.mtr 7o, se g.bckgmdTo
chanVo = chanVo + seg.chan% 'determines the total number of channels for the entire data file

LOOP UNTIL EOF(I)
CLOSE#I
bin.widthTo = INT(chanTo / 600) 'sets bin.width
least.binVo = chanTo - bin.width% x 600 'if the number of missed channels is less
IF least.binTo > 60 THEN bin.widthVo = bin.widthTo + I 'Lhan 107o, don't bother to increase the

'bin.width to accommodate.
FOR i = I TO 600 'initializes the vertical positions to zero

old.num(i) = 0
PSET (9 + i, 185) 'draws initial data

NEXT i
FORi= I TO f initializesmax.num

max.num(i) = i
NEXT i
normalize! = 1 'sets the normalization constant (ensures that the data is viewable)
pàss%a = 1 'sets the number of passes to be one

DO WHILE pãssVo 1= npass7a 'loop until the specified number of passes has occurred
chanTo = 0 'sta¡t at the first channel

LOCATE 3, 60: PRINT "# of Passes: "; pass%o

OUT ext.out, 1 'send start pulse to mcs to staft data acquisition
OUT ext.out.0

OPEN file.name$ FOR INPUT AS #1

DO 'evaluate until the end of file is reached
INPUT # 1, seg. chanVo, se g.dw ellVo, se g. adv Vo, se g.mtr 7o, seg. bckgrnd 7o

'seg.chanTo: the current number of channels
'seg.dwell%: the current Divide by N
'seg.adv%o: advances the MCS channels if TRUE (greater than zero)
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'seg.mfiqo: advances the motor if TRUE
'seg.bckgrndTo: electron gun off - TRUE; on - FALSE (zero.¡

LOCATE 1, 35: PRINT "# of Channels:": LOCATE l, l6: PRINT seg.chanTo
LOCATE 1, 60: PRINT "Background:"; seg.bckgrndTo

CALL set.bckgrnd(seg.bckgrnd%) 'turns the gun on or off
CALL wave.gen(seg.dwellVc) 'sets the divide by N counter
CALL counter.set(seg.chanVo) 'sets the length of the pulse train
IF seg.advTo AND seg.mtrTo THEN 'both advance

CALL count.b(se g.chan 70, normalize !, max.num0, old.num0, bin.width 7o)

chan%a = chanVa + seg.chanVo

ELSE
lF seg.adv7o AND seg.mtrVo = 0 THEN 'MCS channels advance

CALL count. a(seg. chanqa, nolmalize !, max.num0, old.num0, bin.width 7o)

chan%o = chan%a + seg.chan7o

ELSE
IF seg.advVo = 0 AND seg.mt%a THEN 'motor advances

CALL count.m(seg. chan7a, normalize!, max.num0, old.num0, bin.width%)
ELSE

CALL send.to.end.b(seg.dwellTo) 'if non of the above rotate until
END IF 'the optical switch
END IF
END IF

LOOP UNTIL EOF(I)
CLOSE #I

IF chan%o < nchan%o THEN 'if the full number of MCS channels has not
CALL wave.gen(2) 'been used, quickly advance through them
CALL count.a(nchan%o - chan%a + 15, normalize!, max.num0, old.num0, bin.width%)

END IF

passVa=passra+l
LOOP

END 'end of main program

stop.loop: 'immediately stops the program loop
END
RETURN

stop.end:
passVo = npassTo + 1 'prematurely sets the number of passes to be the maximum
RETURN

error.routine: 'on an error print the error code
SCREEN 0: PRINT "Error": ERR
INPUT a

END

'this sub-routine only advances the MCS channel
'num%t. the number of channels to advance
SUB count.a (ntmVo, normalize!, max.numQ AS LONG, old.numQ AS INTEGER, bin.widrhTo)
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OUT cntr.cntrl, cnt.cbl 'sets counter I to accept numVo
OUT cntr.cl, numVo - INT(num7o / 256) 'formatting for numTo
OUT cntr.cl,INT(num% / 256)

OUT int.out, &H44
OUT int.out, &H4C
OUT int.out, &H44
OUT int.out, &H54
OUT int.out, &H44
IF (INP(int.in) AND 2) = 2 THEN 'INP(int.in) AND 2 determines the state of the counter

DO
n = INP(int.in) AND 2

LOOP UNTIL n = 0 'waits for counter to start
DO

CALL display(normalize!, max.num0, old.num0, bin.widthTo) 'update viewing screen
n = INP(int.in) AND 2

LOOP UNTIL n = 2 'waits for counter to finish
ELSE

DO
CALL display(normalize!, max.num0, old.num0, bin.widthTo) 'update viewing screen
n = INP(int.in) AND 2

LOOP UNTIL n = 2 'waits for counter to finish, if it had alreadv started
END IF

END SUB

'this sub-routine advances both the motor and the MCS concurrently
'numqa: the number of channels to advance
SUB count.b (numVa, normalize!, max.num0 AS LONG, old.num0 AS INTEGER, bin.widthTo)

OUT cntr.cntrl, cnt.cb I
OUT cntr.cl, ntm%o - INT(num% / 256)
OUT cntr.cl,INT(num% / 256)

OUT int.out, &H64
OUT int.out. &H6C
OUT int.out, &H64
OUT int.out, &H74
OUT int.out, &H64
IF (INP(int.in) AND 2) = 2 THEN

DO
n = INP(int.in) AND 2

LOOP UNTIL n = 0 'wait for counter to start
DO

CALL display(normalize!, max.num0, old.num0, bin.widú%)
n = INP(int.in) AND 2

LOOP UNTIL n = 2 'wait for counter to finish
ELSE

DO
CALL display(normalize!, max.numQ, old.numQ, bin.widthTo)
n = INP(int.in) AND 2

LOOPUNTILn=2
END IF
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END SUB

'this sub-routine only advances the stepper motor
'nùmVo: the number of steps to advance
SUB count.m (num7o, normalize!, max.num0 AS LONG, old.num0 AS INTEGER, bin.width%)

OUT cntr.cntrl, cnt.cbl
OUT cntr.cl, numTo - INT(num% / 256)
OUT cntr.cl, INT(num7o / 256)

OUT int.out, &H24
OUT int.out, &HZC
OUT int.out, &H24
OUT int.out, &H34
OUT int.out, &H24
IF (INP(int.in) AND 2) = 2 THEN

DO
n = INP(int.in) AND 2

LOOP UNTIL n = 0 'wait for counter to start
DO

CALL display(normalize!, max.num0, old.num0, bin.width%)
n = INP(int.in) AND 2

LOOP UNTIL n = 2 'wait for counter to finish
ELSE

DO
CALL display(normalize !, max.numQ, old.num0, bin.width 7o)

n = INP(int.in) AND 2
LOOPUNTILn=2

END IF

END SUB

'this sub-routine loads counter one with numVo to set the length of the pulse train
SUB counter. set (num7o)

numVa =mmVa - 1

OUT cntr.cntrl, cnt.cbl 'set counter 1 to mode ?

OUT cntr.cl, numVo - INT(num7o / 256)
OUT cntr.cl,INT(num7o / 256)

END SUB

'this sub-routine displays the data contained within the MCS
SUB display (normalize!, max.num0 AS LONG, old.num0 AS INTEGER, bin.widthTo)

num& = 0
channel%o = 1

FOR i = 10 TO 609 'step once through the entire display

j = 0 J: bin width counter
bin.num& = 0 'bin.num&: total counts per bin
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DO 'this loop bins the data according to bin.widthTo
CALL get.mag(channel %, num&)
bin.num& = bin.num& + num&
channel7o = channelVo + 7

¡=¡+l
LOOP UNTIL j >= bin.widthTo

IF bin.num& > max.num(l) THEN 'if the number of counts in bin.num&
CALL rearrange(bin.num&, max.num$) 'is greater than the ninth

highest count in max.numQ, then
END IF 'rearrange the list to include bin.num&

bin.hTo = ClNT(bin.num& / normalize!) 'this segments converts bin.num& to
'a posltlon

IF bin.hVa <> old.num(i - 9) THEN 'on the screen. An overall normalization factor
IF 185 - old.num(i - 9) > 12 THEN 'is handled by normalize!

PRESET (i, 185 - old.num(i - 9))
END IF
IF I 85 - bin.hTo > 12 THEN

PSET (i, 185 - bin.hTo)
END IF
old.num(i - 9) =bin.h%o

END IF
NEXT i

CALL norm(normalize !, max.num( I ))

END SUB

'recalculates the normalization factor wrt the ninth
'hishest number

'this function retrieves the data from the MCS which is contained in channel7o and places it in num&
SUB get.mag (channel%o, num&) STATIC

DEF SEG = &HD000
num& = PEEK(4 * (channel7o - 1) + 2) "" 65536+ PEEK(4 * (channel7o - l) + 1) *" 256&.+ PEEK(4 *
(channel%o - l))
DEF SEG

END SUB

'this function calculates the normalization factor according to the screen dimensions
SUB norm (normalize!, norm.num&)

IF (norm.num&. / normalize!) >= 155 THEN
normalize! = norm.num& / 80
LOCATE 3, 3: PRINT 2'¡ norm.num&

ELSE
IF (norm.num&. / normalize!) < 50 THEN

normalize! = norm.num& / 80
LOCATE 3. 3: PRINT 2 * norm.num&

END IF
END IF
IF normalize! < 1! THEN normalizel = 1

END SUB
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'this function sorts the array max.numO and adds bin.num& into the appropriate cell.
'max.num0 is sorted highest to lowest
SUB reanange (bin.num&, max.num0 AS LONG)

min.limVo = 1

max.limVo =9
nva=5

DO
IF bin.num& >= max.num(n7o) THEN

min.lim%o =nVo
stp%o = INT((max.lim7o - min.lím%o) / 2)
n%o =nVo + Stp%o

ELSE
max.lim7o =nVo
stp7o = INT((max.lim Va - min.Iim%o) I 2)
nVo=n7a-stpVo

END IF
LOOP UNTIL stp%o =0

IF bin.num& > max.num(9) THEN
min.lim%o = 9

ELSE
IF bin.num& = max.num(min.lim7o) OR bin.num& = max.num(min.lim%a + l) THEN

min.lim%o = 0
END IF

END IF

FOR n7o = I TO min.lim%o - |
max.num(n7o) = max.num(nVo + l)

NEXT n7o

max.num(min.lim7o) = bin.num&

END SUB

'rotates the polarizer until the photo-detector detects the sta¡lend of the rotation
SUB send.to.end (dwellTo)

OUT int.out, &H27 'clck on/of = l, model = 1, mode2 = 0
OUT int.out, &HZF 'roggle clock
OUT int.out, &H27
start! = TIMER
DO 'wait until at least 10

finish! = TIMER 'steps have been taken
LOOP UNTIL fïnish! - start! > dwellVo t' 15 / clock
OUT int.out, &H23 'model = 1

DO
num = INP(int.in) AND i

LOOP UNTIL num = 0 'wait for clock on/off = 0

END SUB
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'rotates the polarizer and advances the MCS until the photo-detector detects the starlend 'of the rotation
SUB send.to.end.b (dwellTo)

OUT int.out, &H67 'clck on/of = 1, model = 1, mode2 = 0
OUT int.out, &H6F 'toggle clock
OUT int.out, &H67
start! = TIMER
DO 'wait until at least 10

finish! = TIMER 'steps have been taken
LOOP UNTIL finish! - start! > dwellVo * l5 / clock
OUT int.out, &H63 'model = 1

DO
num = INP(int.in) AND I

LOOP LINTIL num = 0 'wait for clock on/off = 0

END SUB

'sets the background
SUB set.bckgrnd (seg.bckgrndTo)

OUT ext.out, 2 " seg.bckgrndTo

END SUB

'sets the frequency of the pulse train
SUB wave.gen (dwellTc)

OUT cntr.cntd, wve.cb2 'set counter 2 to act as

OUT clck.c2, dwellVo - INT(dwellVo / 256) 'a wave-generator with
OUT clck.c2, INT(dwellTo / 256) 'period .dwell.

END SUB
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Appendix 4 PHA Ðata Acquisition Frogram

The following program was written in C, and compiled using Borland Turbo C V3.0. The
program is split into two main sections. The first section describes the task of the Nucleus
PHA. while the second section is a list of functions used to interface with the Nucleus
PHA.

First section:

#include <stdio.h>
#include <dos.h>
#include <stdlib.h>

void init_pca(void);
void (+'pcaptrXvoid);
unsigned char get_byte(unsigned char Ð;
unsigned int get_2bytes(unsigned cha¡ Ð;
void get_bytes(unsigned char f, unsigned char *'parameter);

void put_byte(unsigned char f, unsigned cha¡ parameter);

void put_3bcd(unsigned char f, unsigned int parameter);
void pca_func(unsigned char Ð;

unsigned int *pcasegptr = MK_FP(O, 0x3CA);
unsigned inr xpcaoffseþtr = MK_FP(O, 0x3C8);
unsigned int pcaoffset,pcaseg ;

unsigned int parmoffset, parmseg;
unsigned char *funptr;

#include "pca_int.c"
void main 0
{
unsigned char parameter,

loop,
done,
half;

unsigned int parameter2;

init_pca0;

pca_func(DISPINIT); /*display initialization'F/

put_byte(À4GRPNMBR, FULL); /*prime pca for full memory group*/
pca-func(GROUP); l*change group*/
// pca_func(ERASEDAT); l¿'erase data in memory group*'/

pca_func(PHAMODE); /xput pca into pha mode*/
put-3bcd(ACQPT, 60); /*prime preset acquisition time to 1 minutesx/
pca_func(PHATMDS); /*set preset time*/

pca_func(MCSMODE); /*put pca into mcs mode*/
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put_byte(MCSDV/LNM, 28); /*prime mcs for external dwell time*/
pca-func(MCSTPDS); /l'set mcs to externali;/

put_3bcd(MCSPSTP, 1); /t'prime mcs for one pass*/
pca_func(MCSTPDS); /i'set mcs for one passx/

loop = lPgg'
while (loop)

{
for (half = 2i half < 4; half++) /t'loop to cover both polarizarions*/

pca_func(ACQU); /*start acquisition*/
while (!get_byre(ACQFLG)); l'twaitfor data acquisition ro srop'k/

pca_func(PHAMODE); /+switch to pha mode*/

put_byte(MGRPNMBR, halÐ; /*prime pca for 'half half o' memory*/
pca_func(GROUP); /*change memory group'./

put_3bcd(ACQET, 0); /*prime elapsed time for zero secondst'/
pca_func(PHATMDS); /*set elapsed time to zero*l

pca_func(ACQU); /*srart acquisitionx/
done = TRUE;
while (done)

{
pca_func(SPUD); /*update specrrum on the display*/
pca_func(PARMUP); /t'updates parameters to the screenx/
if (kbhi()

switch(getch0) {
case 0:

switch(getchO) i
case 59: /*F1: stop atend*l

looP = FALSE;
break;

casel2: /*numberpad 8*/
pca_func(CFSl); /*increases full scale*/
break;

case 80: /t'numberpad 2*/
pca_func(CFSD); /Ì'decreasesfullscalet'/
break;

Ì
break;

case 93:
case 125: /*s and S: stoo at once*/

,.exit(0);

done = !get_byte(ACQFLG);
ì

put-UyteóUCRPNMBR, FULL); /x,prime pca for full memory group*/
pca_func(GROUP); l'rchange groupx/

pca_func(MCSMODE); /t'put pca into mcs modet,/
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put_3bcdO4CSPSTP, 1); /*prime mcs for one pass*/
pca_func(MCSTPDS); /xset mcs for one passì'/

Ì

]

Second section: "pca_int.c"

/* parameter labels*/
#define MGRPNMBR 130 /t'memory group number: one byte*/
#dehne MGRPDATA 133/*memory group data: two bytes';/
#define PHAFLAG 134 l+phaflag: one byte; 'OFF'- selected, 0 - not selectedì,/
#define MCSFLAG 135 /xmcs flag: one byte; '0FF' - selected, 0 - not selecred*/
#define ACQFLG 140 /*acquisition flag: one byte; 0 - aquiring,

I - not aquiring & stopped by keyboard,
80 - not aquiring due to time outx/

#define ACQPT I41 /*acquisition preset time: 3 bytes packed BCD in seconds*/
#define ACQET 142 /*acquisition elapsed time: 3 bytes packed BCD in

secondst'/
#define MCSTCFLG I44 /*mcs time channel flag: I byte; 0 - time display mode,

'OFF' - channel display mode*/
#define MCSDWLNM146 /xmcs dwell number: I byte; 28 - external dwell time,

0-21 - l0 microsecond to 60 second range*/
#define MCSPSTP 141 /t'mcs preset passes: 3 byte packed BCDt'/

/x function labesl*/
#def,rne DISPINIT 2 l*display initialization*"l
#define PARMUP 3 /r'updates all the patameters to the screen*/
#define SPUD 4 l*spectrum updatet'/
#define ACQU 5 /*start or stop the acquisition*/
#define ERASEDAT 6 /*erase all data in the current memory group*/
#define GROUP I l*selects memory group according to MGRPNMBR*/
#define PHAMODE 19 /*selects pha data acquisition modex/
#define MCSMODE 20 /xselects mcs data acquisition mode*/
#define PHATMDS 25 /xdisplays preset time, elasped time, & time remaining;

must be run to set preset time*/
#define MCSTPDS 26 /*displays cunent dwell time, preset # of passes,

passes elapsed, and passes remaining; must be run
to set preset time or preset # of passes*/

#define CFSI 30 /*full scale counts increase*/
#define CFSD 31 /t'full scale counts decrease*/

/*other definitions*/
#defrne FULL I
#define HALFI 2

#define HALFZ 3

#defineTRUE I
#defineFALSE 0

/* ** * * *X+r** *r*t:trlr** trt< t3* +i:kt.** *'l:l*:i'i.*;k;i:**:it:t. *)i. **>r¡**:i.:i¡***t:* **¿1¿.****.¿.*.¿11

unsigned char get_byte(f.¡
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unsigned char f;
{
unsigned char i'paramptr;

*funptr = f;

(*pcaptrX);

paramptr = x(unsigned char *i')(funptr + I);
return r'paramptr;

Ì

/:l.,Fl.*t:*:i:***t:**t:*>irtrì.f<t.*::.*t.*t.t:*Jj*:i.*:i:*t:)i.***>tí;tt:lrtrtr**tr{.JÍt.**:i:t:¿:{.++{.++.!.þe ¡

void put_byte(f, parameter)

unsigned char f, parameter;

{
unsigned char *paramptr;

t'funptr = f;

(xpcaptr)0;

paramptr = r'(unsigned char t"¡)(funptr + 1);
*paramptr = pffameterl

Ì

f **¿.*¿.¿1>l**¿. * * ** r,:** 
'i<;f t:>¡>i:* 'i.** tr):: X* * irt, *t: t:t. t3** * * t3t: * l.i;:¡* )i:* >:r:i.* ** *'f ** *:r¡* t:*/

void put_3bcd(f, parameter)

unsigned char f;
unsigned int parameter;

{
unsigned char *paramptr;

unsigned char bcd[3];
int i;
div_t d;

for (i = 0; i < 3; i++) /xchanges parameter into 3 bytes oft'/
I I*BCD formar, LSByte in bcd[Q]r,7
d = div(parameter, 100);
bcd[i] = d.rem;
parameter = d.quot;

l

xfunptr = f;

("pcaptrX);

palamptr = x(unsigned char *t')(funptr + 1);
for (i = 0; i < 3; i++)

ì'(Paramptr+i) = bcdlil;
Ì
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/***XX***x*:l****rr***t.ri.********;i:rí***>i:**********t.****ri*t:*i.*:f***:Ì**xt:/
void pca_func(f)

unsigned char f;
{
unsigned char xparamptr;

xfunptr = f;

(*pcaptr)0;

Ì

l'<'4+*+¿.'+>t** >i.*'+* ** * >i: * >ir* ** *;i.* *:i * * *t.*** *t. tr**t:+:tr* *1.* *t: ** t.**X* ** *)it.*X** 't/
unsigned int get_2bytes(f)

unsigned char f;
{
unsigned int xparamptr;

xfunptr = f;

(t'pcaptrX);

paramptr = *(unsigned int *i')(funptr + 1);

return *paramptr;

)

/**t: xx*xr¡**;ii* *********** *** **** t.**** *>ii *,k* **:i::i:t.*:* ** * * *** t:**+ +++e ,

void get_bytes(f, parameter)

unsigned char f;
unsigned char xparameter;

{
*funptr = f;
(*pcaptrX);
parameter = *(unsigned char **)(funptr + 1);

Ì

/*****x***X ** ** *** ** ** **;ì<*t: ** ** )k ** **x* ***** ** *** ***>i.*** ****** /
void init_pcaQ

{
pcaoffset = xpcaoffsetptr;

pcaseg = *pcasegptr;

pcaptr = MK_FP(pcaseg,pcaoffset) ;

funptr = MK_FP(pcaseg,(pcaoffset + 3)) ;

Ì
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