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ABSTRACT

In this thesis, the electronic energy levels in the 4f
subshell of a trivalent lanthanide in an optically
transparent crystal are found. The particular . crystal
studied was trivalent praseodymium in yttrium hydroxide.
Determination of the levels was accomplished by comparing
experimentally found energies to the eigenvalues of a

Hamiltonian whose form had been given. Experimental
energies were found by studying emission and absorption
spectra from the sample. This thesis begins by outlining
the theory behind the project. Details of the experimental
arrangement, data analysis and results from the
calculations are then presented. As final results, the
calculated energy levels as well as their experimental
counterparts are presented. Also presented are the

magnitudes found for the parameters in the Hamiltonian of
the sample.

Ll




v I -

CHAPTER 1
- INTRODUCTION

This thesis concentrated on the emiésion and
absorption spectra of a trivalent lanthanide in a host

lattice. In general one might ask what is special about

trivaleﬁt lanthanides. From a scientific point of view

these elements are interesting because +they have many"

extremely narrow emission and absorption linewidths in the
visible ;pectrum.“’ Furthermore, §rivalent‘1ahthanides
can be incorporated ﬂinto. various opticaliy ﬁpaﬁsparent
materials. This is convenient due to the fact fthat the
oscillator strengths, ‘ér transition probébilities, of the
free ions are very small, while they can be significant
when the ion 1is trapped  in .a host lattice. Large

oscillator strengths suggest -that a 1large number of

lanthanide ions may be optically pumped into an excited’

state. Theseée properties lead to the practical applications.

of trivalent lanthahides in . host 1lattices as laser
materials. The YAG laser; with trivélent néodymium,iis a
graphic example of tﬁe practical role £hese‘materiais have.

Typically, before any applications for é-ﬁaterial‘can

be envisioned, it is necessary to establish some
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fundamental properties of that material. For optically

transparent glaéses and crystals doped with a trivalent

. rare earth, the energy levels afe among the first bits of

information established. Finding the energy_levels of
trivalent praseodymium in a crystal of yttrium hydroxide,
Prs*:Y(OHfs, . was the motivation for this thesis.‘ This
information could then be uéed in carrying out fqrther
e#perimenté on the sample such as optical ﬁole burﬁing.‘é’
A brief outline of the procedure used in seeking thg
energy levels of the sample is faci;itated by following the
flow chart ‘given in Figure 1. The first box in th;s flow
chart labeled. ' Experiment', indicates that thé first sfep
in the project was to experimentally .observe as many
transitions in the sample aé possible. As indicéted,
recording absorption and fluorescence transitions made up
thé two types of experiments conducted. Of course just
because many spectral lines may be recorded, dbeé not mean
that thg states involved in each trangifion are known. It
is therefore necessary to dévelop a ’method for analyzing
the data. The second bok entitled *'Data Analysis',
indiéates a general outline of ¢the schemé:désigned to
interpret the data. In general,. the method. used was to

make a 1list of all possible transitions which might be

responsible for each spectral 1line recorded. " Then by’

.making a choice from each list, a set of experimentally
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determined energy 1levels could be constructed.. But it was
impossible to experimentally determine eve;y energy. level
in the sample, so it was necessary to £urn to theoretical
aspects of the energy levels.
Theoretically, all of the energy 1levels could be

calculated 1if the Hamiltonian of the sample was known.

While the form of the Hamiltonian is known, the magnitudes
of the various ©parameters are not. It is therefore
necessary to take the energy levels determined

experimentally ¢to empiricélly qetermine the magnitéde of
these pérameters. This was dbhg by entering the
experimental data into a computer progrgm'which modeled the
Hamiltonian by solving the eigenvalue’ pfoblem and then
compafing the results ¢to the eﬁtered data. If a
Hamiltonian is found having eigenvalues which are cloée to
the.experimental values, then éli of the .energy levels can
be considered known. The typical.situatiop however -was to

find c¢ontradictions beétween experimental ‘and calculated

values. Contradictions made it necessary to check the
selections ﬁade during the data analysis step. These
selections often ©proved to be ambiguous," forcing the

experiment'itself to be repeated.
This thesis reports on the method used in seekiﬁg the
energy levels of Pr3®*: Y(OH)z and the results obtained. The

discussion begins 1in Chapter 2 with the fundamental
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theoretical ideas necessary to understand the goals of this
work. After inyestigating somé theoretical aspects, the
discussion closely followé the flow chart ;n/Figure 1,
explaining each section in considerable detail. So,
Chapter 3 explains the experimental arrangément and
procedure used in recording spectra from the sample.
Chapter 4 investigates the exact proceduré used tblanalyze
the data f}om the experiments. Chapter 5 is' then a
discussion of the method and toéls used to find the correct
Hamiltonian and thereby the correct energy levels for
CPrit:Y(OH s. Finally Chapter 6 presents the results

obtained and conclusions made from this work.




CHAPTER 2
THEORY

The main thrust of this thesis concerned recording and
studying spectra. It is therefore. natural to begin the
discussion of the theéry 5ehind the project by explaining
some fuﬁdamentals of spectroscopy. Attention- is then

directed towards the specific sample studied. The sample

which this project focused on was trivalent praseodymium in

a crystél of yttrium hydroxide (Pr3*: Y(OH)3). ~There are
several aspects of the sample whiéh 'should be understood
before studying the experimental spectra. Specifically we

need to know what possible energy levels to expect and what

the selection rules are. After studying the spectfum, the
data are used to construct a Hamiltonian, 'which when
diagonalized should yield the energy eigepvalues. Before

any modéling can be done, the full form of the Hamiltonian
needs to be introduced. To accomplish this, thg discussion
is broken into two parts: the free ion Hamiltoﬁian and the

crystal field Hamiltonian.

!
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Spectroscopy

Speqtroscopy concerns scanning the electromagnetic

spectrum fTor signals emitted or absorbed by the sample

being studied. Generally' frequency is wused to index the
spectrum but here wavenumbers, which have units_of em™ 1,
are used. The relationship between wavenumbers and the

energy states of the electron is simply given by the Bohr

postulate for radiating atoms.

c(Es - E;) _
h .

.>WA

Here E¢ and E; refer to the initial and final energies
" respectively and 3 is used for wavelength. One may ask at -
this point what good this equation does since-there are two
unknowns in energy. It is 'in determininé these energies
that spectroscopy finds its greatest use. Tﬁe gxperimental
section specifically addresses this Questiop. For now let
'it sufficé to say @hat by obtaining many spectral lines one
can logically deduce what the initial and final states are.
The catalyst for this deduction lies in finding spectral
absorption first where the initial energy can be assumed to
be zero.

Bohr's poétulate for the wavehumber off the phoéon is
simply a statement of. energy .coﬁservation. It 1is

interesting’ to investigate the origins of thié~




electromagnetic radiation becaﬁse it gives some insight
into the quantum mechanics of the atom. The most efficient
source of electromagnetic radiatioh is the glectric dipole
oscillaﬁor. The power which 1is radiated by such an

oscillator is given by‘®’

4 . ) . .
P = .(_:...IS___ IdIZ - 2
3 - .

Here d_ is the dipole moment and k is the magnitu&e of the
wavevector. From this it can be seen that the link bétween
radiated electrom;gnetic énergy and the states of the atom
lies in the nonzero value for the dipole moment. .

To est;blish this link it'is helpfui to calculate the .
electric dipole moment starting with thé ftime depeﬁdent
quantum states of the atom. The strength of a dipole is

given as

d = el<ifr|f>]. : 3

In this expression, <i|r|f> refers to the expectation value
for the electron's position when it is between - initial and
final states and e 1is itg cﬁérge. ' To calculate the
éxpectatioﬁ valuelit is necessary to know thé state of the
atom. In a one electron atom the state ma& be expressed in
ket form as |nlsjim;>. During the tihe that the electron is
making a transition from one state to another, it can be,
thought of as beiné in a 'supefposition of the states

involved. Upon <calculating the expectation value an
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oscillation in time is found as shown by
<i|r|f> cos(wt), . : 4

Here w is the angular ffequency.(Ei - E¢)/h, and translates

a

as the angular frequency of the emitted photon. The

oscillating expectation value . means the dipole 1is
oscillating and therefore P in equation 2 is nonéero,
proving the afom radiates.

Figure 2 'is a graphical repreéentation of fhe
oscillating dipéle using the harmonic oscillator as a
.model. The first two'graphs in Figuré 1 represent‘the wave

functions of the ground and fir;t excited state of the

harmonic oscillator. The third graph represents the-

superpoéition state that the. electron must be in during the
transition. If the superposition state 1is squared, the

probability distribution of the electron is obtained as

shown in the fourth graph. This asymmetric distribution
clearly shows the nonzero dipole. Following the time
evolution .of the states shows that this dipo;e is

oscillating as suggested by the double headed arrow over
the fourth plot and 5y equation.4. The careful @ reader may
.have also noticed that the states involveq in the
transition weré of different parity.‘*’ This is a
-requireﬁent for‘ a nonzero dipole moment and leads to the
fact that the quantum numbers involved are not compleéely

arbitrary.




10

(@) Ground State

(b) First excited state

(©) Superposition of states

(d) Probability distribution

Figure 2. Plots of the harmonic oscillator.
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The restrictions placed on the quantum numbérs are
referred to as the selection rules. For a one electron
atom emitting electric dipole radiation the selection rules

are as follows:

An . unrestricted
Al = = 1

Ai = =z1,0

Amy = 1,0

These selection rules may be found in any book on quantum
mechanics such as Liboff. ‘3’ Of course there can be

violations of these rules resulting from transitions which

are not dipole in nature. Electric quadrupole radiation is
a good example of this. However, the 1intensity of a
nondipole ¢transition i1s very weak and could safely be
ignored in .this prdject. ~If the quadrupole moment were

large enough to worry about, a new set of selection rules
would have éo be introduced.

Hhile the transitions studied -in .this project weré
dipole in nature, the one electron selection rules turned
out to be invalid. The most blatant violation occurs when
we consider that all of the ¢transitions studied occurred
withiﬁ tﬁe 4f subshell suggesting A1l equal to zero. The
seemingly forbidden transitions occur because the crystal
field interacts with' the free ion, mixing states of
different parity with the 4f states and thereby allowing

the transitions. ‘4’ When considering the sample 1in more

detail, new pertinent selection rules are presented. These
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selection rules turn out to be important when determining

energy levels.

Praseodymium as a Free Ion

Praseodymium is a rare earth element in the ianthanide
‘series. Like all other lanthanides, :praseodymium has an
unfi;led 4f subshell which is spatially located within the
58, 5p and 6s subshells. This results 1in the valence
electrons being shielded from outside perturbaﬁions which
in turn gives r;sé to sharp speétral lines, even;when the
atoms are ‘fixed in a host lattice. Ahother inferesting
property of the lanthanides is the fact that there are many
visible spectral‘.lines resulting from transitions within
the 4f subshell. ]

The electronic configuration of - the praseodymium atom
is given py

[ Xel 4f%6s?,

The atom which was studied was triply ionized. Because
xehon is a noble element with a relatively _high ionization

energy, the three eléctrons will be removed from the 4f and

6s subshellsi The electronic cbnfiguraﬁion of Pp3* is then
given by |
[ Xel 4fZ.
Typicélly, the states of Mthe system are expressed in
_spectroscopic notation. In this notation, the‘suﬁ of thg 1

s and j quantum numbers for all of the electrons in the
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valence subshell are specified. In the case 6f Pr3* there
are two contribuﬁing eleétrons, each having é maximum
orbital angular momentum of 3. This gives rise to fhe
following possible tgrms for total orbital angular
momentum: |
-5 .P b F ¢ H I

L= 0 1 2 3 4 5 6.

Additionally each electron has "~ a spin angular momentuﬁ of
oné hélf, suggesting that each term given aone may be
either singlet . or tfiplet. The next goal ;is,to determine
what order these terms must be in.

In finding what order the term notation must be in, it
'is only natural to begin with finding the ground state.
This 1is easily accomplished by .app1y1ng Huna's rhles.
Doing this, it is found that the ground state of Pr®* is
given in term notation as “Ha.

To find the ordering of all other terms, ‘it is
necessary 1in principal ¢to diagon§1ize the appropriate
Hamiltonian. The Hamiltonian for the lanthanide series of
free ions has been  worked out by several. workérs such-as
Judd, Dieke énd Hybourne. .The reader may find a full
accounting of the free ion théofy “in Wybourne's book.'”’
Most of the discpssion on the Hamiltonian présented‘here is
based on an excellent review éf the subjecf'by Hiifner. ‘%'

The only atomic Hamiltonian for which the Schrdédinger

equation may be solved exactly is that for the hydrogen
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. atom. This means +that for the Pr3* ion, perturbation:
theory must be used. This theory allows us to split the
‘Hamiltonian, as in equation 5, into a unperturbed term

~

representing the hydrogenic system and a perturbed term
representing complicating factors such as electron-electron

interactions.

H = Hus + He ' - 5
The idea behind perturbation theory is to solve the

Schrédinger equatioﬁ with the unperturbed Hamiltonian first

and thereby obtain a set of basis states. With these
states, a matrix of the perturbation term may. be
constructed and -diagonalized for energies. The enefgy of

the system may then be expressed by
E = Eug + Es. ' o ' -6

So it is seen that calculating the perturbation energies Ep
is the primary goal since the energy derivéd‘from the
hydrogenic term Eus, simply adds a constant to the total
.-energies. Hith the ideas of perturbation theory in hand,
it is possible to focus on the peptinent.'Hamiltonian for
Pri*. |

In light of perturbation theory, it is clear that only
perturbation terms to'a central field Hamiltonian néed be
consi&ered. For trivalent.pnaseqdymium the pertuybafion

Hamiltonian has been given by W.T. Carnall et al.‘®' as
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The first tefm in this expression represents the.c§ulomb
interaction between the fwo e;ectrons with . F* being dni
adjustable parameter. The second term cohsideré the spin
orbit interaction.be£ween the electron. and the nucleus.
The adjustable parameter for spin orbit is é. Spin orbit
corrections appear even for one electron systems, so it';s

not surprising that two electron éystems have additional

spin orbit corrections. These additional corrections are
‘accounted for by the P parameters. ‘7’ -~ The M* parameters
account for relatively small effects of "spin-spin

~interactions and spin-other-orbit interaction.. - These

interactions are between the two valence electrons..'®’

" Finally, the «,B8 and 'Yparamete?s consider corrections due
to higher configuration interactipns."°’

At this point, if the'magnitude of each parameter were
known, then the energy'eigenvalués copid be calculated:
However, Pr®* is usually studied in a crystal or a glass.
'The excéption to this was work déne by Jd. Sdgar studying
(11)

the spectra of Pr3®* .in the vapor state. Using Sﬁgar's

"values, and studying the values obtained from the spectra
of Pr¥®*:LaCls and Pr3®*:LaFas, ‘®’ an estimation-of the free
ion energy levels was made. The estimated levels appear in

Figure 3.
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Figure 3. Estimated energy levels for Pr3* Y(OH) 3.
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Praseodymium in a Cr&stal Field

~Hhen the Pr3®* ion is in a crystal field, some of the
2j+1 degeneracy of the free jon is partially removgd. This
is due to the facf that adding the crystal field to the

Hamiltonian removes the spherical symmetry from +the ion's

environment. Naturally it is necéssgry to know what the
possible statés " are before studying"the egperi@ental‘
spectra. To determine the these states, it is nééessary tq

To facilitate the explanation of finding the states,.it is

convenient to ‘consider the crystal field part of the

Hamiltonian alone. By doing this, we are effectively
diagonalizing a submatrix of the Hamiltonian. This section
concludes with ~ the selection. rules pertinent for

Pr3*: Y(OH) 3.
The crystal field“results from the praseodymium ion
occupying a site in the érystal lattice normally occupied

by a yttrium.atom. The sample studied was Y(OH)3: doped

know the form of the erystal field part of the Hamiltonian.

with 1% Pr®*. This means that the crystal was grown from a.

solution such that 1% of the yttrium atoms were replaced

.with Pr¥* ions. The -crystal field 1is then produced

pPrimarily by the (OH)3: molecules which surround each Pr3”
ion. The potential can be expressed in terms of a series

of spherical harmonics. This means that the erystal field
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Hamiltonian can be expressed by
Het = Z1aB'aCla. | - - © o8

Here the B;s are parameters while the C'a rébresent
renormalized spherical harmonics. The Y's and C's are
related by

a7

1 _ —————— 1
Cla.= (2m+1) Tla. ' 2

The reader may find a good explénation of crystal field
expressions in Weissbluth's book. ‘1?2’ So at this point, Hes
-is expressed in an infihite series in Ehe orbiﬁal angular
momentum sum which must be truncated. The triangle relation
for angular momenta immediately limits thé series to values
less than 21, ‘'2' For two f electrons this means that the
sum can only run as high as six. Also, the Pr** ion
occupies a point in the 1lattice with a relatively ﬁigﬁ
symmetry and this allows wus to further limit the series
representing the crystal field Hamiltonian.

Thé point group symmetry for the §r3* ions is Czn.. In
the language of .group 'fheory,. Cs means that identical

properties are found in the crystal for each rotation of

(2/3})7 in a plane pérpendicular to the crystal axis. The h
in this notafion refers £fo the fact that identical-
properties are found wupon a reflection through _ the
horizontal‘plane. Figure 5 on.page 26 is a drawing of fhe

crystal with the axis shown. By definition of a symmetry

Lol




19
Qperator,‘it must'commute with the Hamiltonian. The free
ion Hamiltonian is spherically symmetric, so it 1is
necessary only to considér the cpystal fiéld Hamiltonian.
In .other words, any terms in the expansion in spherieal

harmonics which do not commute with the Can operator must

have coefficients of =zero. This leads to the crystal field

Hamiltonian given by Carnall et al. ‘%’

He¢ = B2oC2%o + B*oC%o + B®oC%o + B®4IC%: + C8-4] 10

Combining equation 10 with equation 7 gives us the
total pefturbation Hamiltonian fpr-Pr3*=Y(OH)3. There are

a total of 18 parameters which must be determined in order

to calculate all of the energy eigenvalues. To find wvalues
for the paraﬁeters, we cbmﬁared calculated energies to
experimental energies. Chapter 5 exploreslthe method for

detefmining the values of these parameteﬁs in more detail.
No comparisqn' between calculatéd and experimental
energies can occur until we have experimentally determined
‘'several levels. The methods for determining the 1¢vgls for
the_éxperiment are discussed in the data analysis section.
Heré it is only importadt to note that détermination.of the
levels is dependenf on knowing exactly what levels exist
and what seiecfion rules . govern dipole ¢transitions. The
number of levels is easily obtained by examining the matrix
elements of the crystal field Hamiltonian while tﬁe

selection rules ,caﬁ be obtained by knowing the point group

Il




U T PR Y

il

20

symmetry of the Pr¥* ion.

Finding the new states is accomplished by'

diagonalizing the submatrices which are constructed from
each of the 2j+1 degenerate free ion stétes and Hcrs. The
basis states used are those for' the hydrogenic atom and

are given in the uncoupled representation as

LSIMy> = % almi,ms) Y%y |sms>. 11
Here the atmy, ms) represent . the Clebsch-Gordan .
coefficients. Recall that the crystal field Hamiltonian is

constructed from a set of renormalized spheribal harmonics.
" Because of this, a general outline of the matrix element
calculation can be presented by examining the results. from

one term. However, each element in the matrix is a sum

over all terms in Hecs. Each term in the matrix is

calculated usind the inner product.
<1's'i'm' ; |LMy|1sim;> ‘ 12

~Because we seek to find out -how the m degengfacy is
removed‘ from each termnin_fhe free ion, it ig immediately
possible to set 1,s and ] eqhal to their primed
counterparts. Writing out the inner bpoduct in -term§ of

equation 11 results in expression 13.
[ £ a*(m 1, m )Y 1<sm < |7Y" % alm',m:) Y"1 |sme> dQ 13

The T which appears before the spherical' harmonic- is a
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constant relating the Y's to the C's and also includes @he
B parameter. This egpression at - first .appears somewhat
éonfusihg, so it is helpful to note that the'Y“L's from thé
érystal field Hamiltonian depend only on spatial variables
The _kets representing spin exist in spin spaée'and are
therefore unaffected by the Hamiltonian. This fact allows
us fo pombine tﬁe spin variables and therebycobtain a

relation between m's: and ms.
(Sm's|Sms> =6msn's' 14

This simply dictates that for a nonzero element, m': and ms

must be equal.

Rewriting equation- 13, it is clear that the basic

Labd,

mathematical problem 1lies in evaluating the integral

containing the product of three spherical harmonics.
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Evaluation of this integrai is easily acéomplished simply-

"by using the Gaunt forhula. The primary objective in

evaluating the inner product is to determine which elements

in the matrix are nonzero. . Therefore the following
property derived from the Gaunt formula is important. ‘2’
-m; + M+ m =0 . 16

Using this condition and noting the values of M from Hcs,

we can immediately see a relationship between the orbital
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azimuthal quantum numbers.
mg = *6, O , : : ) 17

This information immediateiy. allows us to construct
métrices‘from which it is possible to determine what sfates
are nonrdeéengrate. .

The next problem which must be addressed at this time
concerns labeling the ;tates. To explain the labeling of
the new set of non-degenerate stétes, it is helpful to
construct the submatrix for the ®Fi term as an example.
Figure 4 shows the honzero elements in the submatrix for .
the *F3 térm using the conditions given in 17, The‘dark
outlines in Figure 4 suggest that the matrix can 5e thought
of.as two supmatriéesf Tﬁe upper sﬁbmgérix is a two~by two
which diagonalizes to give two states. The loﬁer
submatrizx, being diagonal, appears to give five poss?ble
stafes; However,-due to Kramer's degeneracy (time reversal
degeneracy) the state differing only.by a sign in the m{'s
are still degenerate. The labeling of these states is
accomplishédﬂwith‘ a scheme given by Hellwege and‘discussed
in Hiifner's book. ‘®’ For Cas this scheme defiﬁes.-a new

quantum number, u, which is defined by
R = m;{mod 6). . 18

The states resulting from the *Fs term are listed in Table

1. Notice -that the states from the two by two matrices are
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-3 2 I 0 -1 -2
X
X

X
X
X
X
X

3F1 submatrix for the crystal field
Hamiltonian. Nonzero elements are

indicated.
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labeled with the same u quantum numbers. The two states
are clearly different so a. prime is used ¢to distinguish

‘between them.

3F3(0), p =0 state
"3Fa( 1), p.= 1 state
iF3(2), u =2 state
BFF3(3), u =3 state
F3(3'), Y = 3* state

Table 1. States of the 3F3 term.

Figure 3 lists all off the poésible .states 1in

Pri*: YCOH)) 3. Energy level ©positioning oﬁ this Figure is

estimated by comparing the energy levels determined for -

Pr¥*: LaCls, established by Sarup and Crozier. ‘13}

The 1last fheofétidal consideration which must be
explored before .analyzing éhe experiment ‘concerns the
possible tranSitions.an electron can make.' There 'are two
basic transitions which may occur in a crystal: radiative
and nonradiative.

anradiative~trahsitions may occur via crystal 1attice
phonons. If phonons: are easily able to carry the energy
away from the excited 1ion, then nohradiétive transitions
are possible. This event becomeé more probabie %hen it

takes one or two'phonons to carry away the energy. In

Y(OH) 3, pPhonons exist with energies corresponding to

~wavenumbers on the order of 3600 em™! and 900 em™™. ‘?’ With

phonons in this energy range, it is relatively easy to have
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nonradiative relaxations occur. A good example of this
type of transition occurs between the *Po and”Dg states in
Pr3*: YCOH) 3. Thié transition readily occurs beéause the
energy separation betweén these states is on the ordér of
3600 cm~! as seen by inspection of Figure 3.

Radiative transitions are primarily electric dipole in
nature. fﬁese trénsitions are governed by selection rules
which are given in Table 2. . In this taple' T and ©
'represent the two ©possible polarizations the emitted or
absorbed photon may  have. If nthe .phbton ~ has a 7
polarization, then its polarization vector is péfallel to
the c¢rystal axfs. Naturaily, o] polarization 1is
pérpendicular. to the crystal. axis.. This is gfaphically
represented in Figure 5.

“This completes the discussion of the basic theoretical

aspects of the project. The ideas presented here help make

the experimental arrangement and analysis more plausible.
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Table 2. Selection rules for a crystal
having Cj» symmetry.

4 crystal axis

I polarized wave a polarized wave

Figure 5. Pr3*: Y(OH) 3 sample and relevant polarization.
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 CHAPTER 3
EXPERIMENTAL ARRANGEMENT

To experimentally determine Ehe energy' Ieéels- of
Pri*: YCOH) 3, it was necessary té study -~absorption and
fluorescenpe spectraf Many . of £he exﬁerimental arraﬁgemgnt
details in the absorption and fluorescence experiﬁénté were
similar. " This section takes advantaggﬁ;of ‘these
sim?larities by deséribing one experiment in full and
referring back to the details durinQ the explénation of the
" second experiment. The absorption experiment was the first
and the easiest experiment. Therefore this secfion wil;
begin with a full description of fhe_absorption experiment

followed by a description of the fluorescence experiment.

Absorption Experiment

One way of finding the transitions of the electron is
by studying the absorption spectrum. This was apcomplished
by passing white light through the crystal and observing
the resulting spectrum. White -1light of coupse has a
‘continuous spectrum so the recordfng instruments simply
indicate that »they receivé a signal - for all.waQenuMbers;

Since the white light passes thrdugh the crystal, it is
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possible for some 'part; 'Qf the spectrum to be absorbed.
This absorption shows‘ up as a dip‘ in the otherwise
continuous spectrum. (See absorption plots in the Appgn&ix).
Absorption occurs when the energy of the incident light
exactly matches the aifference in energy between two stateg
of the.ionl It should be noted that the transitions seen
may nof necessarily be from eléectrons .driginafing in the
ground state of the ion. Instead the eiectrqn may be
starting from a state with slightly higher energy than the
ground state. This reshiﬁs from the thermal excitation in
the érystal.

Recall that Boltzhan's result tells us the probability

that an ion wiil be in the excited state.
P(E) = P(0)e  (E/KT) S , 19

Here E is uéed for energy and k is Boltzman's constant. To
insure that mp§t of the ions are in the groundlstate, it is
sufficient to require that the probability of beihg in a
state with energy Eabe at or below P(0)e 1. This suggésts
that kT = E. Plﬁgging‘ into this relation 1in terms of
wavenumbers gives a value of abgut 1. 44K/cm™ 1. Assumihg
the first state above then ground state has ' an energy
corpésponding to 10cm“1 or mére, then the crystal woﬁid
have to be at a temperature of at ‘1east 14K. ' This

assumption was based on studies of the energy levels of

trivalent praseodymium in other crystals. {13+14) The
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relatively high temperature suggests’ that- a crystal
submerged in liquid helium (T < 4K) would insure'thét all
of the electrons would be in thg gropnd state. With the
crystal at these very_low temperétures, it waé possible to
determine. the énergy levels direct1y from the absorption
lines recorded. It 1is also advantagéou3< td study the
crystal at ﬁigher tempefatures. This can yield.information
about the levels near the ground state. In an attempt to
compilg a maximum' ' amount of data on the cryétal,
experiments were made at liquid helium, liquid nitrogen and
room temperétures. However, signals recorded at higher
temperatures were not‘uséd in the final anéiysis because
they were too weak.

With these ideas in mind, we can move on ﬁo examiﬁe
how the‘experiment was designed and run. From a practical_'
point of wview, the goal of the experiment was to maximize
the sensitivity of the equipment measuring the signal while
minimiiing the noise. Theréfore, the following paragraphs
conéentrate on the logistics of the experiment. Naturally
the optical arrangement constitutes the foundation of the
experfment. However, in order to understand the design, it
is helpful ¢to discﬁss several éspects of the monochromator
used. In addition to the _ optical arﬁangement,'we must
also consider the arrangehent for signai pfoeessing; which

is the last aspect discussed.:
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At the heart of thé absorbtion experiment was the . 85-
meter Czerny-Turner bouble Hpnochroﬁatbr—Spectrometer.
This instrument was 'producgd ;by Spex Industries _and
cﬁnsequently ié referrgd to ésuthe Spex for the remainder
of the paper. In keeping. with the goal of recording the
best signal, it was necessar& to design the optics of the
experiment in such a way as to take fdli advantage of the
Spex.

The Spex separatgs the many components.fof the

electromagnetic spectrum by diffracting the signal off of a

holographic grating. Figure 6 shows a top view schematic
of the instrument. ‘'3’ In order to receive the strongest
possible signal at the photomultiplier tube, it was

necessary to fill the diffraction gréting with light.- This
situation also had the additional benefit of improving the
resolution of the signal. Recall that the resolving power

of a grating is given by
R= A/6. = mN _ . 20

where R is the resolving power, A}s the wave;ength of the-
~diffracted light, m is the order and N is the total number
of slits exposed. By inspection of equation 20 it is clear
that thg fesoiution ihproves upon using asi much of.the
grating as possible.-. Of course if there is light beyoﬁd
the edges of the grating, it can show up as unwantéd noise.

Fortunately the optimum situation was realized by simply
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mirrors
center
slit
grating grating
mirror mirror
exit entrance
slit slit

photomultiplier
tube

Figure 6. Top view of the Spex 14018 spectrometer
used In experiments
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making sure that the signal. completely filled the first
mirror. This is illustrated by the rays.drawn in Figure 6.

Designing the optics fto send the signal from;tﬁe
crystal to'the spectrometer begins with the first mirror in
the Spex. This was easily accompiished,due to the fact
that the speed of the mirror was given_as.f/?.é; Recalling
that the speed of a mirror relates fhe focal léngth and

aperture 'size, it can be seeh that the relation for finding

the angle between the peripheral rays is  given by
® = 2arctan(%a/f) ' 21

"where f 1is the focal lengéh and a is the aperature of the
optic. |
Figure 7 shows the actual optical arrangement.. Since
6 is dependent only on the speed of the hirror or lens, it
is clear that the effective speed of ‘lens 3 in Fiéufe 7
must be f/7.8.u By effective speed if is meant that the
actual diameter of the signal ﬁraveling ffom lens 2 to lens
3 is used to find the speed, instead of the physical size
of lens 3. This situatiop was -a consequence of the
combination of lenses used. The paraiiel rays ruﬁning
between lens 2 and 1ens_3'were aéhieved by positioning lens
2 with 1its focal boint on the crystal. 1In addition this
had the advantage of maximizing the signal. It may also bea

noted that the positioning of these lenses was achieved by

focusing a telescope on infinity and then sighting through‘
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/7. 8 mirror in
Spex

slit of Spex

A/4 waveplate

fi = 200mm

lens 3
polarizer
lens 2
75mm
cryostat
shielded
lens 1 crystal y
quartz
halogen bulb sample holder

Figure 7. Optical arrangement used in experiment.
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~the lenses focusing on the crystal and then the Spex slits.

The next bhase of the optical arrangement includes the,

crystal, cryostat and light source. The light source was a

gquartz halogen bulb focused onto the crystal by 1lens three

as .seen 1in Figure 7. In order .to‘shield unwéhted white

-light which does not pass thrdugh the éryséal, the crystal
was positioned over a slit of comparéble dimensions made
from a piece of shim stock. _ This .is illustrated in'the
inset of Figure 7 along with the desién of the brass sample
ﬁolder. Finaily the‘cryostat was necessary to submerge the
crystal in liquid helium.

The design of the cryostat is sﬁown in Figure 8. The
cryostat, referred to as a dewar, was made out of glass

with three windows through which the sample 'could_be

viewed. The sample space of tﬁe dewar was usually filled-

with 1liquid heiium. If the iiquid heliph was not well
isolated from the room it would.quickly boil away. EQen if
time was not a factor, the bubbling would scatter the
signal making it very hard to see. To.isélate the sample
space, several othef sp;ces were .designed into the
dewar. ‘2’ The first gpace'adjacent to the gample space is a
vacuum space used to insulate. The next spape is ugually
filled with 1liquid . nitrogen in order step up to room
temperature gradually. The last spéce 'ié under a common
vacuum with the first vacuum insulating space. Even with

this rather elaborate insulating system, the.liquid helium

L end,
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valve to
vacuum pump

Insulating
space

liquid
nitrogen
space

Samp'e windows
space

Figure 8. Cross sectional view of the glass dewar.
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would still boil. To eliminate 1light scatteripg bubﬁles,
the dewar was designed such that the sample space could be
pumped. By pumping away heiium vapor, evaporative cooiing
could take ©place thereby changihg the helium ihto- a
superfluid.:<Pumping with a mechanical pump to 38 microns
eliminates the bubbling. |

In additién to optimizing the signal, it is also
crucial -to discriminate between various polarizétions.
Originally, -the polarization was determined simply by
.insertiqg a polarizing sheet in the signal beam. Later,'
when reviewing 'confradictory déta, it'was found thaf this
method of discrimination was unsatisf;ctoryJ . The feason
for this inadequacy stems from the poor response of the
Spex in certain regions of the spectrum ﬁndgr differenﬁ
polarizations. The response of the Spex'has been studied -
and found té respond poorly with a signal below 13000.-cm™!?
having vertical polarization. ‘!¢’ "The response ‘to
horizontally polarized signals was good, tﬁerefofe in order
to balance the response, the signal was circularly
polarized. Circularly polarized light was easily achieved
by insertipg a quérter waveplate info the signal as shown
in Figure 7.

The second part in the design of ‘the absorbtion
experiment is the signal processing which starts with the
photomultiplier tube and eﬁds with ﬁhe storing of data.

Figure 9 . shows a block diagram for the signal processing.
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SPEX 14018 DOUBLE EXTERNAL

MONOCHROMETER DRIVE
CONTROL

EMI 9558QB

PHOTOMULTIPLIER

TUBE

KEITHLY 416
HIGH SPEED
PICOAMMETER

NORTHERN SCIENTIFIC
575

MULTICHANNEL
ANALYZER

PDP-11 COMPUTER

DISK STORAGE

Figure 9. Block diagram of signal processing used in
absorption experiment.
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_This diagram begins with the EMI 9558QB photomultiplier
fube which initially sees the‘signal from the speé@rometer.
This signal is then sent to a Keithly 456< high speed
picoammeter which in turn registers a current. By ch&osing
the appropriate "voltage applied to the phoﬁomultiplier
tﬁbe, and the appropriate scale on the picoammeter,'it was
péssible 'to obtain a fuil écale deflecfion on the,
picbammeter's paﬁel “meter. An absorption transition-is
found when the signal disappears momentarily while scanning
the spectrum. The'picoammeter then passes‘whatevef signal
it receives to the Northern Scientific' 575 multichannel
analyzer which -is capable of storing the information
.digitally. The multichannel analyzer was interfaced with
the- stepping motor in the Spex. "This alloﬁed the
instrumen? to scan along with tﬁe spectrameter. Because pf
this synchronization, it was possible to relate ‘a
particular address to the appropriate wavenumberi' The last
step in the process was to stbre the data on floppy disk;
This was easily accomplished because the. multichannel
anaiyzer was interfaced to the PDP-11 cpmputer.

The prdcedure used in the .absorption experiment was to
simply scan the spectrum for absorption lines. The first
ébsorption. line was found by ¢trial and error. For
Pr3+,Y(OH)3, the first line found was -3Po at. 20438 cmfﬁ
After finding the first liﬁe, all subséqpent experiments

began by scanning P to insure _that the system was




I )

39
—actually recording signals originating from the crystal.’
With all sys@emé set, the tedious pfocess of scanninglanq
recording began. The region scanned was from 23500 em~! to

16000 cm™?. Most of the absorption experiment wés done at

liquid helium temperatures, but some lines wheré’recorded-

at 77 K. Generally however, the data at the higher
temperatures was too noisy to interpret . .due to the nitrogén

boiling.

Fluorescence Experiment

In brief, the fluoresceﬁce experiment ponsisté of
measuring and rgcording s;gnéis emitted by excited ér3*
ions in the crystal. This means that the first step is to
excite the _ions. After excitingithe'ions; the rest 6f the
experiment is similar in principle to the abéorption
gxperimenth In other words,'from-an experimental point of
view, the goal is to find as many fluorescence lines as
possible with the least amount of noise. In obtaining tHis
goal, it was found that the biggest difference between the
absanption and fluorescenée expériments came in thé signal

processing techniques.

Before the fluorescence experiment could begin, it was

necessary to tune the exciting laser to a wavenumber which

corresponds to a fluorescence state in the ion. ‘By

~examining ‘the energy level diagfam for Pr3* giveﬁ in the -

Argonne National Laboratories report‘®’ it was found that




L % S Ll . Ll

40
threé'states_ fluorésce: ‘Dz, - *Po and *P;i. . To excite (or
pump) the“ions a tunablg d&e laser was set to Ehe
waveﬁumber of the level whose energy was deftermined from
results of the absorption experiment. The paragraphs which
follow contain a brief description of the laser used to.
excite the ions.

One of the most significant advances in léser
sﬁectroscopy was the advent of the‘tunablé dye laser. It
was this laser which was at the heart. 6f:the fluorescence
experimgnt. The lasing material of the'dye laser‘is an
organic dye dissolved in ethanol. Sihce each dye is
funable 'Over a finite band of frequencies, it was first
necessary to‘choose a_dye,which has a range_cgntaining the
desiréd frequency. This selection can be made by éxamihing
‘the tuning curves from the‘ dye manufacture's data.’ ~ The
dyes used 1in thié project were - coumarin énd rhodamine at
20400 cm™? and'16500 em”™! respectively. Td understand how
to tune tﬁe laser to the desired frequency; it is
instructive to investigate the structure of the laser.

All of the lasers used were built at .Montana State
University by .Dr. R. L. Cone and his previous graduate
students. The design of the dye léser was béséd on a paper
written by T.W. Hinsch in 1972. ‘*7’ The basic components of
the laser are shown in Figure 10. The syétem begins with a

repetitively pulsed nitrogén gas laser.
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sample
fluorescence
signal to
Spex
focusing
lens <
nitrogen gas partially
laser reflecting
mirror mirror
photodiode
telescope partially
beam reflecting
expander mi rror
variable oscillator amplifier mirror
angle dye cell dye cell
grating
Figure 10. Schematic of system used iIn fluorescence

experiment including the Hansch type dye laser
arrangement.
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Thé-nitrggen laser was used as the pumpiﬁg source for
the dye laser,. The laser 1is bésically made up of an air
tight four  foot 1long cavity with ahglass window on tﬁé
output end and a piane mirror ‘on the back. The nitrogen
gas 1is excifed transversely with two pairs of electrodes
running the length of the cavity. Té operate the léser,
the cavity is fiyst pumped. out by a mechanical vacuum pump
and then nitrogen gas is allowed tg flow in. To maintain a
constant. pressure, the chamﬁer 'is slowiy pumped while a
ffesh supply of gas continued to flow in. Thé pressure is
typically held at 48 mmHg during operaéion; With a stablé
flow of nitrogen gas in the chamber, approximately 25 kV is
pulsed across the electrodes at a repetitive rate of 6 Hz.
This high voltage excites 'the electronic states of thé
nitrogen molecﬁle. The lifeﬁ;ﬁe of these excited states is
qﬁite short kon the'ordef of 1b nsec), and consequentl& the
‘nitrogen laser emits-bursts of radiation~£yﬁica11y about
10 nanoseconds long. The resultant beam is spatially fan
shgped and in the violet region of the: spectrﬁm. Using
mirrors on a Newport Résearch Corporation 4'x8' optical
bench, the fan shaped beam is split up, part being directed
to an oscillator’ dye' cell and part being sent to én
amplifier dye cell.

The diécuSsiqn' may now focus on the dye lasers. To
begin with, the difference betwéen the oscillator and

amplifier cell should be clarified. Simply put, the
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oscillator cell is within £hé oscillating cavity wﬁile-the
amplifier is outside the cavity.' The bounﬁérigs of this
cavity are made up of .a 635 lines per 1inch &iffraction

grating at one end and a partially reflepting mirror on the

other end. Changing the angle on the .diffnaction grafiné

changes the frequency at which the dye will lase. This is
because the grating allows for - féedback in only. one

particular frequency giving‘rise to a preferential gain at

the desired frequency. As pointed out in the theory

section, the best resolution from a diffraction §ra£ing can

be obtained by illuminating as many ‘lines as possible.'

This is accomplished by inserting a teieséope arrangement
between the dye cell and the grating which actedAaé a beam
expander, ‘The dye solution itself wag contained in a cell
known as a cuvette-type dye cell  This 1is a rectanguiar
design which has a magnetic stirrer in the bottom to help

keep the dye solution homogeneous during operation: After

the beam 1leaves the osciliating cavity, it passes through

an amplifier cell. The amplifier then_simbly enhances the

Beam. Since the egperiment was dependeht on tuniné'the

laser, it is productive to outline the tuning procedure,
To‘sef the dye laser, there must be a way to measure

the wavenumber. To measure Ehis; the beam is directed to

the slit of the spectrometer which . is covered by a thte

spectrometer €lits by diffusihg the lighﬁ. The signal is

- paper card. - ' The card is in place ¢to 'proﬁect the
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then ‘seen by the Spex and consequently by the
pPhotomultiplier tube. From. here the signal gees directly
to an oscilloscope where it can be viewed.

To see the signal on the screen it is necessary to set

the time constant on the scope. This was done by finding

the RC time constant of the circuit which delivers the

signal. The resistance of the circuit can be determined by
. simply knowing the input resistanee.of the ecope. In the
experiment a Tektronix 485 oscilloscqpe wes used which has
50 ohm or one megohm input reeistance. The value for
capacitance can be determined by knowihé the 1ength of the
coaxial cable used to transmit the siénal. Capaciteﬁce for
these cables is éiven as 30 pieofarad per foot. The time
consfant generally turned out to be approximately 0.3
milliseconds using the 1 megohm input.

With the beam hitting - - the Spex and the'dscilloécope
set, the wavenﬁmber of the laser cen be found by seanning
with the Spex. dnce the wavenumber is found, it-'can be
changed by adjusting a miceOMeter attacﬁed to the dye laser
gpating. Setting the wavenumber -of the  laser ;s

conceptually a very simple thing to do. Howe?er.in

| I T R, Wil

practice ‘it seems to take at 1least twice as long as’

initially planned.
After tuhing. the laser, the beam was directed on to
the crystal. The beam was posftioﬁed onto the crystal

using a convergent lens, A logical queétion.af this point
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is: how dd yoh know when the beam is-ﬁitting the c¢rystal?
This could be determined by actually looking at,the'crystal
and watching for fluorescence as the beam position was

adjusted. This turned out to be a tedious process indeed.
The optical arrangement for. the fluoreécehce

_experiment was the éame‘as that used for absorption‘except

that the exciting beam was incident on the crystal at 90

degrees from the optical axis in Figure 10. ’ In principle,

looking for fluorescence lines -was similar to looking for

absorption lines. However, the 1lifetime of the excited

étates in the ion was very short (approximately 150 nsgc)
and this led to a more elaborate signal proceésing sysfem.

A block diagram of thé signal processing system used
in the fluorescence exper;ment is éiven in Figure 11. As
ih the absorption 9xperiment, the signal starts'at the Spex
and ends as data on a disk. The first diffe#ence is fouﬁd
in the photomuitiplier tube used. The‘?ube used for this
part of the experiment was the RCA C31034A which. is a
cooled tube wused for weak signals. The second anq'major
difference in the signal processing was the introduc@ion of
the signal averager. To be more precise,'this instrument
was known as the bbxcar -averager, gated 1integrator,
produced by Princeton Applied Resegrch Company kPARC). A
gate has'the effect of allowing the instruments :ﬁb take
data while the signal is present (gate open) apd not'tgke

data in between signals (gate clbsed).' This leads to a
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SPEX 14018 DOUBLE EXTERNAL
MONOCHROMETER DRIVE
CONTROL
RCA C3034A
Trigger PHOTOMULTIPLIER
TUBE
SCOPE DELAY LINE

PARC MODEL 162
BOXCAR AVERAGER

Gate PARC MODEL 164
GATED INTEGRATOR
Trigger

NORTHERN SCIENTIFIC
575

MULT ICHANNEL
ANALYZER

PDP-11 COMPUTER

DISK STORAGE

Figure 11. Block diagram for the signal processing used Iin
fluorescence experiment.
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significant reduction of noise. . The boxcar was introduced

because it provided a gate and could bé used for very short

signals. The boxcar had the additional advantage of
integrating: and averaging the Pulse over several
repetitions. To understand how the boxcar was adjusted and

used, 1t is helpful fto @race the path of éhe signal.

The signal began with the laser exciting the ‘ions in
the crystal. The rise time qf éhe signal cbrresbonds to
the amount of time the laser was on which was about 5 to 10
nanoseconds. After the . ions have been excited they
spontaneouély'emit photons over a finiﬁe amount'of time.

This time was -observed on the oscilloscope to be about 150

nanoseconds. This time should be compared to the amount of
time between signals which is about ©0.17 billion
nanoseconds. During the .time that photons afe being

emitted, the photomﬁltiplier_ sends a signal ¢to the
oscilloscope. The'sidnél ié Sent‘to the scope first, oql&
to adjus£ the size and-delay of thé gate on the boxcar.
So, one channelzof the scope shows the signal and the other
channel shows the gate. Both.the scope and the boxcar were
triggerea by a>photodiode which picked up stray’ light from
the dye laser.(see Figure 10).

At this point it is necessary to consider the amount

of time it takes fof the photodiode Eb ‘tfigger @he boxcar(

and consequently for the boxcar to respond. The nominal

response time for the PARC 162 is 75 nanoseconds. ‘'8’




48.

Because of this delay -in the response of the gate, the
signal'was arriving before thé gate could be initiated. To
recfify this situgtioq, a 50 ohm delay cable was cut to a
specific length in order to induce a 10Q naﬁosecond deldy
in the signal. This éllowed.both the signal and the gate
to appear on the screen of the scope. Finally the aperture
durationA and delay time where set go match the signal.
After this adjustment has been made, the.signal iine was
removed from the scope and put on 'Ehé PARC f64 gated
integrator. ‘ |

The PARC 164 gated integrator operafes by sampling the
‘input signal a number. of times and tﬁén computiﬁg an
exponential average. Physically, this can be done by
storing the voltage from each input signal on a capacitor.
Unfortunately a caﬁgcitor can leak off some of 'i@s charge,

particularly when the time between gates is long compared

to the apertufe duration. ' This was the <case ‘in the
experiment. To solve the leaky capacitor problem, a
digital storage option is available on the boxcar. This

option allows -one to take the analog input signal and

convert it to digital format where it can be stored without

loss. After averaging, - fthe signal is converted back to

analog form and'sent to the multichannel analyzer.
Before leaving the boxcar averagef,-it is important to
understand the time it takes the instrument to respond to a

signal, for this directly effects  the rate at which the

Ll 3l )

"
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Spex can scan. The time it takes for the boxcar tb respond

is known as the observed time <constant (OTC) and is

calculated by‘t?®’
- __TIC : . .
oTC = ( AD) (REP) : , o 22
Here AP refers to the aperture duration timé; TC is the

time constant selected on the instrument (1 usec . for this

experiment) and REP is the repetition rate of the laser (6

Hz) . For the fluorescence. experiment, the' O0TC, was
typically 1.6 seconds. So, since the wavenumber spread of .
a signal was approximately 2 pm", then the maximum safe

scan speed for the Spex was 0.5 cm™?

‘per second. This scan
speed- allows .tﬁe_ outpﬁt .signél to reach' a signifcagt
fraction of itslmaximum gain.

After the signal leaves the boxcar, signal processing
is essentially the‘same as in the absorption experiment,
Plots for both absorption and fluorescence speétra'are
given in the Appendizx. The priMéry difference bétween the
two types of plots is the baseline. In the fluorescence
experiment the baseline corresponded to zero signal and was
positioned at the top. of ‘the MCA screen to reveal the
negative signals. The signals were'negative simple because
the. voltage .applied to the photomultiplier was negative.
The baseline for the absorption experiment 'éppea}é:to élso
be at the top of the MCA screen. Iﬁ reality; the baseline.

was set at the bottom of the screen . while the signél was
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blocked. This allows us to develop an idea of the strength

of the absorption line. For instance, if a line hit the

Zzero line, we could conclude that there was 100% ébsorption
in Ehat region of the spectrum.

| To this point, the precision of the measurements has
not been discussed. Because the raw data is read off the
Spex, the question'boils &own to ;sking how precise'thé
Spex is. To ~answer £his a calibration exﬁeriment‘was
preformed. This experiment consisted of recording the
‘ spectrum of a hollow cathode iron—ﬁeqn lamp anﬁ comparing
the results with thoée published b& the American Institute
of Physics. ‘'?’ After an analysis of the calibration data
was done, ‘?°' it was concluded that the wavenumber read off
of the Spex was Shifted by -1.83 = 0.09 cm™ ! from the tfue

values throughout the spectrum
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CHAPTER 4
DATA ANALYSIS

Upon leaving the laboratory, one typically.has a large

Lol .

quantity of data aqd little organization associated-ﬁith.

it. Therefore it was nécessary to first sort through the

data and neatly ofganize‘it. The - most efficient method

found for organizing the data was to plot the spectra out,

and then arrange the plots in a notebook in'ordér of theif
spectral range.r Once it was clear wha? spectralnliﬁes h&d
been recorded, a table was constructed of all possible
transitions which could have ©produced the observed lines.
Then by making guesses frdm. the tabléé,:la chart of
experimentally determined energy levels was péoduced.
During the _ experimengs, Aata. from scanning‘ thé

spectrum was recorded by the multichannel analyzer. This

instrument converts an analog signal to a digital signal,

and then stores the digital <count in an address. The
maximum number of addresses available is 1024. Therefore
if we scanned over 1824 wavenumbers, then each address

would store the total signal recorded after scanning one
wavenumber. The raw data appears as a data address, énd

the actual digital count in that address. To determine the

-
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actual wavenumber where a spectral line ' has bgen necordedt
it was necessary to know the initiai wavenumber of the scan
as well as the number of wavenumbers in éach address.

The algebraic expression was simply given by

I

Weo= Wi o= c(A) S . T 23
Here W: is the initia; Q;venumber, ¢c-represents wavenumber
per address, A;is the address of the spectral line and Ws
represents the wavenumber of the line éeen. With the data
in hand as well as a way to calcglate the wavenumber of any
line seen, it was time to plot out the aata.

The absorption and fluorescence spectra were plotted

on the HP7470A graphics plotter which was controlled by a

Basic ©program. run on a NEC-APCIII microcomputer. This
Basic program was written by D. Macpherson, a graduate
student in the Physiés depértment. In order to generate a

plot, it was first necessary to convert the .data from the
MCA into an x-y format. This was_accomplishéd with a
pfogram written iﬁ the C programming language  The plbts
can be examined in the Appendix

With‘all of the data neatly plotted ig was'possible to
make a table containing all of the experimentally observed

transitions. The crux of the situation was that the'energy

levels involved in each transition were yet unknown. It is .

at this ©point that the hard part of data analysis began;
that is, deciding on which two statéé where involved in

each transition.

e,
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In order to know aﬁything about the fluorescence

transitions, it was necessary to know the energy levels of

the upper states. This dictated the need to label the
states involved in the absorption transitions first. This
was because at very low temperatures, all. of the

transitions could be assumed to originate from the ground

state, 3Hs(2). Here the p=2 quantum number was assigned as
the ground state term by inspection of Sarup's work. ‘*®)
Knowing that the initial value of energy 1is -zero,

immediately implies that the energy value .seen in the
transition ekactiy corresponds to the energy of the final
state.

But how.is the upper state labeled? This was done by

comparing the energy found in the transition to the free.

ion energy. The energy levels of the Tfree ion have beep
worked out in Wybourne's book‘'’’ and an estimation of the

labeled levels is given in Figure 3. After deciding on the

general group which an wupper 1level in an absorption

transition belongs to, the appropriate u quantum nuﬁber had
@o be assigned. This was accoﬁplished.by kﬁowing the
polariéation of the transition andlfhen using the selection
rules presented 1in fable 2. In most cases the assignment
of the upper state could be made Qitﬁput any'ambiguity'due
to the fact that the levels in the fneé ion were widely

spaced. A good example of this is the.assignmeﬁt of the

3p, state which is somewhat separated in the spectrum at
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20438 cm™t. Unfortunately, the assignment of states is not
always as clear, particularly 'if the ion did not start in

the ground state. Fluorescence transitions are terminally

L

ambiguous, so ' it is appropriate to discuss the assignment

of states specif;cally for this case.

Before the ion can fluéreéce, it must start in an
excited state. Initially the *Po state was fumped by the
dye laser éince the absorption for this level was strong.
A stpong absorption transition allows us tq'populate the
upper fluorescence state with more electrans .and Ehefeby
obtain a stfonger signal. Because the Py stafe is pumped
doeg not mean that all of the fluorescence originates from

this state. . Recalling the discussion 1in Chaptérlz,on

nonradiative transitions, it is seen that fransitions could

easily originate from the 'D. state. This state pf affairs
necessitated the listing of all possible initial_ahd.final
states for each transition. An example of such a list is
‘given in Tabie‘ 3. The 1list was constructed by first
finding the difference betweeﬁ the upper and 19wer states
in the free ‘ion which would roughly correspgnd to the
transition seen. Then b& knowfné the energy level of the
upper state frﬁm absorption data, the selectién rules could
be used to find all of the possible lower stafesh It was
at this po;nt that educated guesses had to be .made for each

transition.

LY
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Table 3. Example list of possible transitions respénsible
for spectral lines recorded.

Line recorded Possible transition Level determined

tem™ ') (cm")

16176.6 ¢ SPo(0) SHa(2). SHe(2) = 4261.7°
3Po(0) 3He(2') 3He(2') = 4261.7
1D2(0) SHa(2") 3Ha(2') = 296.4
*D2(1) SHa( 1) SHa(1) = 627.4
D2(1) - IHa(3) IH,(3) = 627.4
*D2(1) *Ha(3") Ha(3') = 627.4
'D2(2) 3H4_<2-) 3He(2') = 586.4
'D2(2) SHa( Q) 3Hsat0) = 586. 4

12304.8 7 3po(0) 1Gal 3) 1Ga(3) = 8133.5
IPo( ) 1Ga(3") 'Ga(3') = 8133.5
AD2(1) *He(2) 3He(2) = 4499.2
1D2(1) - FHa(2') IHe(2') = 4499.2
1D2(2) - *Ha(1) SHe€1) = 4458.2
1D2(2) - FHL(1") SHe (1) = 4458. 2
1D2(0) 3 He ( 3) 3He(3) = 4168.2°
1D2(0) - 3He(3")  3H6é§') - 4168.2

© * indicates the final selection.
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A reasonable. question at this point might be: what

were the guideiines used 1in the seiections, legitimizing
the expfession, educated guesses? _ Severai guidelihessére
listed here in order of théir importance. The first
guideli#e is that no state with energy greaﬁér than the
ﬁumping laser's energy could be considered. A secohd
condition considéré that the spectrhm was scanﬁed'only as
low as 11000 cm !, Therefore, the electrons involved in
the transitions had to be in the 3Po or 'D: groups
initially. This sugéests that there are four possiblé
iﬁitial states given by: .
D20y, ‘D2 1), ’-Dz(2), 3Po(0).

Most tables .of possible tranSitioné included all four of
"these initial spates. Howevef, in the end’ it was found
that only the u = 0 states "resulted 1in  observable
transitions. Finally, selections were made b& again
consulting ‘Sarup's paper which 1listed all dbéerved
fluorescence and absorption signalsl Reliance on this
paper was kept to-a minimum since the phonons in'LaCla are
'different frém Y(COH) 3.

After the data has been taken, plqts made, transitions
compiled and possible. étates invplved in the transitions

listed, final selections of the states involved in each
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transition were made. From these selections it was easy to

obtain the experimental energy levels.
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CHAPTER 5
COMPUTER FITTING THE HAMILTONIAN

‘After taking and .analyzing the date, attention was
directed towards finding the magnitude of the parameters in
the Hamiltonian. In short, this was done by initially

guessing the magnitude for each parameter and then solving

the Hamiltonian for its eigenvalues. Hith the calculated
eigenvalues in hand, it was possible to compare these
lvalues to.those‘obtained experimentally. Measuring the fit
was done by a least squares analysis, The fit geﬁerall&

was unsatisfactory which meant that the parameters had to

be adjusted and the calculation repeated. Recalling that .

the full form of the perturbing Hamiltonian has 18

parameters, it is clear that calculating- the eigenvalues

even once is a time consuming task. The pfocess of finding
the appropriate Hamiltonian may - require that this
calculation be repeated hundreds of times. Fortunately I

was provided with a computer program written by a group at
Argonne National Labpratefies.;a’ To ineure that the
program was fenctioning properly as well as gaining
familiarity with the ‘effects of"varying different

parameters, data from a known example was. given 'to the

[ A R
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computer and a fit for Ehe Hamiltonian was found. Hith
this done, my data was useq in the program to -'seek the

appropriate Hamiltonian for Pr3*: Y(OH) 3.

The Fitting Prodgram

The program was written in fortran and run on a VAX

11/780 computer. - its basic purpose was.to calculate the

eigenvalues and the eiggnvectors of the 4f° configpration.
The 'S, level was not calculated since a transifion'from

this 1level to .the ground state would produce a spectral

line above the visible region. In addition ¢to calqulating
the levels, the program did a least squares fit to the
experimental data. Based on the 'fit, the program would

adjust any pafameters which the operator had specifiéd,as
yariable, and then repeat the calcuiatién. The operator
was free' to vary as many parameters in the Hamiltonian as
desired. Another possibility was to Qary‘ one parameter
while holding oné or more other variables in a ‘constant
ratio to it. "The maximuﬁ number of -iterations the program
would execute was specified by the operator. In this work,
eight iteratiohs was specified as the maximum. Rarely did
the program - actuallx cohplete _Fhe maxXimum number of
iterations. This was bécause it terminated as "soon as the
change in the variable parameters‘bécame small enough éuch
that the fit was ungffected.

Monitoring the performance of the program was the

I O Y ..
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responsibility of the operator. Theré were séveral
quantities calculated during each iteration that were
helpful in monitoring the fitting process. | ‘ |

Probably the ﬁost important —check io make was' to be
sure that the. calculated ground state matched thé one
determined by. Hund' s ruleé. However, Hund's» rules
determine only the free ion term nptation of the grggnd
state and say nothing of 'fhe B quantum number, The u

" number was obtained by analysis of previous work on

trivalent praseodymium'!®’ and from examining unambiguous
transitions seen. The confirming transition seen was an
absorption line at 20438 c¢cm ! with a o polarization. By

inspection pf the free ion energy levels and the éelection
rules, it is seen that the'only states giving rise to this -
transition would be 3Ha(2) and *Po(0). Since the line was
recorded with the crystal at liquid hélium'temperatures, it
is clear tﬁat the groun@'state has a p quantum number of 2.
Recalling Ehe discussign in Chapter 4, if is clear that a
different ground state erodes the credibility fof most of
the other - seléctions made. So upon findihg a shifted
ground state,” the run waé .imhediately abandoned and the
responsible parameﬁer‘ was noted. This situatigp occurred
many timeé.

Each time the program changes'a speqifiég'parameter,
it calculated an error bar for the parameter wvaried. If

the error bar grew o a significant fraction of the
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parameter itself?.the fit.Was yiewed with skepticiém.. This
quantity usually remained under ¢ten ﬁerceht ~of the varied
parameter andlwas not a significant problem durihg the many

runs made.

Finally, the 1least squares fit quantit& o,. was
foliowed very closel&. As,iong as all other'indications
are reasonabie, the fit had the 1last word as to the
performance of the run. in fact, the goal of the project

was to feed all of the data collected ffbm the .experiments,.
and obtain a minimum in o. But o will never be zerd. This
is because‘there are always some errors in Both the thebry
and the measurement.’ For -example it is clear _from
examining the plots in the Appendix that not all of the
lines look 1like delta functions. Broadilines can easily

‘produce errors in the determination of a line.

Fitting to Data from Pr®*:LaCls

"The first step in the computef fitting procedure was
to make sure the program was functioning properly and to

gain familiarity with the Hamiltonian. This was done by’

(131

‘entering data for Pr®’':LaCls from Sarup's work, and

‘dsing the free ion Hamiltonian parameters given 1in the
Argonne National Laboratories (ANL) report. ‘®’
To begin with, 45 of the 60 possible levels (not

including 'S¢ term) were entered into the program along

with the free ion parameters from ANL. The free ion

LI Ll
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- parameters weré assumed to be ' reasonably close . so
attention was dirécted first gowards the crystal field
terms. Sarup's paper givés vélués for the field
parameters, so B%s and B%, were entered using the éiven
values while ﬁzo and B*; were entered as arbitrary numbers.
The first run consequeﬁtly focused‘ on the effects of
varying B%¢ and B%o. These ‘crystal fie;ﬁ parameters were
choseg first because thé& have nonzero matrix elements for
every term in the free ion. This tupns out nof to be the
case with B%s. The results of this run showed that the
program quickly converged on the values for. Bzo_ and B%,
reported by Sarup. Numerical results can be examined in
Table 4, run number 1. This Table provides an example of
the type of organization uséa when runniné the program.

The second run concentrated on the effect of varying
Béo with B®¢ in constant proportion to iﬁ..' This idea of
using éonstant proportions arose from diséussions with ﬁr.
R. L. Cone after reviewing the results from other
crystals. “?' As in }un 1, convergence came quickly and the
vélues closely hatched those given by Sarup. The results
Qf this run are given in Table 4, run number 21 Notice
that the values for Bzo and B*s had been updafed‘with those
obtained in run number 1. | |

After varying the.crystal field parameters, I bégah to
vary the free ion~ parameters starting with the spin-orbit

parameter. " Starting with ~the wvalues given in the ANL

| IR O —
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Table 4: Numerical results from fitting program using data
from Pr3*:LaCls. :

RUN NUMBER : 1

LUMPED PARAMETERS: VARIATIONS: PARAMETER
Eav 9928. 0 M2 = 0.986 .|STARTING { ERRORS:

F2 = 68368.0 M* 0.669 B%, = 200.0 B2, = 16.5
F* = 50008.0 P2 = 275.0 B*s = -550.0 B%y = 39.0
F¢ = 32473.0 P* = 206.3 ‘

« = 22900.0® P& = 137.5

B = -674.0 B2o = ENDING SIGMA

Yy = 1520.0 B%o B%2o = 108. 4

r = 750.0 B¢ = -677.0 B%s = -320.8 c = 19.6

M° = 1.760 B®s = 466.0 °

RUN NUMBER : 2

LUMPED PARAMETERS: VARIATIONS: PARAMETER
Eav = 9928.0 M2 = 0.986 .-|STARTING ERRORS:

F? = 68368.0 M* = 0.669 B¢y = -1000.0| B®o = 36.3
F* = 50008.0 P2 = 275.0 By = -.69B%,

F¢ = 32473.0 P* = 206.3 - ‘

« = 22900.0® P® = 137.5 .

8 = -674.0 B%2o = 108.4 [ENDING : SIGMA:-

% = 1520.0 By = -320.8 B¢y = -677.0

z = 750.0 Béo = o= 17.7

M® = 1.760 B¢y =

RUN NUMBER : 3

.LUMPED PARAMETERS: VARIATIONS: | PARAMETER
Eav = 9928.0 M2 = 0.986 |[STARTING ERRORS:

F?2 = M* = 0.669 | .F?* = 68368.0 F? = 13.0
F* = P2 = 275.0 | F* = 50008.0 F* = 39.0
Fé¢ = P* = 206.3 | F°* 32473. 0 Fé¢ = 28.0
« = 22900.0° P¢® = 137.5
| B = -674.0 B2, = 108.4 |ENDING SIGMA

v = 1520.0 B%, ="-320.8] F?2 = 68359.0

z = 748.0 B¢y = -677.0{ F* = 50009.0 | o = 8.2

M® = 1.760 B®, = 466.0 | F° 32728.0 .

2 A1l values in units of cm’
> The program uses 1000«, which is

1

expressed

.as « here,
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report, the program claimed convérgence within three
iterations, showing almost no improvement in the fit:
Numerical data from this run is not shown here, but the new
-value obtaiqéd for ¢ was used in all subsequent runs.

The next parameters which " were varied. were the
electron-electron interaction terms. - The 1initial values
for these parameters were those-given -by the ANL repoft.

As is typical for this program, convergence came quickly.

Scanning through the results, it was found that the

differences beeween calculated and experimental eigenvalues
was not constant in the sense of being all positive or all
negative. On the other hand, the spin-orbit parameter
produced a constant negative difference. The numerical
results of this run a;e'givén‘ in Table 4, run Aumber 3.
Notice thgt the improvement -of the fit is’considergble.
With all of the major parémeters in the Hamiltonian

varied and adjusted, attention was directed <towards the

smaller correction. terms. First among these was . <,

Starting with an arbitrarily large value, the calculated

eigenvalyes shéwed large positive, shift froﬁ' the
experimental values. Even with this 1large initial shift,

convergence came within three iterations. Small éérrection
terms similar to « are given by B and Y. By starting with

arbitrarily shifted values, a large negative shift in the

calculated eigenvalues was observed. Once again however,

the program converged within three iterations with very
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1itt1e improvement fn the fit. The last parameter varied
independently was P2. Following.the procedure suggested in

the ANL report, ‘®’ P* and P® weéere held in constant

proportions to P? during this run. Assuming this parameter.
‘would contribute 1little towards improving the fit, the.

initial value was that given in'the ANL report. This run

did show some.change in the paramefer which' would suggest
that it should be varied when trying'to fit the Pri*:Y(OH) s
Hamiltonian. -

As a final test, all parametgrs were set 'free at the

same time ‘except for the M's. The M's were held cons‘taht'~

because it was felt that these parameters would contribute

very little to the fit. ‘'?’ The initial parameters used were

those obtained in the first 7 runs. Convergence came.

duickly and the fit improved little.
In review, it was observed that the crystal field
parameters and the electron-electron interaction parameters

(F2, F*, F®) made the most significant contributions to the

{11)

fit. Additiona;ly,'by reViewing the work of J. Sugar:
it is assumed that -stronger crystal fieldg ﬁroduce pigger
shifts in energy 1eveis, pafticularly thg upper levels such
as %P and 'I. Therefore when attemp@ing to fit the
experimental data to the Pr3*: Y(OH) 3. Hamiltonian, efforts

were made to utilize these findings.

TSN JONON{ R S 4
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Fitting to Data from Pr*': Y(OH)s

Fittinglthe Hamiltonian to data from Prs*:La013 is an
admittedly artificial example. This 1is due to the fact
that the most difficult and critical decisions had already
been correctly made. Those deeisions‘ wére ianlved with
constructing a table of energy levels from fhe observed
spectra. When fitting to Pr3*:Y(QH)3'data, it muét be kept
in mind that some of the selecfions may not be c&rrect. It
only takes one mislabeled level to prévent-the program from
finding an acceptable fit. - Bécause of this, the ppoceés
used té find thé_ Hamiltonian fof' Pr3+QY(OH)3 is more
involved.

The seleétion_process was complicated in this work due

to the fact that 'I, and 3Py appeared .to have similar -

energy levels. Additionally, the 'D2 terms did not seem to
fit. Trouble with !D2 has been common in Pr®*:LaCls and
attempts have been made‘??!’ to eliminate this problem but

this work did not incorporate any of these vVvery recent
refinement;. These selection probléms were finail& solyéd
by excluding all experimentally determined levels from D2,
3py aﬁd 11,. This meant that only tﬁe most restrictiv;
data was initially entered.

There is a lowef.limif on the number of levels the
- progrgm needs to. function properly. The program needs
‘enough data to comparé eigenvalues ﬁith such that the free

ion parameters (F2%2, F*, F°, Z ) and the crystal field.
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parameters may beAroughly determined. To adjust the free
ion parameters, the program needs at least four centers of
gravity. . Entering one level: in’ a free ion manifold
determines that manifold's ceﬁter of;gravity. - Since the
crystal field acts to split' the deéeneracies in- these
ménifolds, then it is reasonable to expkct thaf the ﬁrogram
must have more than one level in a’manifold fto determine
anything about the crystal field parameters. The general
condition given'?’ in order to'have a reasonable chance of
fifting "is that the total number of observed 1levels
entered, less the number of centers of gravity determined,

must be greater than four. This may be written as
" No1 - Ncose 2> 4 23

where N;, represents the number of :obsefved levels enfered
and Ncofé is the number of centers of-graVity determined.
This expfession gives some basis for the number of ievels
which must Dbe entered. Because of the ambiguity in the
selecfions, the program‘&as initially run with . the bare
minimum of nine levels.

In the Afinal process of obtaining a fit, nine'of the
best determined levels were entered, along with values for
the parameters given by Sarup and ANL.;B"z’ The initial
nine levels are indiqated in Table 8 on ©pages 76'iand 77 
One significant problem in obtaininé a fit’ previously was

that only one or two parameters were varied in each run.
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This resulted in taking too much time to fihd convergence,.
1t was' therefore _ found convenient to vafy' several
parameters in one run.
Varyin§ several parametérs.at Snpé was not without its
hazards.. Because not all of the operatbrs aré completely

orthogonal, it is possible to have interdependence between

the parameters. . The parameters F4, « andyYy turned out to
show strong interdependence, So while one value grew
beyond physicélly ' acceptable bounds as determined. in

previous wOrk,zzz’the other dependent parameteré could
adjust to compenéate making it appear as if a fit had been
obtainea. Thié Wés found to actually occur in - Y, SO
following the lead of others, (3+22) Y was permanently
fixed for all runs. |

After much experimentation,with the parameters, it was

found that varying all of the crystal field parameters and

the largest free ion parameters (F?, F*, F®, £ ) togeéether
produced consistent and reasonable results. With a fit
obtained for the initial nine levels, other levels'were

slowly added and new parameters obtained.
In order to obtain a reasonable fit, the program had

to be run over 200 times. Obviously it would be

nonproductive and tedious to reproduce the results-of'zod

runs. So, this Chapter concludes with a . review of the

results from fhe fihal runs.

| 1 i

During all of the runs made with the fiha1‘19_1evels, ‘
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no problems, such as a shifted ground state, were obseryéd.

Therefore, attention focused on minimizing o. Table 5 list

the results obtained after varying all of the free ion

parameters except for whose ™ value was held fixed at a
value given by H. Crosswhite. ‘'??' The initial parameters in
this run gave a least squares fit of 26 em™ ', Within three
1

iterations this figure had improved considerably to 7 cm”

This run provides a typicél example of varying several

" parameters, provided that. the correct levels are in place.

After varying the free ion parameters, the crystal
field pafameters were varied again. Keeping in _hind the

large changes made in all of the parameters sihqe the first

run with nine-levels; very little change was‘ recorded at
this point. ‘'Finally, to ‘assure a good fit, I returned to
varying one or two parameters per run. The last run made

has its numerical data documented‘ih Table 5 run number 2.

Even though many runs had Been made between the two shown

* in Table 5, very little actually changed. At this point, a

- moderately good Hamiltonian was considered found.
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Table 5: Numerical results from fitting program using data

70

from Pr**: Y(OH) 3.

RUN NUMBER :

1

LUMPED PARAMETERS: { VARTATIONS: PARAMETER
'STARTING ERRORS:
F2 = 68318. F2 = 34.
F* = 47385, F* = 131.
Fé¢ = 31808. F¢ = 50.
Eav = 9928.0 M%Z . = 1.290 « = 26241.° « = 277.°
F2 = M* = 0.874 B = -729. B = 20.
F* = P2 = 119.3 ¥ = 748.0 = 0.9
F¢ = P* = 89.46 -
|« = p¢ = 59.65 |ENDING . - SIGMA:
B = B%2o = 321.1 " F?2 = 68481, ’
Y = 1400.0 B%, = -1057. F* = 47524,
r = Béo .= -1133. F® = 32115. ¢ =.7.1
M° = 2.300 B®, = 645.5 « = 26566.°
: 8 = -736.
I = 747.9 -
RUN NUMBER : 2
LUMPED PARAMETERS: VARIATIONS: PARAMETER
Eav = 9928.0 M2 = 0.986 |STARTING ERRORS: =
‘F2 = 68481.0 M' = 0.669 P?Z = 119.3 P? = 18.4
F* = 47524.0 P2 = P* = 0.75P?
F¢ = 32115.0 P* = P* = 0.50pP?
|« = 26566.0° P& = '
B = -736.0 B2, = 321.9 |ENDING - : SIGMA:
Y = 1400.0 B* = -1056. P2 = 145.7 .
z = 747.9 B4y = -1137. o = 5.7
M® = 1.760 B4, = '646. 4

@ A1l values in units of cm”
® The. program uses 1000«, which is expressed

1

as « here.
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CHAPTER 6
RESULTS AND CONCLUSIONS

Having presented the ideas and methods relevant to
this project, I conclude by. revieﬁing the final resglfs
obtained. The first results which should be reviewed are
the final experimeﬁtally determined energy levels. Second,
the energy levels as -determined by éalculatioh are
presénﬁed along with 0, the least . squares fit parameter;
Also the magﬁitudes' of the barameters in‘ the final
hamiltonian are given. Finally, a few comments are made
in review of this tﬁesis.

Table 6 ' contains the results of ﬁhe absorption
experiments. E;amination of the‘_sbectr‘al~ p;ofs ‘in the-
Appendix rgveals ’that the 1line which did not work well in
the computer fitting procedure was nﬁt.bértiqulaply strong.
The Appendix contains:the spectra} plots from all of the'
lines 'recorded. However, the - magnitudes of thé
fluorescence lines are not well représented by these plots.
The magnitﬁde of the 1lines depénded not only on they
populétion of the state and the transition probability; but
also on the voltage applied to tﬁe photomultiplier tube.

For example, the voltage applied to the photomultiplier
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Table 6. Absorption lines recorded and levels detgrmined
Line?® Polari- Transition Level

zation responsible determined?
22249.7 o SHe(2) - %P2(2) 3Pz(zi.e 22249.7
22184.7 7 5H4(2) - 3P2( 1) 3Spa(1) = 22184.7
22172.0 o *Ha(3) = ¥P2(1) Ha(3) = 14.5 -
22135.7 o *Ha(2) - %P2(0) 3p,(0) = 22135.7
21339.2 o SHa(2) = *Ta(1) Y1.(2) = 2133912
21086. 2 G SHa(2). - 'TI4(0" ") | *I6(0"') = 21086.2
21022. 6 ¢ *Ha(2) - 11,(0") '1,(0') = 21022.6
21001. 6 o 3He(2) - *P1(0) 3py(0) = 21001.6
20990. 2 ] SHs(2) - 3¥Py(1) Py(1) = 20990.2
20436, 5 c *Ha(2) - 3Po(.0) 5Po(0> = 20436.5
16802. 2 T BHa(2) - 'D2(1) 1Da(1) = 16802.2
16761. 2 c SHa(2) - 'D2(2) 'D2(2) = 16761.2
‘16734, 2 o] undetermined undetermined
16471. 2 o *Ha(2) - 'D2(0) 1D2(0). = 16471.2

4 211 numbers in units of cm’

.

L

h]
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! was around

when recording the lines at 16472 and 16457 cm”
g00Vv. In contrast, .the 1lines recorded with wévenumbers
below 16450 cm~ !, were recorded with the photomultiplier at

1800V.

The results from. the fluorescence experimenté can be
reviewed in Table 7. Note that some of the transitibns
recorded yielded informatioh on the same eigenstate;‘ This
‘means that there were .fewer levels fé‘work with in the
computer fitting procedure, but. the levels used were more
reliably detefmined.

The most strikingly contradictory line recorded was at
16457.3 cm™ . Examination of tﬁe plot. for this line in the

Appendix shows that this fluorescence was the stroﬁgest

recorded. In fact, this line was often used to adjust'the
instruments during the experiment. Originally the
transition believed respdnsible for this- line wés

‘Dsz) ®H4(3), which ‘determined .3ﬁ4(3) to have an energy
corresponding to 16¢cm™1 This seemed reas&ﬁable ‘siﬁce this
ievel had also been determined from absorption ‘data.
However, it was later found that when pumping the tpa( 0y,
the fluorescence in this region of the spectrum virtually
disappeared. This suggests that the line either origihates
froﬁ the 3Po state or from an uppe; level of the ’D; térm.
The logicai_nekt test would be to pump an @pper_ level in
'D2. Since 6hev magnitude of the energy level déterminéd‘

for this line does not match any of those expected for
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Table 7. fluorescence iines recorded and 1eVels determined
Line® Polari- Tranéition Level

zation responsible determined®
18797.6 o 3P{(1>‘—-5H5(2) SHs(2) = 2192.2
16824.0 o 3py(1) - FHa(3) 3He(3) = 4166.4
16733.0 7 *Py(1) - He(2) “He(2) = 4259.7
16473. 0 o 1D2(0) - *Ha(2) 1D2(0) = 16471.2
16457. 3 Ui undetermined undetermined
16270. 7 7 3Ppo(0) - *Ha(3') “He(3") = 202.8
16249, 0 o undetermined - undetermined
16176. 6 o 3p§(0) - YHs(2) SHe(2) = 4261.7
12304. 8 T 1Dp2(0) - *He(3) '3ﬁ6<3) = 4168.2
12211.5 o 'D2(0) - *He(2") Ho(2') = 4261.5
11394.0 o 1D2(0) - 3F2(2) 3F2(2) = 5079.0

* all

values have

units of em™*'.
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praseodymium,. it -may be that the:crystal studied had a .

contaminant in it such as europium.

‘Both the‘absorption and fluorescence experimeﬁts were
repeated several times. Therefore most of the lines
presented here were recorded on‘.more than one occasion.
One important exception to thié was alline a£,113§4 em™ 1.

This line was recorded during an experiment using one

particular crystal and was not found in two subsequent

experiments using a different crystal from the same batch
of crystals. All other.‘conditions suqh« as crystal
temperature, level pumped and photomultiplier voltage were
identical. The last fluorescence experiment pumped levels
1D,¢0), 3Po(0) and *Py(1) in an attempt to clarify the
selections. : ‘

As mentioned previously, the program for fitting
calculated energies to experimental. énergies had beén run
many times and -the final results were ﬁodefately goqdv

However, three levels were not used in this fit so ¢ has a

somewhat artificial wvalue, Thevfinal least squares fift
parameter with 19 levels fitting was 7.7 cm !, Table.B‘
lists all of the final <calculated energiés aﬁd the
- expepimehtal levels used in the - fitting process. _ These

energies were calculated from a hamiltonian with the

parameters given in Table 9 with units of cm™?!.
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Table 8. Final calculated energy levels for Pr®*:Y(OH) s -

difference

Term calculated experimental
n energy (cm™ 1) energy (cm™!) (em™t)®
YHe 2 0.0 0.0% 0.0
3 5.5 15.0*% 9.5
2' 182.7 - .-
3’ 188. 3 201.0° 14. 5
1 277.5 - -
456. 9 - -
SHs 3 2132. 6 - -
2 2186. 3 2194.0 7.7
3 2226.1 - L=
9 2264. 0 - -
2" T 2278. 4 - -
1 2434.7 - -
0 2501.0 - -
- 3Hs 3 4162.9 4168. 2* 5.3
2 4252. 6 4261.5°% 8.9.
3 4386. 9 - -
0 4392. 0 - -
o' 4420.9 - -
1 4472.5 - -
2! 4504. 4 - -
(R - 4709. 4 - =
o' "4747. 3, - -
SF2- 1 4970. 4 . - -
0 5037.9 - -
2 5072. 3 5079.0 6.7
Fz O 6302. 4 - -
2 6346. 8 - =
3 6377.2 - -
9 6402. 0 - -
3 6412.7 - -
3Fs 3 6553.7 - -
3 . 6610.9 = -
2 6653. 8 - I -
0 6704. 2 - -
1 6713. 4 - -
2' 6800. 6 - -

one of first nine energy levels used . .in fit

b difference =

(experimental) - (calculated)

| R R S S
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Table 8. Final calculated energy levels for Pr¥*: YCOH) 3
(continued)-

‘Term calculated experimental difference

u energy (cm™ 1) energy (cm™ 1) (cm™')?
'Gse 3 9229.8 - -

3 9447. 9 - -

0 9566. 8 - -

2 9594, 3 - -

1 9653. 2 - -

2 9788. 6 - -
'p, O 16459. 2 16471.2 12.0

2 16803. 7 16804. 0 0.3

1 16758. 8 - 16763.0 ' 4.2
3Py O 20425. 6 20436.5* . 10. 9
ip, O 21002. 6 21001.6 -1.0

1 20983. 0 209940. 2 7.2
11, 0O 21018. 8 21022. 6 3.8

0 21083. 9 21086. 2 2.3

1 21322. 4 21339.2 16. 8

o'’ 21324.5 - -

1 21383.0 - -

2 21478.0 - -

3 21559.7 - -

2 + 21576. 6 - -

3f 21633. 0 - -
P2 O 22118. 0 . 22135.7* - 17.7

1 22181.9 22184, 7* 2.8

2 22250. 3 22249, 7% ~-0.6

i one of first nine energy levels used in fit
- (calculated)

® gifference =

(experimental)
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Eav = 9928.0 . M2 = 1.290
F2 = 68481.0 M* = 0.874
F* = 47524.0 P2 = 145.7
F¢® = 32116.0 P* = 109.3
« = 26.566 P = 72.85
B = -735.0 B2, = 321.9
Y = 1400.0 B*, = -1056.
z = 748.0 B®o = -1137.
M° = 2.300 B®s = 646.4

Table 9: Final parameters for the Hamiltonian of
: Pr3*: Y(OH) 3

The fit .obtained in this work wés not 'perfect.
ﬁowever the caléulated energy levels for Pr**:Y(OH) 3
presented here can be considefed close and éhbuld be uséd
as a guide when searching for spectral Iines' in this
sample._v ;n an attempt to impréve the deﬁérmination.éf the
- energy levels, future experiments éould pump the Qpper

states in the 'D: manifold. This should at least yield more

-1

information on the 1line seen at 16457 cm” *. Another -

experiment may be to subject the crystal to a magnetic

field, thereby finding additional 1lines due to Zeeman

splitting. Finally, if it is felt that the sample has some

contaminants in it, a new sample could be obtained, using’

it in the. same experimental procédure outlined in this

thesis.
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APPENDIX

Experimental Plots of Spectra

The plots which follow are those obtained from the
experiments' and were used in the data analysis. The
1abe1ing of each plot indicate which polarizafion, if any
was used when recording the signal. The horizontal axis of
each plot :is indéxed in terms of wavenumbers and therefore
have units of inverse centimeters. The vertical axis is
indexed in counts from the multichannél analyzer. These
counts were heavily dependent on the.settiﬁgs of the gignal
processing instrqments and do not necessarily represent

the intensity of individual lines.

I
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Figure 12. Absorption with sigma polarization at 22400.
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Figure 13. Absorption with pi polarization at 22400.
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Figure 15. Absorption with sigma polarization at 21100.
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Figure 16. Absorption with pi polarization at 21020.
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Figure 17. Absorption with sigma polarization at 20445.
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Figure 18. Fluorescence with no polarization at 18849.
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Figure 19. Fluorescence with no polarization at 16841.
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Figure 20. Absorption with pi polarization at 16900.
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Figure 21. Absorption with sigma polarization at 16790.



Figure 22. Absorption with sigma polarization at 16490.
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Figure 24. Fluorescence with sigma polarization at 16480.
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Figure 25. Fluorescence with sigma polarization at 16290.
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Figure 26. Fluorescence with pi polarization at 16290.
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Figure 27. Fluorescence with no polarization at 12400.
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Figure 28. Fluorescence with no polarization at 11500.
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