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OPTICAL STUDIES OF LANTHANIDE AND ACTINIDE IONS 
IN CALCIUM FLUOR1DE 

-

James Joseph Stacy 

Lawrence Berkeley Laboratory 
and 'Department of Chemistry 

University of California 
Berkeley, California 94720 

October 1971 

'ABSTRACT, 

Optical absorption and thermolUminescence measurements were 

used to study the effects of y-irradiation on trivalent actinide ions 

in CaF2 . Thermoluminescent glow curves for Np, Pu, Am and em (and, for 

comparison, the lanthanides Er, Ho and Tm) were measured between 100
0 

, 0 
and 300 K. These were found to be remarkably similar, with glow peaks 

occuring at nearly the same temperatures for each of the ions. The 

acti vation energies for each of the glow peaks were estimated. High 

resolutioh measurements of the spectra of the thermolumines cence showed 

that the emission is identical to the fluorescence of the trivalent 

ions, and determines the site symmetry of the 'emitting ion. Evidence 

was presented that the glow emission below 300
0 

K' originates from tri-

valent actinide ions in cubic sites. In the model proposed to explain 

these data, irradiation at 7fK produces hole traps and electrons which 

are localized near cubic Ac 3+ ions. Heating allows a hole to diffuse to 

the site of a localized electron. The hole and extra electron recombine, 

leaving an excited trivalent actinide ion. Dec~ of this ion to its 

ground state results in the observed thermoluminescence. 
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When the Ac 3+-CaF
2 

crys:tals were irradia.ted at' 300
o

K, the acti-

nide ion was oxidized to the tetravalent state. In the model proposed, 
, 

heating allows ele,ctrons which had become trapped in the lattice to 

~ I ~ 
recombine with the Ac ions. The deca;y of the newly formed Ac ion to 

its ground state results in the observed thermoluminescence. 

The optical Zeeman rotation spectra were taken of some selected 

t . t' .. Am3+ 3+ '3+ '. 0 t - . t rans~ ~ons ~n ,em and Nd embedded ~n CaF 2' nly symme ry s~ es 

arising from tetragonal compensation could be positively identified, 

although there was -evidence for the existence 0f lower symmetries. This 

technique is of general applicability. to problems of non-equivalent 

i 
sites and provides a more positive identification than Zeeman studies' 

restricted to a few crystallographic directions. 

" 

• 
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I. INTRODUCTION 

Probably no other mineral shows such an abundance of colors and 

such brilliant luminescence as the fluorites' (CaF
2

); in fact, the word 

1 
"fluorescence" was suggested by Stokes because of the brilliant blue 

luminescence from many English fluorites. These minerals became the 

'-j t fl' t· t· 2 sUu ec 0 numerous ear y l.nves l.ga l.ons. Mi croanalysis and improved 

crystal growing techniques showed that the phenomena occuring in the 

fluorites could be explained by the presence of trace amolmts of 

foreign materials, in parti cular the rare earths. 

The lanthanides and actinides (henceforth referred to collect-

ively as "rare earths") are characterized by the progressive fi lling of 

the 4f- and 5f- shells, respectively, of their electronic configurations. 

The electrons contained in these shells are shielded by outer electrons 

from any strong interaction with their environment. The free ion ,elec-

tronic levels are usually studied by electrical discharges. This gives 

rise to a very complicated spectrwn because (1) Usually the ion is 

observed in several valence states simultaneously, and (2) the observed 

spectral lines are broa.dened by the high current requirements. On the 

other hand, if the ion is incorporated into a crystal it is held fixed 

and often present in only one oxidation state (usually 3+). Calcium 

fluoride is an ideal host material for the rare earths. It is hard and 

sturd;y (this is particularly important for the radioactive actinides), 

takes to opt/ical finishes, is transparent throughout a wide spectral 

range (1250 AO - 9jJ) and, ,most important, incorporates small amounts of 

rare earths is omorphi cally. Furthermore, it is a very good laser , 
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host and indeed several lasers have been constructed from rare earths 

. t d . t l' fl . d 3-8, lncorpora e ln 0 ca Clum uorl e. 

Most of the work done on rare earths in calcium fluoride has been on 

the lanthanides. In this laboratory we have been extending these studies 

to include the actinides. Several difficulties arise: (1) Very often the 

amount of material available is prohibitively small. Experimental 

absorption intensities may be very weak. (2) The intrinsic radioactivity 

damages the crystal resulting in broad absorption bands which often 

obscure important spectral features, or mask them out completely. (3) 

The f-f transitions are in general broader than in the corresponding 

lanthanides. (4) Theoretical considerations are more complex because of 

greater j-j coupling. 

In this dissertation a study is made of the y-irradiation of 

actinide ions in CaF
2

. Effects ~uite different from those observed in 

the lanthanides are observed, in particular, the stabilization of the 

tetravalent state rather than the divalent state. The second section 

deals with the determination of local site symmetries using optical 

Zeeman spectroscopy. 

, 
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II. BACKGROUND 

A. Calcium Fluoride 

The production of optical quality crystals of calcium fluoride9 

has enabled it to become a popular host material for rare earth ions. 

Measurements of many of its properties with references to other works 

, 10 -,. ,11 
are given by Mali tson and Balchelder and Sl.mmons. The CaF 2 latti ce 

5 structure is face-centered cubic and belongs to the space group 0h' The 

structure may be regarded as a regular cubic arr~ of fluorine atoms 

with calcium ions at every other body-centered position. This is shown 

in Figure 1. The lattice constant is 5.45 A.12 

B. Charge Compensation 

When small amounts of rare earth ions are incorporated into CaF 2' 

they replace the calcium ions; however, since they are most stable in 

the trivalent state, a valence mismatch occurs whi ch must be compens ated. 

A great deal of optical and magnetic resonance work has been done on 

. 13 
thesesys terns. Excellent sunnnaries are given by Feofilov and by 

W b d B ' • 14 h t h -, e er an l.erl.g. The results of t ese s udies s ow that sever~ 

different charge compensation mechanisms m~ occur which depend upon the 
.' 

growth conditions, impurity concentrati ons and thermal treatments of the' 

1 15 samp e. -

The spectra of rare earth ions in CaF
2 

can be classified into 

two groups. Crystals grown in an atmosphere containing oxygen produce a 

Type I spectra; crystals grown in an oxygen-free atmosphere produce a 

16 
Type II spectra. This notation, however, can be confusing (see fOJ? 

example Refer"ence 17) and perhaps is best avoided. 
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Fig. 1. Crystal structure of CaF2 , 
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In oxygen-free crystals,' the most common trivalent rare earth 

" 
si te is one of tetragonal (C4.) crystal-field symmetry. Charge compen-

sation is attained by the presence of a F- ion in one of the six nearest

neighbor interstitial sites at a distan'ce a/2 = 2.73 A. The crystal 

field symmetry axes are the [100] crystallographic directions. This 

charge compensating mechanism has been well substantiated fro~ density and 

1 tt ' . t t 't 18,19" d' t" 't "t 20 d a 1ce cons an measuremen s,' 10n1C con uc 1V1 y exper1men s an 

early paramagnetic resonance results,21,22 and is shown in Figure 2a. A 

crystal field of trigonal symmetry (C
3
) can arise if the fluoride ion 

enters into one of the eight second-nearest-neighbor interstitial posi-

t ' 23 h 'Fo' 2b 10nsas sown 1n 19ure . The symmetry axes are the [Ill] crystal-

lographic directions. It is also possible for the charge-compensating 

interstitial fluoride ion to be located far from the rare earth ion, 

leaving it in a field which is essentially cubic. Since the interstitial 

fluoride ion is not tightly bound to the tri v8,.1ent ion, at suffi ciently 

high temperature it can diffuse through the lattice. 20 Friedman and 

24 . 
Low observed that crystals wich were rapidly quenched from high temper-

atures favored cubic site formation. They argue that the fluoride ions 

are unable to diffuse to an energetically favorable site near the rare 

earth ion and are trapped elsewhere in the lattice. 

If oxygen is allowed to enter ,the crystal several,new means of 

charge compens ationarepossible, The most common mechanism gives rise 

, ' , 16 25-27 
to a new trigonal (c

3v
) symmetry about the rare earth 10n, ' 

It is believed that 0
2

- ions replace lattice fluorides at one of the 

eight cube corners surrounding the rare earth, resulting in an asymmetry 



i: 

a) 
I 
I • 

.... L. .. 
I. '. 

0----
'" " " 

I 

--.-0---,,' . , 
,'" 

-6-

I : 
I I' 

._ •• 1 ...... 
I . -- -~---

,,' , 

_ ...... _ ••••• -_.- .-.-~-----~.---.--.-.- .. ----.........-; ._._, _ M ___ .. • ___ • .,_ ._ 

Fig, 2a, Charge comperisation in CaF
2

, 'Compe~sation by nearest-neighbor 
. inters:titial fluoride. 

.. ' 



.J 

6) 
I : . 

·· .. T· .... 

" 
" 

6----

'-------,-~ ... --. -- -----_ .. -. --'--.-

.... 7-

--_ .. --:._- .~'-'--------.---- . -~. - .~. -_., 

. n 3<1-
(f!j)r.£ 
.O~-

Fig.2b. Compensation by secbndnearest~eighllor interstitial fluoride. 
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about the bod;y diagonal of the cube (See Figure 2c). Lower symmetries 

1 in~olving pairs, triads and higher order _ cluste:r;s of rare earth ions 

h b --' t d b Arnst d W' . 28 .ave een s ugges eyer an 1991ns. 

Charge compensation may also be attained by the addition of 

. . + + + ++ 29 
small amounts of positive compensators, Me (Me = Na , K , and Ag ). 

Th.e resulting symmetry is usually orthorhombi c (C
2

) and res lilts from 

the replacement of two neighboring Ca2+ ions with a RE 3+(RE = rare earth) 

+ ion and a Me ion. 

c. Site Symmetry Determinati on 

It is thus well established that when a trivalent rare earth ion 

is incorporated into CaF 2 several kinds of sites are created as a conse

quence of the various modes of compensation of the excess positive charge. 

The resultant sharp line. optical· spectra are very complex due to the 
• • . I 

superposition of spectra belonging to specific sites. Analysis of such 

a spectrum consists in grouping together lines which belong to a specific 

si te and determining its symmetry. Several methoq.s of analysis have 

appeared in the Ii terature and are discussed below. 

1. ' Concentrati on Series. Method 

. . . . 30. b . t The concent-rat1on ser1es method' 1S ased on an· appronma e 

thermodynaInic calculation .of the equilibria of si tesymmetries in 

CaF - RE3+ crystals by Osika. 31 Formulas were obtained relating the 
·2 

concentrations of RE3+ si t~s having different structure to the total 

concentrati on o.f rare earth' imPurity and to theequilihri um temperature. 

The calculation showed that there is avery characteristic dependence of 

" .,:: 
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, 3+ 
the concentrations of' dif'f'erent sites on the total concentratl.on of' RE . 

At low concentrations the majority of ions should be in cubic sites. At 

higher concentrations the fr~ct;ion of' tetragonal centers should increase, 

(and, at still higher concentrations, there should, be a considerable 

fraction of' orthorhombic centers. Preliminary investigations by Voronko 

30 and workers showed that spectral lines can indeed be classified into 

distinct groups by their concentration dependence, but there is noun~ 

biguouscorrelation with the theoretical calculations. 

2. Correlation of Optical and EPR Data 

The determinati on of s1 te symmetries in RE3+ -CaF 2 by elect1ron 

paramagnetic resonance is accomplished by examining a plot of lines 

(which corresponds to splitting values) as a function of angle of 

rotation about a known direction of the' crystal (usually [110]) which is 

perpendicular to the dc and microwave fields. By making a careful 

comparison of optical and EPR data of several crystals grown under 

diff'erent conditions and having different concentrations, it should be 

possible to assign site symmetries from EPR data to optical lines, 

This method was first applied to gadolinium. Makovsky32 studied the 

3+ absorption and emission spectra of Gd -Ca.F
2 

and established the crystal-

lineen~rgy level schemes of Gd3+ in eight different sites, Later this 

work was extended to include SrF 2 and BB.F 2.
33 

At about the same time 

G'lf t al 34-36 ki 'd d tl ' 'd t ," , 1. anov ~ _. , wor ng 1.n epen en y, carrl.e ou a SJ.JDlar serl..es 

of experiments which confirm Makovsky 's data. It was pointed out, how

ever, that the correlation is not alw~s straightforward,3.4 The prob-

abili ty of a transition in EPR is almost independent of the symmetry of 

i' 
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the crystalline electric field; however, the probability of transitions 

between electronic levels responsible for the optical spectra can be 

very strongly dependent on the type of surroundings. For example, in 

the presence of a center of inversion (e.g., cubic symmetry) electric 

dipole-dipole transitions between levels within the same electronic 

configuration are forbidden, whereas in the absence of a center of 

inversion (e.g., tetragonal, trigonal) electric dipole-dipole transitions 

37 are allowed. A similar analysis was carried out by Kirton and 

McLaughlin 38 on Yb 3+ -CaF 2' Ten di fferent sf tes were found; a correlati on 

between EPR and optical spectra was found for six of these sites. 

3. Piezospectroscopic Determination 

The piezospectroscopic determination of local site symmetries in 

CaF
2 

is based on the uniaxial elastic compression (or elongation) of the 

crystal. This anisotropic influence will have a different effect on sites 

--
oriented along different crystallographic axes. The theoreti cal aspects 

were worked out by 

41 
and co-workers. 

Kaplyanskii 39 and recently have been extended by 

. 3+ 40,42,43 
The technique has been applled to Eu , 

Sm 3+ 40 Ho3+ 49 Ce3+ 4'6 1 th "d 44,45 , , and some divalent an anl es. . 

4. Optical Zeeman Effect 

Malkin 

The study of the Zeeman splitting of lines in RE-CaF
2 

crystal 

spectra i.s becoming an increasingly popular tool. Very high magnetic 

fields are now available in superconducting magnets and pulsed magnets. 

A theoretical discussion of the Zeeman effect will be postponed until 

Section V A-3. We shall present here a survey of the literature. 
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3+ The Zeeman effect in the optical spectra of HE -CaF2 crystals 
4 ., 

was first observed by Arkhangelskaya and Feofilov 7 and was used to deter-

, 2-mine the position of the 0 compensator in the CaF
2 

unit cell. At first 

, ' - . . 

Zeeman studies were mostly confined to the relatively simple case or cubic i' 

t S 48 Tm' 49 'd Eu50- 54 ' " t d' d· 't'h' d' 1 t t t symme ry: m, ,an were s u le ln elva en s a e; 

Yb 55 and Eu56"'58 were studied in the trivalent st~te. The existence of 

non-cubic sites has been established by other investigators. Tetragonal 

charge' compensation was found by Crozier59 ince3+-caF
2 

and independently 

. 60 61 " 62 
by Russlan workers.' Masui and Ibuki used a pulsed magnetic field 

up to 130 kG. to study two intense trigonal lines, probably due to 02-

3+ " 
compensa~ion, in Pr -CaF2 . Kirton and Whit~55 used the Zeeman effect to 

confirm the cubic, tetragonal and trigonal sites reported by Kirton and 

McLaughlin38 who correlated EPR and optical spectra.. III what has probably; 

been the most complete analysis to date, Rector, Pandey and Moos 63 found 

3+ . 
tetragonal sites in Er -CaF2 bY,st'\ldy of the Zeeman pattern of the 

lines as a function of rotation about the [110] axis of the crystal. This 

technique is of general applicability and provides considerably more infor-
J , 

mation than Zeeman studies restricted to a few crystallographic directions. 

5. Other Methods 

Several other methods have been used to determine, the site sym

metries in RE-CaF 2 single crystals., Rabbiner assumed a pure cubic 64,65 or 

, ' 66' ' 
pure tetragonal symmetry in his crystals and calcUlated the theoretical' 

crystal field energy level schemes to first order of perturbation theory. . . ' 

The agreement between observed and. calculated lines,confirmed,the proposed 

symmetry. A similar calculation was carried out 'by Zverev and Smirov67 

for trigonal (02- compensation) Eu3+ sites in CaF
2

. 

, ,".' 
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Using a teChnique developed by FeOfilOv
68 , Ewanizky and co-

. ~ ~ 
workers measured the polarizarization of fluorescence from Sm -CaF 2 

crystals. They concluded that tetragonal and trigonal symmetries were 

involved. 

It has been reported that fluorescence from strictly cubic sites 

can be induced in RE3+ -CaF
2

by excitation with x-rays 70 or y-rays. 71 

The mechanism is based on the formation of divalent ions in CaF
2 

which 

will be discussed in the next section. 

Finally, several methods have been introduced whi ch cannot be 

'used to determine the nature and crystallographic location of the charge 

compensator but can help group together spectral lineswhi ch arise from 

the same mechanism. Makovsky 72 was able to group spectral lines with the 

73 same afterglow characteristics;. Luks, et a1. grouped lines with the 

same luminescence quenching time. Voronko and co-workers
74 

developed a 

technique which selectively 'excited the luminescence from individual site 

symmetries. 

D.' Effects ofx~Irradiation 

1. Valence Changes 

Much research has been done on the reduction of lanthanide ions 

in calcium fluoride to the divalent state. These ions have broad 

4f
n ~ 4?-ld abs~rptions in the 'visible spectral region where strong 

pumps are available and thus are useful in lasers. In general the reduc-

tion techniques are the same as those used to produce color centers in 

alkali halides and alkaline earth fluorides (see Section II-D3). 
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,i 

A few of the lanthanide ions are relatively, stable in the 

di valent state and significant concentrations can be grown in the crystal 

under reducirig conditions. 
:2+ 2+ ' 2+ 15 

Sm ,Eu and Yb were studied by Feofilov 

6 ' ~ ~ "v 
in 195,. For Euand Ybthe stability can be attributed to the half-

'( 

filled (f1) and completely filled Cf14) electronic configurations. 

All of the lanthanides in calcium fluoride can ,be chemically 

reduced(by heating the crystal for several hours at 150-950° C' in an 

t . ' 16 a mosphere of calc~ um vapor. The conversion is close to 100%. Solid-

state electrolysis gives a s'imilar result .11-19 

Divalent lanthanides can also be produced by exposure to high 

, " ,80 81-83 84 
electrons - x-rays and y-rfJ3's. The conversion efficiency , . energy 

is not high and is strongly dependent upon the particular sample: 

SabiSky85 obtained a maximum conversion of 11%; O'Connor and Bostick
80 

in 

some. crystals had a 513% ccmversion; Galaktionova et !!:l.86 managed only 5% 

conversion. Furthermore the reduction is unstable with respect to ultra

violet and visible light 81 andhe,at (see the following section). 

There is evidence that only those lanthanide ions with, non-local 

compensators (cubic sites) can be reduced to the divalentsta:te. HfJ3'es and 

Twide1l82 irradiated samples containing Tm3+ at 17°Kand found divalent Tm 

only at cubic sites. They suggest that only those ions initially at cubic 

sites are reduced since it is unlikely that the charge-compensating ion 

. bil t' 11° K L ',88 d 2+ ' ~s mo ea. ow and Ranon .pro uced Tm 'in cubic sites by 

y-irradiation at 300
0

K but feel that the compensator may be mobile at 

that temperature. Further evidence of Tm2+ at CUbic sites is given by 
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89 . . 90 
Hayes and TWidell and by Anderson and co-workers. Several au-

thors85,89,91,92report the presence of H02+ in cubic sites after irradiation. 

S8bisky85 did a quantitative study of Ho2+ production. The conversion 

. . 1 1 al H 3+ . eff~c~ency was low for relative y arge or sm 1 o· concentrat~ons. 

. 3+ 
For large concentrations of Ho , cluster formation may reduce the relative 

nUmber of 3+ ions· in cubic sites; for low concentrations , minute amounts 

87 of o:xygen may act as local compensators. 

In this laboratory we have been involved in studying the effects 

of y-irradiation on actinide elements embedded in calcium fluori de. 

Edelstein and co-workers93 showed that divalent Am can be formed in CaF2 

by y-irradiation of the 3+ ion. The mechanism seems to be completely 

analogous to the lanthanides. > Recently, however, McLaughlin et al. 94 

reported that in Pu-CaF
2 

the ion is initially presented in the trivalent 

state but, due to the intense a.-decay of the Pu nucleus, some of the Pu 

. is converted to the tetravalent state. This effect could be duplicated 

by the·irradiation from a 60Co source. This stabilization of the tetra-

valent state in the CaF 2 matrix is a surprising effect, since it increases 

rather than destroys the local charge imbalance. The mechanism is not\ 

understood and this dissertation will be concerned in part with similar 

systems. 

2. T;b.ermolumines cence 

3+ 
If trivalent lanthanide ions (Ln ) in CaF 2 which have been 

irradiated ar~ then heated above the irradiation temperature, they emit 

light. This phenomenon is known as afterglow or, more commonly thermo

luminescence. Merz arid pershan95Y-irradlated all of the available 
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lanthanides at 7fK, and subsequently warmed the crystals to above room 

temperature. The glow intensity was integrated over wavelength and 

plotted as a function of sample temperature. The most striking result 

is that the temperatures of thermoluminescent emission maxima are essen

tialIyindependent of the lanthariide. The relative inten~'ities differ 

from one lanthanide to another, and in some cases are weak or missing, 

bu:t in general the peaks occur at nearly the same temperatures. This 

suggests that the emission cannot be associated with direct thermal, 

ionization of the diValent ion which would bea function of the ioniza..,. 

tion potential of each lanthanide, modified by the crystalline environment, 

but must be associatec;l with the lattice. Similar results were reported 

, , 96 
by ArkhaIlgelskavr a for Er, Ho, Tmand Dy. 

The situation is not so clear for the high temperature glow peaks (those 
, . 

occuring above room 

longer coincident. 

temperature), where the peak temperatures are no 

85 Fong has suggested that this process involves the 

transfer of electrons into the valence ban,d and hence is dependent upon 

'the particular lanthanide. More recently it has been suggested that the 

process involves the excitation of an f electron to the d bands. 97 

Although the thermoluminescent glow peaks do not depend strongly 

on the particular lanthanide, 'the emission spectra are unique and co~rre-

',' spond to the fluorescence of the trivalent ion. There is evidence that 

for peaks occurring below room temperature, the emission correSponds to 

84'95 the trivalent ion in cubic symmetry. " The hi~ temperature peaks 

I ! 

correspond to emission from the trivalent ion in tetragonal symmetrY. 

M ' and p' e'rs han' 85 d th II'· . 1 ' d 1 erz propose e fo ovrJ,ng slmp e mo e : 

'.' 
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The lanthanide ions converted to the diyalent state are initially 

in cubic sites. The electrons come from compensators located far away or 

from non-local lattice fluoride ions. Electron holes (electron deficient 

centers) are left behind. As the temperature is increased, the holes 

. t t t 2+ , t . IlU.gra e 0 he Ln and capture its extra electron leaving the now r1-

valent ion in an excited state. This ion then decays to its ground state 

giving rise to the observed emission. For the low temperature peaks this 

hole center must leave the Ln3+ in a cubic site. Such centers may exist 

in a number of configurations and are discussed in a recent review by 

Beaumont et al. 98 i The high temperature peakS may be explained by the 

diffusion of interstitial fluorine atoms which had been far from the ion. 

When they approach the divalent ion, they provided the tetragonal 

synnnetry during the electron recombination process. 

There are, however, some conflicting results which have appeared 

in the literature. It is apparent that the amounts of -impurities and 

growth conditions may have a great effect on the thermoluminescence glow 

and the emission spectrum. Makovsky 72 and Schlesinger and Whippey,99 

working independently, studied, the low temperature thermolumines cence of 

Gd3+ -CaF2 and conCluded that it consists of the superposition of emission 

t f ' 't ' 'd Wh' 100 1 t spec ra rom several Sl e symmetr1es. Schles1nger an 1ppey a er 

3+ studied Ce -CaF
2 

and concluded that the low temperature thermoluminescence 

is due to the trivalent ion in s1 tes of at least two kinds of synnnetry, 

one of whi ch is trigonal. 

The thermoluminescence of actinide ions inCaF2 has not been 

studied in detail. Edelstein and co-workers93,. reported that th'e 
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radiation damage in crystals of .Am3+ -CaF can be removed by heating the crys~ 
2 

tal to about 500°C for one hour. This is accompanied by the green glow 

characteristic of .Am3+ions. 
. 94 

McLaughlin et al. were able to obtain 

crude thermoluminescence measurements on radiation damaged Pu-CaF2 and 

assumed it to be ch,aracteristic of the 3+ ion. The thermoluminescence of 

Pu-CaF 2 would not be expected to follow exactly the model proposed by 

Merz and Pershan; the formation of the tetravalent state would be accom-

panied by the formation of electron traps rather than electron hole s. The 

characterization of this type of thermoluminescence is one of the major 

concerns of this dissertation. 

3. Color Centers 

It is apparent from the recent literature ,on color centers in 

alkaline earth fluorides that the significance of the broad absorption 

bands is still controversial-The spectra are often confusing, impuri ty

dependentlOl ,102 and variable;103 consequently, the characterization of 

these centers in terms of the well-known alkali halide centers, such as 

F, R, M,. N, 0, H and V, has been largely unsuccessful. The anomalous 

colorization behavior of CaF
2

, in part at least, is from the particular 

nature of the fluorite structure in whi ch the spa.cious interstitial sites 

ma;yreadily accommodate' fluoride ions.
l04 

The effect of thefluori te 

structure upon the incorporation of impurities is evidenced by the 

". t .. .. .". f tt· 105 d th JIb· 1· t f· RE 3+ . ln rlnS1C presence 0 y rlum an e _argeso va 1 1 Y 0 lons 

106 107 Furthermore, oxygen and hydrogen ., impurities undoubtedly 

play a large role in the optical properties of the crystaL 

.... ' 
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Recently, however, an analogy has been drawn between the band 

at 3750 A in CaF 2 and the well-known F-center (an electron trapped at an 

108 ' 
anionic vacancy) of the alkali halides. Mollwo and more recently 

Arends l09 were able to produce this band in additi vely colored crystals. 

R t 110 d d the b db' di t' t t· t b t 1800 
a maIl pro ucean y ~rra a ~ng a emperaures e ween 

, 
° ill and 250 C .. Kamikawa and co-workers found that theF-center can also 

be formed by irradiating at 4.2°K. 

Another center recently identified in calcium fluoride is the Vk 

center, or self-trapped hole.
112 

The center is baSically a form of the 

F; molecule. Its formation is enhanced by the presence of tri valent 

lanthanides, and m~ correspond to the band at 3l00
o

A which occurs in 

. di L 3+ 113 1rra ated n -CaF2 crystals. 

The overall situation in CaF
2 

seems to be that it is relatively 

hard to produce color centers in the pure material, especially by irradi-

ation;. however, the presence of impurities enhances the formation of these 

centers, especially if the impurity has a different valence state than the 

. "t 1 h 3+ .. C 2+ ~on ~ rep aces; suc as Ln replac~ng a . This center acts as an 

electron trap and the most likely centers that will be formed during 

irradiation are those that can supply electrons to the lanthanides. 

This would result in the. formation of trapped holes rather than F-center,s " 

or other trapped electron centers. However, trapped electron centers , . 

would be expected in CaF
2 

crystals containing Pu3+ which actually acts 

as an electron hole, since it can be oxidized to tbe tetravalent state. 
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III. EXPERIMENTAL PROCEDURES 

A. Samplepre.paration 

The maj ori ty of the samples used for the experiments reported in 

this dissertation were grown by the author or Dr. Norman Edelstein using 

the Bridgman-Stockbarger technique. In this method, powered CaF2 and 

part of an oriented seed crystal are melted in a graphite crucible and 

then slowly lowered through a sharp temperature gradient, This type of 

tal h b 11 d 'b d114.-116 
crys furnace as een fu y es crJ. e_ and will not be duscussed 

f)1rtherhere. Other s amples cont~ning fixed amounts of lanthani des or 

- 117 
uranium were obtained from Optovac, Inc. 

The CaF 2 used to grow these crystals was obtained in crystal 

form fromOptovac, Inc., and was crushed before being placed in the 

crucibles, Approximately 2 wt. % PbF 2 was also added as a scavanger to 

- 114 
remove water and oxygen from the crystal. Cylindrical seed crystals, 

4 mm - or 3/16" in diameter, and oriented along the fIll], [no] or [100] 

crystallographic directions were also obtained from Optovac, Inc. 

The concentration of dopant ion was determined only by the amount 

of rare earth added to the charge. This varied from- 0.01-0.8 wt.%; how-

ever, this is known to be inaccurate and only gives an order of magnitude 
,-

estimate. The lanthanide ions were added dry as the trifluorides; the 

actinide ions were pipetted from concentrated acidic solutions. 
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B. Spectral Measurements 

1. Low Resolution 

. Spectral measurements were made photographically at low resolution 

using a Jarrell-Ash F/6.3 plane grating spectrograph. Three gratings we~e 

used with 300, 600 and 1200 grooves/mm. The 1200 grooves/rom .grating had, 

in the first order, a reciprocal linear dispersion of approximately 

10 A/mm at the blaze (5000 A). The entrance slit was usually 20-100 l-l. 

Kodak spectroscopic plates Type 103a-F and Type 1V-F were used for most of 

the exposures in the visible; Type 1-N and Type 1-Z were used in the infra

red. The1-Z plates were hypersensitizedl18 by bathing the plate for three 

minutes in a dilute ammonia solution (4 parts of 28% NH3 diluted with 100 

parts of H20) at a temperature of about 40°F. Following this treatment 

the plate was bathed for three minutes in CH30H and then rapidly dried in 

a stream of air from a blower. 

A Cary Model 14 recording spectrometer was used in infrared 

regions where photographic plates are not sensitive and in the complete 

3000 A ..;: 2.6 l-l region for general spectral surveys. Samples were care-

fully masked to insure that all detected radiation passed through the 

sample rather than around it ,since tb,e dimensions of the light beam in 

the sample compartment were o:t'tien several times larger than those of the 

crystal. Usually the reference· beam also had to be masked to compensate 

for the low li~t intensity in the sample compartment. 

Quantitative absorption me~urements were made with a Jarrell-ASh 

Model 82-000 O. 5 meter Ebert scanning spectrometer, used in conjunction 



with an RCA 7102 photom'lll:t!plier. The monochrometer was equipped with a 
, ' \ 

295 grooves/mm grating 'giving inth.e' first order a reciprocal l~near dis

persion of about 64 A/mm at the e.xitslit. The slit Width was usually 

100 11. The RCA 7102 pho~Gmultiplier has an 8-1 response, whi ch in the IR -.I 

.," . .' 

peaks at 8000 A and has 50% sensitivity at approximately 6000A ahd 9600 A. 

The anode su~ply voltage was varied between 800 and 1000 volts depending 

on the light intensity. The photomultiplier was encased in a PM-IOl 

Coolable Photomultiplier Assembly (Electro Optics Associates ) and was 
\ 

cooled by a flow of cold nitrogen gas. 

2. High Resolution 

High resolution measurements in the Zeeman studies were ma.de 

photographically using a 3.4 meter Jarrell-Ash plane grating spectrograph, 

Model 7102. A 300 grooves/mm grating with ,a peak. intensity at approx

mately 59°, or 57, 000 A ~ was, used in the 6-13 order range. The order of 

interest was isolated by means of filters. A thorium electrodeless 

discharge lamp was used for the reference spectrum . 

. ".;.' 

,'" 

J 
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IV~ Y .IRRADIATION OF ACTINIDE IONS IN CaF2 

. A. S!YUJ>LirieSvectra 

1. Nept uni um 

The isotope 237Np is an alpha emitter with a half-life of 2.2 x 10
6 

years. It is a by-product in the operation of nuclear reactors and hence 

is formed in large amounts. Until recently neptunium had only intrinsic v 

. ttl t· . . h 1 t . .119 ~n eres as a new e emen w~th un~que c emica proper ~es, However, 

237 .... . 
Np may soon become valuable since it is the source for the short-lived 

23 A h· h· b' d . t . '1 th "Pu, w ~c ~s e~ng use as an ~so op~c power source. l,oreover, e 

optical properties of :Up in single crystals have become of interest 

because of the suitability ·of Np 4+ ions for laser applications ,120 

a. 
3+ . 

Np char.acterization Neptunium is known to exist in a 

number of oxidation states. The tri valent ion is stable in solution in 

4+ . the absence of oxygefi, but rapidly oxidizes to Np ~n the presence of air. 

+ 
The stable form of pentavalent Np in aqueous solution is Np02 ; it dis-

proportionates in the presence of fluoride ion or concentrated acid. The 

NpO; ion· is similar to the uranyl ion; Np(VI) can also exist in nonoxy

genated form as the volatile NpF6. Recently the heptavalent state of Np 

121 has been reported. 

When lanthani de ions are incorporated into CaF 2 the· trivalent 

state is usually stabilized. This however would not necessarily be true 

for Np, which is not like the lanthanides in that it can exist in several 

oxidation states. For example Phillips and Feldman120 incorporated Np 

into single crystals of PbMo0 4 and found that Np enters the crystal 
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predominately in the t 7trav81ent state, 

Another oxidation state, probably Np6+ , 

+ 
by the presence of Na in the crystal. 

2+ 
occupying Pblattice sites. 

also appears but can be eliminated 

Single crystals of CaF 2 doped with 0.1-0.2 wt. % of 237Np were 

grown in this laboratory. The crystals were light green or colorless 

and showed no darkening due to self-irradiation damage over a period of 

several months. In Figure 3. the absorption spectt'um of Np-CaF 2 is 

compared with Krupke and Gruber's data of Np3+ in LaBr
3

.
122 

Further 

comparison with Waggener's solution data of several oxidation states 

of neptunium
123 

indicates that the. main oxidation state- present. is 3+ 

and that Np4+ and Np6+ are not present in any significant amount. The 

·5+ . presence of Np cannot be rigorously excluded since its only intense 

absorption peak overlaps with an ip.tense,Np 3+ peak; however, since 

crystals were not grown in' a oxidiz~ng atmosphere (and indeed since the 

graphi te crucible itself acts as a reducing agent) and since the 4+ 

oxidation state, which is known to be stable in solution, did not form 

in the crystal, it seems unlikely that a higher oxidation state could be 

present. Krupke' s absorption data in LaBr 3 c~nsists of clearly defined 

groups of sharp lines whereas in CaF 2 the spectrum is considerably more 

complex. This is due to (1) a larger cry,stai field spl:L tting in CaF 2' 

and (2) the existence of different site symmetries in the charge-compen-

sated CaF
2

. 

b. 
.4+- .• ' 

Np .' formation 
. 3+ 

When the Np -CaF
2 

crystal was irradiated 
, '" ':. '. ," .'- : 60 "," '. . .' .. 

for 15 hours at gOC or at room temperature in a Co source, it turned 

from its original light green color to a deep .blue-green. An intense 
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broad absorption appeared throught the visible region (which will be 

discussed in Section IV-B) and three new groups of sharp lines appeared. 

In Figure III it is shown that thes.e three groups agree extremely well 

wi ththe most intense Np 4+ absorptions reported by Waggener in D
2
0. It 

4 
was not possiole to observe the Np absorption in 'VI. 211 because the 3+ 

absorption is so intense in that region. Table 1 lists the 

wavelengths and their corresponding J values, calculated by 

4+ . 
Np -CaF

2 
124 

Conway. 

. . 125 
These assignments are in agreement with the recent work of Varga et a1. 

'. .126 127 4+ 
on NpF4 and Grube:r and Menzel' onNp -Th0

2
. The assignment o~ 

"-7000 A group is not straightforward because of the superposition of 

fourJ levels in thatregi on. 

.' . 4+ 
An attempt was made to better characterize Np by growing a Ca.:2 

crystal which contains only tet.ravalent Np. Recently in this laboratory 

McLaughlin and co-workers 128 were able to grow a U-CaF 2 crystal containing 

only the tetravalent state by using a small carbon resistance furnace. 

The st'arting material consisted of crystalline CaF
2 

,/2 wt. % PbF
2 

and 

1 wt. % UF4 and was held in the molten state for only a few seconds. A 

similar experiment using Np was carried out using the same apparatus; 

however, an extremeJ.ycQIllPl~x spectnun resulted suggesting the presence 

of at least two Np oxid&tion states. 

The y-irradiation induced Np 4+ is not completely stable and 

decreases s Ii ghtJ¥ in int-ensi ty over a peri od . of a few months at room 

temperature. The broad' absorption band can be bleached out and the 

4+ .. 
Np structure completely destroyed by heating the crystal to "-400°C. The 

'.~ 

., 



Table 1- N 4+ .. p . -CaF2 absorptlon lines. 

=-
0-

Wavelength Waven~ber J Value 
(A) (,cm~ ) 

~~, 

7257 ' 13777 

7282 13728 

7313 13671 15/2,3/2,5/2,3/2 

7328 13643 

7333 13633 

7347 13608 

9672 10336 

9694 10313 

9816 10185 13/2 

9870 10128 

9951 1.0046 

16630 6010 

16750 5967 

16810 5948 

16950 5897· 

"'- 16870 5890 11/2 

17010 5876 
fA.. 

17040 5868 , 

17290 5780 

" I I,',.' 
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crystal can also be bleached by ultraviolet light. A one hour exposure 

with 3000 .... 5000 A light from a 1000 watt Hg lrunp reduced the intensity of 

. the broad absorption by more than 50%. Additional exposures seemed to 

have little effect. 

c. A quantitative study A high resolution quanti tati ve study 

was made of 
4+' 3+ . 

the growth of Np and the decB8' of Np spectral hnes 

upon· y-irradiation at 'OoC. Accurate measurements were not possible 

above 1 11 because detection with PbS is not nearly as sensitive as 

with a photomultiplier. Quantitative studies in the visible were also 

impractical because of,the intense broad absorption whi~ha.ppears when 

the crystal is irradi ated. Consequently the only spectral region that 

could be studied was 9400-10,000 A. The absorption spectrum of Np~CaF2 

before and after irradiation is shown in Figure 4. Of 12 Np3+ lines 

which could be followed, eight remained unchanged and four decreased 

to 1/3 of their original intensity. In addition, four new sharp lines 

4+ 
grew in, whi ch were previously assigned to Np . The growth and decay 

of these lines as a function of irradiation time is shown in Figure 5. 

The height of'the absorption band is assumed to be proportional to the 

number of ions present ,since the shape of these lines does not depend 

on the concentration. 

3+ 4+ 
Let us denote the optical densities of Npand Npby D1 and D2 

respecti ve~. The data. of Figure 5 are found over moat of the range to 

satisfy the relation 129, 130 

. ,.j 
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= 

where the additional subscripts a and 00 represent, respectively, the 

optical densities of the initial (unirradiated) state and the state 

irradiated to saturation. In other words the relative weakening of the 

Np3+ bands is equal to the relative growth of the Np 4+ bands and the 

proceed in paralleL The data for four pairs 
3+ Np 4+ processes of Np , 

bands are plotted in Figure 6. The slope of the line is nearly one" 

Equation (1) is' satisfied, and there does indeed exist a 1: 1 correspon-

dence.' 3+ Furthermore the Np lines which do decrease in intensity upon 

irradiation at abc, decrease at the same rate. 

In the above argument it was taci tlyassumed that the new lines 

at "'9500 A are 
' - 4+ 

they appear under the condi tions due to Np because same 

4+ . at 'V L 7~. This l~tter group of lines is. act ually as the Np lines 

the only defini ti ve 4+ structure since no absorption lines from other 

Np oxidation states appear in this region. There exists of course the 

4+ 
possibility that the new lines at 'V9500A are not due to Np but are 

associated with another irradiation effect, namely the conversion of 

3+ ' 
Np ions from one site to another. Similar processes have been 

reported in li teratureSB, 131-134 for the lanthanides. :tn the present 

investigation however this possibility must be excluded since no new 

lines appear upon y-irradiation at OoC in the Np3+ structure at 'V2.3 ~. 
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From the arguments of the preceeding paragraphs, the effect of 

3+ . 
~ y-irradiation on Np-CaF

2 
m~ be represented by the process: 

. 3+ y 4+ 
Np ~ Up + e 

If the symbol "y l! denotes the assumption that an electron is separated 

3+ 3+ 
from Np by a direct ionization process, then the rate of decay ofNp 

is given by: 

dn 
~ = 
dt 1m 

1 

where n
l 

is the concentration of Np3+ ions which can undergo oxidation. 

Equation (1) which was previously confirmed can be .written in a slightly 

di fferent form as: 

. I 

dnl 
dt 

, 

dn2 --dt 
(4) 

4+ 
where n

2 
is the concentration of Np ions. Equations (3) and (4) 

integrate to the familiar exponential rate equations : 

( -kt) n 1 - e 
. 0 

h d t th . . t . al t· f' N 3+ . hi d . were n eno es . e 1n1 1 concen rat10n o· . p .. lons w ch can un ergo 
o 

oxidation. Analysis of the data in Figure 5, however, shows that the 

3+ 4+" . 
Np decay rate and Np growth rate do not follow first order kinetics, 



but are of some higher order. Therefore it must be inferred that the 

"y" in Equation (2) do~s not denote' a simple ionization process but 

rather implies a more complex mechanism, the net result of which is 

Eq uat ion (2). 

4+ 
Complete wavelength measurements of Np -CaF 2 could only be made 

3+ 
on the 1. 711 group because the other groups are masked by strong Np . 

absorptions. The transition in Russell-Saunders coupling is 4I 9/2'~ 41 . 
11/2 

but is perhaps better regarded simply as a J = 912 ~ J = 11/2 transition. 

4+" ···3 Si'nce Np (f) has an odd nUmber of electrons, Kramer's degeneracy is 

present, and in the' absence of an external magnetic field the maximum 

number of energy levels that can exist is five and six for J = 9/2 and 

J = 11/2-, respe~i vely. 37 If it is assumed that at 7'r'K only the ground 

st.ate is populated, then, since eight spectral 'lines were assigned to 

4+ 
Np , ther.e must be at least two different site'symmetries presertt. If, 

however, excited levels in the ground state configuration are signifi-

cantly populated at 77°K, then the eight observed lines could possibly 

be assigned to a single site symmetry. Spectral measurements in this 

region are precise to ±1. 5 A(±o. 5 em-I). Computation of all possible 

energy differences between the obE?erved levels showed that no pair 

-1) di fferences are the same to wi thin experiment al error (±'1 cm . The 

N ~ .. 
. P tIlUS t there fore be present in more than one site symmetry . 

d. Y-irradiation at·. 77°k Irradiation of 

immersed l,n liquid nitrogen for ,48 hours ,produces 

. .• 3+ 
the Np -CaF

2 
·4+ 

only two Np. 

crystal 

lines in 

the 1. 7 11 region (at 1. 663 ~, and 1.704 11). Since these lines also grow 
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4+ 
in at room temperature, the presence of at .least. two Np si tes at 

room temperature is confirmed. An 'approximate comparison of the 

efficiency of Np 4+ production at 77°K and 'U300oK can be made by assuming 

that the absorption coeffi cients of the different Np 4+ lines are com-

. . 4+ 
parable. Integrat~on of the total Np absorptions at 'U1. 7lJ showed 

that the producti on is 15 times greater at the higher temperature. Even 
. I 

" 

the production of what is probably a single site symmetry (that is, the 

lines at 1. 663 ]1 and 1. 704 lJ) is gre.ater at room temperature, though ::mly 

by a factor of two. 
4+ 

The Np can be partially destroyed by heating the 

. crystal to room temperature and completely destroyed by heating to 

The most pronounced effect of the 77°K irradiation, however', is 

the appearance of three new intense absorptions in the infrared. Of the 

Np3+ lines between 1.9 and 2.4lJ which could be quantitatively studied, 

three new lines appeared, one line which was originally present increased 

in intensity significantly, two lines decreased in intensity and 20 lines 

were unchanged (Table 2). Warming the crystal to room temperature only 

partially regenerated the original spectrum; heating to 'U400oc was 

necessary for complete restoration. These spectral changes are shown 

in Figure 7. 
. '. 3+ 

It must be emphasized that the new Np structure appears 

only in the low temperature irradiation. Thus the Np3+ formation at 

77°K is not mechanistically related to the Np 4+ formation since they 

have a different temperature dependence.- The most obi vious explanation 

. 3+ 
is that y-irradiation at 77°K produces a new Np site: 
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Table 2. Spectral ch.ahges upon y-irradiation of Np3+ -CaF 2 at 77°K~ 

New Absorption Lines 
(lJ) 

1.944 

2.079 
/ 

2.240 

Lines 'Oecreaaing in 
Intensity (p) 

2.331 

2.337 

Lines Increasing in 
Intensity (lJ) 

2.196 

. ~ 

. .1 

" 

'! 
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Np3+ (site a) 40, Np3+, (site b) (6) 

. Site b is illlstable and the reaction may be thermally reversed. 
3+, 

e. Np :fluorescence 
" 3+ 

Thefluores cence of Np -Cali' 2 at 77°K, 

excited with 3000-5000 A lignt from a 1000 watt Hg lamp; is shown in 

Figure 8. The absence- of fluorescence in the visible ma;y be attributed 

to the high c~ricentra.t'ton of J levels in that region which makes non-

" 135 ' 
radi ati ve de-exci tati on more probable. 

2. Plutoni um 

The optical spectra of Pu in CaF
2 

have b~en i~vestigated by 

, , 94 
McLaughlin and co-workers in this laboratory. Crystals grown with 

239 ·4 " 
Pu (half-li fe == 2.4 x 10 years) are light blue and gradually change 

to a deeper blue over the period of a few months. Crystals doped with 

238p ( ". 86 4' ) ,u half-hfe::;: , . years darken in a few da;ys. The plutonium is 

initially present in the 3+ state and as a result of the a.-decay of 

the Pu nucleus, new lines grow into the spectrum which were assigned to 

, 4+ 
Pu . The identification of the new oxidation state was notconc:I..usi ve 

uponoomparison with the spectrum of Pu 4+ in 1M HCI0
4
136 and required a 

further comparison with a mineral oil mull of Pu 4+ coprecipi tated with 

( 

CaF2 • In addition to the sharp lines several broad absorptions also 

'grew in which will be discussed in Section IV-B. ' It was also reported 

that when the crystal was kept at 77°K after annealing, no new sh,arp 

lines grew in 'indi cating that no Pu 4+ is formed at this temperature. 

In light of the" neptuni uin, results, these crystals were reexam-

ined. Because of the broad absorptions throughout the visible , only 

.. 

'/ 
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th I , t '1 85 Id b d' t ' t th P 4+ t' e ~nes a 'V., ~ 'cou " e use 0 mon~ or 'e u concentra lon. 

239 A Pu-CaF
2 

crystal containing 7.5 mg of Pu was irradiated for 48 

h t t t ,60C S h l' h ours a room empera ure J.n a 0 source, even s arp ln'es c arac-

teristic of tetravalent plutonium appeared between 1. 83 and 1. 89~. The 

crys,tal was bleached by heating to 'V400oc and then irradiated 48 hours 

t 77°K Tw' '" 4+ 8 6 84 ' a , . " 0 sharp Pu lines were observed at 1. 3 and' 1. 3 ~; theJ.r 

intensities were approximately half of the corresponding lines in the 

room temperature irradiation. 

Unfortunately a more detailed analysis of Pu-CaF
2 

is not 

practical because the absorptions are not intense (approximately an 

order of magnitude less than the neptunium intensities, for comparable 

concentrations). Indeed the detection of the tetravalent state at 77°K 

was only possible in a very concentrated crystal and at' very high 

radiation dos ages. 

3. Curium 

The optical spectrum of em in CaF
2 

has been investigated in this 

laboratory and preliminary results have been reported by E,delstein 

et al. 137 Calcium fluoride crystals doped with 244Cm (half-life = 18 

years) are initially colorless hut rapidly become red and eventually 

turn black due toself-~rradiation damage. A characteristic orange glow 

at 'V6000 A, due to the 6p 7 /2 ~ 8S7/
2 

transition of em3+ is alwB\Ys -' 

present~ Initially only the 3+ ion is present but sharp lines due to 

4+' , 
em rapidly appear. In agreement with theNp and Pu results, fewer 

lines grow in when the irradiation occurs at 77~K. Unfortuhately,· a 
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very intense broad absorption also grows in whichobsciresthe weak 

em3+ and em 4+ absorptions '~d makes further analysi's of the absorption 

spectrum unfeasible. 

The intense fluorescence of em3+-CaF
2 

is very complex due to 

the superposition of several site symmetries and will be discussed in 

connection with the thermoluminescence of em in Section IVC-3c. 

4. Ur/ilIlium 

The optical spectrum of uranium in CaF
2 

has been reported by 

° to t 128, 138-148 tl h flO to numerous ln~es 19a ors '. ; recen y,. owever, con l clng 

results have appeared in the literature. 
147 . 

Hargreaves has grown green, 

red and yellow crystals of U-CaF 2 and argues that they represent uranium 

in the di-, tri- and tetravalent states, respe cti vely. McLaughlin 

t al 128 ° L _. ,uslng chemical analysis, determined that Hargreaves "green" 

crystal contains u4
+ and the "yellow" crystal contains U

6
+. 

The effects of y-irradiation on red U3+ crystals have been 

studied in this laboratory. A very concentrated red crystal was found 

to be contaminated by "green" D spectral lines between 1. 50 and 1.65 ll· 
r-"'/'~ 

Irradiation at room temperature for 64 hours increased the intensity of 

these lines approximately 50% Which suggests the process: 

y 
-+- U2+ ( green) 

or 

3+ y 4+ 
U . (red) -+- U (green) + e ( 8) 
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depending on the assignment ofthe r
! green It U- CaF 2' 

5. Ameri ci wn 

Am~CaF2 crystals were studied by Edelstein and co-workers 93 

using optical and EPR techniques, Americium is incorporated into calcium 

fluoride as the trivalent ion and, like the lanthanides, is converted to 

the divalent state by y-irradiation. The unusual stability of Am2+ mSi)' 

7 be a.ttributed to the half-filled electron-shell configuration , f . 

B. Broa.d Absorption Spectra 

", 3+ ',', 
When Ac -CaF

2 
(here, "Ac" is not meant' to include AID, which 

shows anomalous behavior) crystals are y-irradiated, twp new spectral 

features appear: (1) groups of sharp lines, characteristi c of the 

tetravalent state, and (2) intense broad absorptions. These latter 

spectral changes are shown in Figure 9. 'l'rle most striking feature is 

that the broad absorption band maxima occur at approximately the same 

wavelength for all of the actinides, with the exception of americium. 

These wavelengths are listed in Table 3. The wavelength of the most 

intense curium absorption ,shifts toward the red as the radiation dosage 

is incre~ed. All other absorptions , however, are independent of the 

dosage. 
, 3+ 

Only one band was 'observed forU -CaF
2 

and its wavelength 

3+ could only be estimated because it is superimposed upon intense U 

absorptions. This band in U i's considerably less intense than in the 

other a.ctinides whi ch migh~ explain the absence of absorptions at 

''V8000 A and 'VI. 05]1. The same results are obtained when the crystals 
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Fig. 9. Broad absorption spectra of Ac 3+ -CaF
2 

after 3. hrs •. y-irradiation. 
The dotted lines indicate the position of absorption maxima, 
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Table 3. Wavelengths of broad absorptions in Ac3+ -CaF
2

. 

u 5500 A 

Np 5800 A 1. 05 11 

Pu 3800 A sh 5800 A 8100 A 1. 0711 

4800-
em. 3900 A sh 5400 A 7800 A 1. 06 11 

<. 

,': 
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are irra~ated at 77°K, except the absarptians are not as intense far 

camparable dasages. The Np, Pu, and em broad absorptian intensities 

are reduced' approximately by factors 'Of 10, three, and twa , respectively. 

Since the pasitians 'Of the absarptianmaxima are independent 'Of 

the dapant ion, they are undaubtedly related to the defects 'Of calcium 

fiuaride itself, and there fare these braad absorptians are assigned to 

calar centers. Na repart 'Of this particular graup 'Of calar centers 

appears in the literature (hawever, see Sectian IV D-3 far a discussian). 

Mast 'Of the defects in Cali' 2 have been. attributed ta electran hales 

(electran deficient centers) which result when small amaunts 'Of tri-

valent lanthanide impurities take electrans fram the latti ce during the 

reduct:i: an process, In these crystals, however, the calar centers 

3+ are the result 'Of electrans which are released by the Ac ions, 

accarding ta Equation (2). and are trapped in the lattice. This 

alsa explains the anamalaus behaviar 'Of americiUm, which acts like 

a lanthanide rather than an actinide. 

C. Thermaluminescence 

Thermaluminescence has been a widely used methad in the 

investigatian 'Of trapping levels in crystals, particularly the alkali 

halides ,
149 Several glow peaks are 'Obtained upan heating a crystal 

calared by y-irradiatian; these peaks are generally cansidered ta arise 

from the release 'Of carriers from different trapping levels, Early 

investigatarsshawed that glow peaks appear a.t temperatures nearly 

, ' .. '. 1 0 1 1 
propartional to their acti vatian energ1es. 5,' 5 
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A detailed thermoluminescence model has been presented 

152-154 . 
elsewhere, and the .treatment here is meant to serve only as 

an introduction. Foran ionic crystal the trapping levels may be 

des cribed by the band model shown in Figure 10. A series of localized 

levels, N .• may exist in the forbidden gap below the conduction band, 
l 

and serve as electron traps. Similarly, M. levels near the valence 
J 

band are assumed to serve as hole traps. Ionizihg radiation causes 

electrons to be t~apped at the N. trapping levels, and holes at the 
l 

M. levels. Thermoluminescence mav then arise from one or more of the J . .., 

transitfons involved in the process of recombination of a trapped 

electron with a trapped hole. Direct recombinations are very improbable, 

.\ 

and hehce traps are stable at low temperatures. Thermal release of 

carriers from one of the N. or M. level~ is necessary for the thermo-
l. J 

luminescence •. The activation energy for the emission of a given glow 

peak is therefore the energy needed to release the carriers from the 

particular trapping level. This is not necessarily the energy needed 

~o raise electrons into the conduction band (or trapped hqles into 

the valence band) . Excitation to another level within the forbidden 

gap might allow recombination, but in .this case the carrier cannot 

niigrate far within th~crystal and therefore it must l?e close to its 

.recoinbination center. For a limit"ed ,temperature range the carriers are 

. assumed to come from only one trapped level but may recombine at 

different centers. 
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XBL 7111-1675 

Fig. 10." A band model scheme for a crystal coritaining electron trapping 
levels (N

i
) and hole trapping levels (M

j
), . 
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1. Glow Curves 

~e previous discussi.on'suggests that a series of·glow peaks 

would result after irradiating and heating a crystal containing electron 

I ( ./ 

and hole traps, and this is indeed the case for· dilute concentrations 

of rare earth ions in CaF 2; Single cryst als of CaF 2 doped with 

o ~ 05 - 0.3 'wt. % of RE 3+ ~er~ 'exposed at 770K to y-r8iY~ from 60co 

for periods up to one hour. The crystals were slowly warmed from 

1000K to room temperature by means of an adjustable flow of nitrogen 

gas. .The heating rate was not linear but varied from 0.5° /minute in 

the beginning of the run to 5.0° /minute toward the end of the run. 

The glow intensity was integrated over wavelength according to the 

S-20 spectral sensi ti vi ty of the photomultiplier (ma.ximum sensi ti vity 

at 4100 A; 50%, sensitivity at 3200 A and 6500 A), and plotted as a 

function of temperature. The temperature was measured with a resistance 

thermometer which gave a linear response in the temperature range 

100° ~ 300o K. Calibration with a Chromel-Alumel thermocouple gave 

measurements accurate to ± 2° and precise to ±. 0.5°. The resulting 

gloW curves for the rare eartb:s studied are shown in Figure 11. In 
{;:-.'7:t~; 

addition to the actinides, the glow curves for Er, Ho, and Tm are . . , 

presented for comparison with the lanthanides. The glow curve of' an 

undoped CaF 2 crystal (Optovac) is also shown., Oniy rough estimates of 
", 

relative intensities were pos~ible. The Er, Ho, Tm and Am thermo-

lumines cence was so intense that the pen of the recorder waS kept on 

scale by decreasing the .anode supply voltage in order to prevent 

. "./" 
"'. -
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I 

'i 

CM 
,I 

Ho 

£r 

t '1\;0 
I 

Tem?arduy~ ('n OK) 

XBL7111-1657 

~ 3+' 
Fig. 11. Thermoluminescence g6 1m -CaF 2' All irradiations weTeat 

77°K for 30 'minutes in a ' Co source. The dotted lines indicate 
the positions of glow peak maxima. 
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saturation of the photomultiplier. This was also necess ary for curium 

because of the ubiquitous orange giow due to self-excited fluorescence. 

For Np, Pu~ and undoped· Cali' 2' the thermolumines cence was very weak .and 

, the photomultiplier had to be cooled. 

The most important fact about thethermolurilinesence, evident 

from the figure, is that the temperatures of the glow peak maxlma are 

essentially independent of the rare earth studied. JAlthough the relative 

intensities differ, and in some cases are missing, all of the glow 

curves are similar. The peak temperatures for these glow curves are 

listed in Table 4. The average temperature for each glow peak is also 

shown along with the ·mean deViation from the average. It was not 

possible to make temperature measurements of the extremely weak emission 

from neptunium; however, it seems to conform to the other rare earths. 

Note that even in the case of theundoped CaF 2 some weak peaks I are 

seen. This emission mtW be from residual rare earth impurities in the 

crystal or from recombination of electrons and holes formed in the 

pure material by irradiation. The near coincidence of the glow peaks 

for all of the rare earths indicates that the mechanism which stimulates 

emission must be associated with the host crystal rather than the 

particular rare earth. These results are similar to those obtained by 

Merz and PerShari95 who ascribed the individual glow peaks to t~e 

therzruu migration of holes within the crystal and their subsequent. 

recombination with di.valentlanthanides. However~ for the data presented 

here a new interpretation is obviously necessary. The y-induced , 
.,. 



Table 4. 

Rare Earths #1 

em 

Pu 

Am 

Ho 

Tm 

Er 

CaF2 

Average 

Mean Dev. 

146 

140 

140 

140 

136 

141 

141 

140 

±2 
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Peak tempe rat ures 

#2 

191 

193 

179 

177 

183 

178 

183 

±5 

of glow curves 

#3 

216 

215 

205 

209 

211 

±4 

sh 

(in OK) • 

#4 

241 

237 

245 

243 

240 

246 

243 

242 

±2 

#5 

269 

261 

270 

264 

270 

267 

±3 

sh 

1"1 . 
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tetravalent Cm, Pu,andNp should be accompanied by the formation of 

electron traps rather than:' holes. Arguing in the spirit of Merz 'and 

Pershan, thermoluminescence would then be associated with the migration 

of electrons and their subsequent recombination with the tetravalent 

ion. This explanation, however, is not satisfactory, since the 

coincidence of hole migration and electron migration glow peak temper-

atures (and, implicitly, activation energies) must then be fortuitous . 

.An alternate explanation will be offered in Section IV D-2. 

The reproducibility of the em glow curves is shown in Figure 12. 

The three samples have a temperature range of 3° for peak #5 and 5° for 

peaks # 1 and 4. The most striking feature, however, is that glow 

peak #5 has a greater relati ve intensity in the sample whi ch was not 

expo~edto 60Co radiation but was damaged "internally" by decay of the 

em nucleus. This effect is undoubtedly related to the relative ease of 

formation of the defect associated with peak #5. 

Thermoluminescence measurements above room temperature were 

obtained by heating the crystal with a resistance coil and measuring 

the temperature with a Chromel-Alumel thermocouple. The thermo-

ll..UDinescence spectra ofCm and Am are shown in Figure 13.., along with 

the peak temperatures. Observe that the temperature scale is not 

linear since the heating rate was not linear. Unfortunately it was not 

possible to detect the weak thermoluminescence of Np or Pu and hence a 

comparison wit~em cannot be made. The americium thermoluminescence 

has only one intense glowpeakwhi chcorres,ponds to emission activated 

by the direct thermal ionization of Am2
+. 85 The two weak peaks on the 

',-; 
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TempeY'(Jfure 
XBL 7111-1658 

Fig. 12. Glow curves for Cm-CaF
2

! a) 2 hours irradiation, photo
multiplier cooled; b) 30 minutes. irradiation, photomultiplier 
at room temperature; c) 72 hours self-irradiation, photomulti
plier at room temperature. 
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low temperature side of the main peak suggest the presence of at least 

two different electron traps; these peaks may correspond to the direct 

thermal io~ization of Am2+ in non-cubic sites. 97 

2~ Activation Energies 

Many different methods of caluclating the activation energies 

associated with thermoluminescence glow peaks have been presented in the 

l~teratu· re.153~158 to t th t- to 0 E f ~ Rough es ~ma es of e ac ~va~on energ~es, , or 

the glow peaks have been made from the data in Figures 11 B..'1d 13, using 

two different methods 0 First, activation energies were measured from 

Arrheni us diagrams in whi ch the plot of log of thermolumines cence 

intensity vSo liT should give a straight line. The intensity can be 

written: 

and hence the slope of the Arrhenius plot is Elk. However, since K is 

a function of the concentrations of filled' an.d empty traps, the plot 

is onJ.ylinear at the beginning of the glow emission when the change in 

the concentration of trapped carriers can be neglected. An example of 

using these diagrams to estimate activation energies for em is given 

in Figure 14. The results obtained for many of the rare earths are 

gi ven in Table 5. The error is often quite large (as much as 25%) 

because of the difficulty involved in judging the best straight line 

through the points. In addition, the glow peaks whose leading edge is 

obscured by overlapping glow peaks could not be directly measured by 

this method. 
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Fig. 14. Arrh.enius plot for the determination. of ,the activation 
energy of Cm-CaF

2
, peak #1. 
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Ta.b1e 5. Activation energies of rare earth glow-peaks. Values obtained 
us ing Arrhenius diagl"WDS are not iIi. parenthes es; values obta.ined using 
the method of Halperin and Braner are in parenthes.es. 

'* 
Rare Earth #1 #2 #3 #4 #5 

E(ev.) E(ev.) E(ev. ) E(ev. ) E(ev. ) 

em .075 .44 
(.071) (.52) 

Pu .14 
( .21) (.47) 

Am .11 .56 
(.24) ( .29) ( ~ 51) 

Ho 

Tm 

Er .11 
( .25) ( • 35) ( .47) ( .72) ( .73) 

CaF2 .11 .65 
( .14) (.42 ) 

Average 
.11±.02 .11 .53±.08 

(.18 i. 06) ( .32 ±. 03) ( .47) ( .53±.08) ( .73) 



Acti vation. energies were also computed from the formula: 

E = kT 2/T2-.T g . g 
(10) 

where Tg is the temperature of the glow peak maximum and T2 is the 

t t t h 1 "'" . t . t the hi h t t' . d "'" ak 15 3 empera ure a' , a J.-J.n ensJ. y on g , empera ure SJ. e oj. pe _. 

-The' res-uH-s-usi-ng--this-method ar_e, gi:y:'ell iI! 'J'abl~_2. in parenthesis .. 
. ~~'.-~'- ~.--.--.---:-.-

These activation energies are admittedly only approximate . More .refined 

techniques are available; 85,153,154; however, the'results exhibit two 

important facts: similar vaiues for a given glow peak are obtained 

for different rare earths, and succeeding glow peaks tend toward higher 

energies. The best evi dence for the simi lari ty of the thermolumines cence 

of different ions is still the glow curves themselves and the qU8.n:ti-

tati ve observation that the emission from different ions occurs at 

identical temperatures. 

3. Spectra of the Thermoluminescence 

Photographic measurements of the thermoluminescence of Am, Pu and 

em showed that the spect"ral distribution of the emitted light is 
, 

characteristic of the rare earth ion, not the host, and corresponds to 

the fluorescence of the trivalent ion. The weak t:hermoluminescence of 

uranium and neptunium, however, could not be recorded. 

a. Americium The intense green thermoluminescence of Am-CaF2 

at 500°C has, been reported by Edelstein et a1. 137 The emis,sion was 

found to be characteristic of trivalent Am. According to Merz's 

mechanism, this high temperature thermoluminescence should correspond 

3+ 
. to Am in tetragonal sites. 
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The spectra of the thennoluminescence of Anr-CaF 2 from 77-300oK 

was recorded by warming the irradiated crystal in front of the entrance 

sli t of the spectrograph. Since this emission is very weak, the 

thermoluminescence from three crystals had to be superimposed in order 

to darken the photographic plate. Figure 15 compares this thenno-

3+ lumines cencewi th,the fluorescence spectrum of Am -CaF 2 in this 

region taken at 77°K. Although the thennoluminescence lines are 

considerably broader than the fluorescence lirtes (due to the higher 

temperatures involved), it is clear that all of the lines present in 

thennolumines cence are also present in fluorescence. A single line 

(at 6928 A) occurs only in fluores cence whi ch suggests that the thenno-

luminescence is characteristic of particular site symmetries. This 

also agrees with Merz's mechanism which proposes that low temperature 

thermolumines cence is from tri valent ions in cubic sites. 

b . Plutonl,@! 
, ,,4 

McLaughlin and co-workers 9 made crude thenno-

luminescence measurements of Pu-CaF
2 

crystals and found emission bands 

at "'4800 A and iV5800 A. 

to the 5200 A 

LaC1
3

•
l59 

and 6200 A 

It was suggested that these peaks correspond 

- 3+ . 
fluores cence peaks reported for Pu In 

c. Curium The thennoluminescence emission spectrum of Cm-CaF2 

from 77° - 3000 K and the Hg:-excited fluorescence spectrum of Cm3+ -CaF2 

at 77°K are shawn in Figure 16. The thennoluminescence is obviously 

due to the trivalent ion and consists of only three intense sharp lines 

between 6068 and 6085 A. It is proposed that at least two of these , 

lines ar"e due to Cm3+ ions in cubi c site symmetries. The fluores cence 
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Fig. 15. Densitometer tracings of photographic plates: a) sp_ectrum of 
the low temper~ture thermolumine~,cence of Ani..;.caF 2' b) fluorescence 
sp~.ctrum of Ani -CaF

2
, at nOK. , 

. . 
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XBL 7111-1661 

Fig',16. Densitometer3tracings of photographic plates: a) Hg-exCited 
fluorescence of Cm -CaF2 at, Tr°K, b)~pectrum of low temperature 
thermoluminescenc.e of Cm-CaF

2
. " 
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lines which do not appear in thermoluminescence must then arise from 

\ 
non-cubic sites, 

The electronic confighration of trivalent curium is 5f 7 , which 

ma:k.es this ion the, simplest of the trivalent actinides, Since the 5f 

shell is half-fiiled, the ground state is orbitally non-degenerate: 

- ,8S7 /2' '!I'he"-f-iI'st excite,d~stat.e .Qf. __ Cnl3+_iS~P.7 /-2- at_ ~:pp~o_xir.na!ely_, __ 

6000 A, These levels should actually be des cribed in an intermediate 

coupling, scheme, but the Russell-Saunders designations can be used for 

dipole transition allow 'all but' transitions between f6 and f7' 
" .' 3+ 

ground state spli ttings of em in cubi c sites have been reported by 

Edelstein and Easley160 and are shown in Figure 17. The possible elec-

tronic ,. transitions for the levels of interest are shown in Figure 18. 

The maXimum number of lines observable is seven. If, however, the 

spin-lattice relaxation times at the temperatures of interest here are 

fast, then the dashed lines in Figure 18 would not be observed and the 

fluorescence would occur primarily from the ground'state of the 6P7 / 2 

configuration, since the excited levels could relax non-radiati vely to 

the ground level. If f6 is the ground state of the 6p 7/2 configuration 

only two intense lines would be observed. It is proposed that the lines 

observed in thermolumines cence of Cm-CaF
2 

at 16474.2 and 16461. 0 
-1 

cm 

-1 
are due to these transitions since the energy difference of 13.2 em 

corresponds to the T6 - f 8 cubic crystalline fieldspli tting reported 

by Edelstein and Easley (see figurei7). It is also possi~J~ that f8 
(.-;,. 
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6) 
. , .' -I b",,='- /,~33 em 

b, :: - 0, I CIn- I 
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.' ·3+ . 
Fig, 17, Zero-field energy levels of the J=7/2 ground state ofCni at 

cubic sites inCaF2 , a) .and b} correspond to the indicatedyalues 
of b4 and b6, . 
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is the gro1IDd state of the 6P7 /
2 

configuration. This might occur if 

the crystal field splitting of the 6P7 /
2 

state occurs by a different 

mechanism from the 887/
2 

splitting. 161 This case is illustrated in 

Figure 19. The thermoluminescence, data .can be totally explained by this 

scheme; 
...;.1 

The emission line at 16429.0 em corresponds to a transition 

to the r 7 level of the gro1IDd state configuration and places this level 

-:1 
45.2 cm above the gro1IDd state. This agrees with Edelstein's calcula-

tion (Figure 17 ) using b 6 = -0.1 cm-
l

. 

D. Discussion~d Interpretation of Results 

Any attempt to explain the experimental data presented in the 

preceeding sections must acco1IDt for the basic trends which have 

become evident, as well as include as many of the exceptions or anomalies 

as possible. The primary concern of this dissertation has been the 

valence changes which occur in Ac 3+-CaF
2 

crystals upon y-irradiation. 

Americium, like all of the lanthanides, is partially reduced to the 

divalent state. All experimental evidence indicated that the reduction 

mechanism is the same as that proposed by Merz and Pershan. Np, Pu and 

Cm, however, are partially oxidized to the tetravalent state. High and 

low resolution absorption studies and thermoluminescence measurements 

have been ma,de on these ions. In some cases it was not possible to 

perform a particular experiment on all of the ions (for example~ the 

weak thermoluminescent emission spectrum of Np could not be detected) 

but in general the ions exhibit the same basic properties and hence will 

be treated as a single behavioral 1IDi t in the following discussion. 
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1. Mechanism of Room Temperature Irradiation 

Despite the complexity of the irradiation effects, it is now 

possible to construct an oversimplified and somewhat tentative model by 

examining the mechanistic implications of the experimental data. Room 

3+ ( temperature y-irradiation of Ac -CaP' 2 h.ere, "Ac" does not include the 

actinide Am, which shows anomalous behavior) does not affect the majority 

of ions but converts to the tetravalent state only those ions which have 

a particular charge-compensating mechanism. This oxidation is accompanied 

by the release of electrons which become trapped in the lattice resulting 

in the formation of various defect centers. Such defects can exist in a 

variety of configurations; two such defects, the 'F-center and the M

center, have been recently identified. 109 ,162 

The mechanism of oxidation is not by direct ionization since the 

3+ . 4+ 
Ac decay is not first order. The rate of formation of Ac could 

however, be determined by the limited ability of the lattice to accept 

. extra electrons. In this case the reaction kinetics would not be first 

order if the lattice becomes saturated with electrons before the supply 

of reactive Ac 3+ ions is exhausted. However, since this mechanism 

predicts that more Ac 4+ would be formed at 77°K than at room temperature 

(more electron traps would be stable at 77°K, and the lattice's ability 

to accept electrons would therefore be increased), it must be rejected 

because of the contradictbry experimental data. 

. 4+ . 
Both the temperature dependence of the Ac formation and the 

non-primary order of the reaction kinetics can be explained if it is 

assumed that the oxidation mechanism involves the migration of holes. 
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Gamma irradiation initially results in the formation of electron and hole 

pairs. Electrons are stripped from interstitial fluoride ions or regular 

lattice fluorides and are trapped elsewhere in'the lattice. Interstitial 

fluorine atoms and V
K 

(or similar) centers are left behind. One of these 

'holes may then diffuse to a ne~rby 'Ac3+ ion and oxidize it by accepting 

diffusion are involved here . The self-trapped (V
K

) hoie is simply an 

electron missing from a latti ce fluorine; distortion around that' posi':" 

tion traps the hole. The hole diffusesby hopping from site to site (a 

h.ole hop corresponds to a nearby 'electron being captured by the hole). 

The diffusion of an interstitial neutral fluorine, however, involves its 

actual motion through the lattice.' In this model the local environment 

3+ 
of the Ac does not Change if its electron is accepted by a center like 

the self-trapped hole ; however, there will be a change in pyrometry if 

a fluOrine atom accepts the electron and remains nearby . 

The electrons trapped in the lattice are stable a.t room temper-

ature but become free to "diffuse" through the crystal as the temperature 

is increased. When an electron combine::; with a tetravalent ion, it 

leaves the ion in a trivalent -excited state. The deca;}' of this ion to 

its ground state results in the observed emission .. Since each electron 

trap configuration requires adifferentactivatiort energy to free its 

electron, several thermoluminescence glow peaks are observed~ If the 

defect consists ,of' an electron bound to an anion~vacancy (an F-center), _ 

the "diffusi,on" consists of the cort,tim~al release and recaptUre of 

ele,ctrons. For other defect configurations-the electron may reach the 

tetravalent ion via the conduction band. 

'.' 
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Symboli cally ,-the process of charge oxidation by irradiation 

and subsequent thermal reduction of the actinide ion can be described 

as follows. -Irradiation at room temperature results in the formation of 

holes and electron traps: 

room te~erature 
- -+ 

o 
e + X , 

where X- can represent either an interstitial or lattice fluoride ion, 
_0 

and X can represent either a neutral fluorine or some other hole 

configuration (such as the self-trapped hole, oF
2
-). The hole diffuses 

3+ . to the Ac lon and accepts an electron: 

o 
X - 3+ . • • + . • .Ac 

o 

4+ x":" + Ac __ , (12) 

where the series of dots implies the X is far from the actinide. 

Heating after irradiation allows the diffs ion of the electrons, e , 

followed by the reduction of the actinide: 

4+ 
X- + Ac ... + • .e + kT 

4+ 
-+ X- + Ac + e 

The asterisk indi cates an excited state of the actinide ion, and \J is 

the frequency of the photons observed in thermoluminescence. 

2. Mechanism of 77°K Irradiation 
\ 

A model proposed to explain the effects of y-irradiation at 77°K 

must incorporate five facts: (1) irradiation oxidizes trivalent actinides 

to the tetravalent state, but the conversion is not nearly as efficient 
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as at room temperature; 
. 3+ . 

(2) irradiation also produces Ac lons with a 

new charge-compensating mechanism; (3) subsequent heating to room 

4+ 3+ 
temperature reduces the intensity of both the Ac and the new Ac 

(heating to 'V400oc completely r'estores the original spectrum); (4) the 

temperatures at which this emission occurs are not a property of the 
/' 

particular~~r;'-e-~h-(iMtha.hideor-actiriraerstudied-;- -arrd-(-5-) -the -, . , 

spectrum of the thermoluminescence from 77°K to room temperature corre

sponds to the ,fluores'cence of the trivalent ion in cubic sites-~ 
I 

The coincidence of the low temperature glow peaks for all of the 

rare earths studied, regardless of whether they form the divalent or 

tetravalent state upon Y-irradiation, is obviously the key eXperimental 

observation, arid any attempt to explain the data muSt focus _ attention on 

this fact. One explanation of the thermoluminescence, first proposed by 

ArkhangelSkaya,96 is that y-irradiation produces pairs of electron and 

h<?le centers which do not involve the rare earths. Subsequent heating 

could cause recombination of these centers with a release of energy 

sufficient to excite nearby trivalent rare earths, causing them to 

fluoresce. This possibility, however, must be ruled out because Merz 

and Pershan observed a decreas e in the concentration of the divalent ion 

which in some cases was proportional to the glow peak intensity; Further 

EPR work by Tzalmona and Pershan163 confirmed the hypothesis that thermal 

act! vation of various hole traps is responsible for the observed thermo-

luminescence in BaF2 and SrF
2 

(and, implicitly, in CaF
2

) doped with 

lanthanide ions. 
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Merz and Pershan's model suggests the possibility that divalent 

Np, Puand em are formed in the crystals by y-irradiation. The process: 

_. 3+ 
e + Ac 

y 
-+ . Ac2+ ( 14) 

might occur independent]s" of the 4+ formation, or the two processes 

might be in part related by a y-induced disproportionation: 

3+ 2 Ac ~ Ac2+ + Ac4+ 

Although there is no spectr6scopic evidence for the formation of these 

divalent ions, there exists the possibility that their intense parity-

allowed f-d transitions occur in the ultraviolet region and are obscured 

by the analogous transitions in the 3+ ions. This, however, is 1.inlike]s" 

because the f-d transitions in the lanthanides are known to shift 

several thous and wavenumbers to the red in going from the trivalent to 

the divalent ion~164 Furthermore, comparison of the Affi2+ spectrum with 

the Eu
2

+ -CaF
2 

spectrum reported by Kap]s"anskiiandFeofilov165 shows 

that they are striking]s" similar except that the americium spectrum is 

shifted approximate]s" 4000 cm-
l 

into the red. The spectra of all of the 

divalent lanthanides in CaF
2 

have been reported by McClure and Kiss ,164 

2+ 2+2+ . . 2+ 
If Np, Pu and em follow the example of Am ,their intense f-d 

transitions sh<?uld appear in the visible and near infrared spectral 

regions and would be easi]s" observable. From these arguments and the 

data presented in Section IV-B, it must be inferred that the divalent 

state is not present in these crystals in any significant amount. 
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" The low temperature 'thermoluminescence cannot. be explained by the 

° ° t' °th A 4+ ° recombJ.natJ.on of elec ron traps WJ. C J.ons since the glow peak 

temperatures correspond to the migration of holes. This suggests that 

,the thermolumines~ence is related to the Ac3+ site switches,. There is 

4+ 
evidence that thesi:tesynunetry charges are independent of the Ac 

formati-on-.- An- -ebvi-ous-me.chanism5s that one member of a pair (or 

higher orde~ cluster) of Ac 3+ ions' i~~~::~~~-th~ -~:~i-~~-t~e electro-

static crystalline field experienced by the neighbo;ing Ac 3+ ion(s). 

Raw-ever, this and similar mechanism which relate the site changes to 

, 4+ 
the oxidation must be ruled out because they posit a unique Ac site 

synunetry which forms at 77°K and not at room temperature. This contra.,.. 

dicts the data presented in Section IV"';A-Id. 

The preceeding discussion has contributed to the understanding 

of the irradiation effects only through negation. The following simple 

model, consistent with the experimental facts listed in the first 
/ 

paragraph of this section, is proposed. y-irradiation of Ac3+ -CaF 2 at 

77°K has two maj or effects. 
3+ ' 

The oxidation of Ac to the tetravalent 

state by irradiation has been discUssed in the previous section, and 

the proposed mechanism is still applicable. The relative inefficiency 

of the. oxidation is explained by the immo"bility of many holes a.t 77°K; 
.\ ' 

certainly the bulky FO atom cannot diffuse through the latti ce at this 

3+ temperature. The other effect of irradiation i's the appearance of Ac 

ionS. wi th a new charge-:compensating ~mechanism. Since the usual charge 

compensators, intersti Hal fluoride', ions .and lattice 0
2 

..... iinpuri ties. are 

most likely immobile at 77°K, it is proposed that the new site symmetry 

\ 
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3+ ' 
arises from the localization of an electron near an Ac ion which 

has a non-local compensator. As in Equation 11, y-irradiation produces 

holeS and electrons. The freed electrons are attracted by the net +1 

, 3+ 3+ . 
charge of cubic Ac ions and are localized close enough to the Ac ~on 

to change its symmetry. Several di fferent configurati ons (s eel Fi gure 20) 

can exist. When the crystal is heated, the hole centers become free to 

migrate through the crystal. When a hole approaches a trapped electron, 

recombination occurs with sufficient energy transferred to the nearby 

3+ 
Ac to put it in an excited state. The decay of the excited trivalent 

ion results in the observed cubic thermoluminescence. It should be 

emphasized 'that this mechanism, like Merz and Pershan's, is based on 

the migration of holes and thus accounts for the similarity of lanthanide 

and actinide glow curves. 

Although the proposed mechanism accounts for the effects of 

irradiation at 77°K,an apparent paradox arises if it is applied to the 

room temperature irradiation. 3+ Since the new Ac structure only par-

tially bleaches when the crystal is heated to room temperature, it 

should also be formed in the room temperature irradiation. This 

contradicts the data presented in Section IV-A-lc and suggests that 

competing processes occur. 'In order for the mechanisms at 77°K and 

room temperature to be internally consistent, the Ac3+ ions which can 

be oxidized only by irradiation at room t,emperature must have cubic 

symmetry. The room temperature oxidation mechanism therefore in part 

involves the migration of FO atoms to cubic Ac3+ sites where an electron 

is transferred from the trivalent ion to the fluorine atom. The newly 
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Fig. 20. Possible configurations for the stabilization of an electron 
near a cubic t,rivalent actinide ion: a) localization of the electron 

,in a nearest-neighbor interstitial position (the electron could also 
be localized in a second nearest-neighborpositic)ll) ,b) localization 
of the electron nearCa2+ to" fbrm Ca+, c)loca:ii:zation of 'the ~lectron 
near. a lattice F~'to formF2~ (the electron could al~o be shared by 
two F .... ions formin,g F~-. 

'. 
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4+ 
formed fluoride ion remains near theAc acting as a partial charge 

t L t :t ' d' t· t' d' b' A 3+ , compensa or. ow empera ure lrra l.a l.on canna· OXl. l.ze cu l.C c l.ons 

. 4+ 
because the holes whiCh are mobile at 77°K would leavetheAc ion in 

the extremely unstable condition of being "doubly cubic" (Le., in 

need of two compensators). 

Using the previously introduced notation, the site synnnetry 

switches at nOK can be described as follows: 

3+ 
Ac (cubic). 

e ° + X , 

+ ./ •• e 

and upon heating the crystal, 

(16) 

, 3+ 
Ac (cubic) + e • + .XO + kT ~ Ac3+(cubic) + e + X ~ 

(17 ) 
3+ *-[Ac (cubic)] + X 

3. Supporting Evi/dence - Color Centers 

In addition to the main experimental results of this dissertation, 

information from the literature on color centers supports the~odels 

outlined above. Color centers, induced in the crystals by y-i rradiat ion , 

have been attributed to electrons releaSed by Ac 3+ iQns, according to 

Equation (2), that are trapped in the lattice; Color centers have been 

. 101 108-112 
intensively studied by optical absorptl.on measurements, ' 

66 6 . ... 167 
optical bleaching, 1 ,1 7 and measurements of lattice parameters. 

This di.scus·sion shall be restricted to the case of additively colored 

crystals (crystals colored by baking in Ca vapor) which possess the 
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virtue of making it possible to ,study complexes in which only electrons 

and vacancies are involved, that is, in which holes are absent. This 

perrpits the separat'ion of effects associated with such complexes from 

those arising from V centers. 

Mollwo
l08 

in 1934 inv~stigated additi vely colored natural 

, 
which he called the a-"barid and the S-band. Mollwo suggested that the 

a-band was due to the absorption of an F center (an electron trapped at 

a fluoride vacancy) and it was later shown by Arends l09 ,that this 

center exhibits the ESR properties which may be expected for an "F-center-

like" color center, viz. a hyperfine structure with approximately the 

proper theore~ical intensity ratios, a negative g-shift independent of 

the orientation and an inhomogeneous power saturation. Further endor 

measurements 168, 169 confirmed the presence ofth~ F-center. RecentJ.y 

162 it has been shown by Beaumont andH~es that the a-band is actually 
, 

a complex superposition of bands arising from the F-center, the M-

center and higher F-aggregate centers. It was also shown that the 

S-band is analogous to the M-center in the alkali halides and consists 

\ or two near~st neighbor F-centers(see Figure 21). This center is 

a4gned~ldi;lg a cube edge and has D2h symmetry. 

This dis cUssion confirms that the broad absorption bands 

3+' 
induced in Ac-CaF

2
crystals by y-irradiationareindeed due to 

electrons trapped in the lattice. In Table 3 the bands at N 4000 A. 

correspond to Mollw6' s a~band. Theexactposi tions of these bands are 

difficult to locate because they are Jilasked by the int~nse f-d transitions 

'.' 
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. 3+ ( , ) 
·of the Ac ions see Figure 9 ; however, the correspondence is still 

unambiguous. The other intense absorption at '0800 A probably corre-

sponds to the S-band (the M-center) • The maximum wavelength of this 

band varies slightly from one actinide to another and in all cases 

occurs at wavelengths greater than 5200 A. This dis crepancy, however, 

may-'be exp±ai-ned-by the- di-f-fe1'ent -me-thods·--o-f--co1.or--.center .productLon .. __ 

w6 .. 
Fong an,dYocom I found that the coloration of CaF 2 is dependent upon 

theconditibns under whiCh the additive-coloring experiment in conducted. 

They foUnd S-band absbrptions in the region 5200 - 6000 A depending upon 

the thermal treatment of the crystal. The two weak absorptions at 

'V8000 A and 'Vl.05 ]J (T;able 3) have not been reported in the literature. 

However, the preceding discussion makes plausible the existence of 

several types of cente.rs in CaF
2

which are minor variations of the F

center. Electrons could be trapped at different lattice imperfections 

or at impurity sites? and each would be expected to absorb in a different 

spectral region. Another explanation that may be offered for the m:ultiple 

broad absorption peaks is the existence of M-centers in different 

orientations in the crystal. For example, centers could be aligned along 

the [loOJ, [llOJ, and [lllJ crystallographic directions, with ,a different 

abso:rption spe!!trum for each. However, orientations in different 

. ineqUi. valent direeti6ns have not yet been observed for the M-center .. 

4. Weakriesses of the Model 

The m·odel discussed in Section IV-l}-2 dependS heavily on the 

3+ .. 
result that the low temperature thermolumines qence of Ac .-CaF 2 is from 

cubic sites. The only actinide that could be examined was em· and the 
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assignment of the thermoluminescence to a cubic site symmetry was made 

only indirectly by comparison with ground state cubic crystal field 

energy levels determined by EPR. It is of course possible that the 

thermoluminescence results from several site. synrrnetries and the energy 

difference of the thermoluminescence emission lines fortuitous ly 

corresponds to the difference expected for cubic symmetry. Futhermore; 

although it seems reasonable, the cubic thermoluminescence does not 

necessarily imply that all of the ions were in cubic sites to begin 

with. It· is possible that some non-cubic ions m8¥ undergo symmetry 

changes, and after the irradiation the charge compensator diffuses 

8J/18(f, leaving the ion in a cubic field. This, however, seems ill11ikely 

at 77°K in light of the activation energies for FO diffusion. 20 ,95,170,171 

Another difficulty with the above analysis is the rigorous 

exclusion of the divalent ion. The question remains whether absorption 

t· 1 2+ . t due· 0 sma 1 amounts of Ac is masked by color cen ers. 

The presence of impurities in the crystals used for these studies 

has been noted. However, it must be realized that an exhaustive search 
• 

f·or contaminants has not been made, and so the question arises whether 

impurities could also be responsible for the dominant effects. Perhaps 

the extremely weak low temperature thermoluminescen~e of neptunium and 
'. 

plutonium is really due to impurities . This argument certainly.has some 

validity; however, the basic interpretation of the thermolumines cence is 

not voided because the truly definitive actinide, curium, behaves 

unambiguously. 
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According to the high temperature tp.erIl).oluminescence model' 

. 3+ 
proposed in Section IV-D-l, a fluorine atom diffuses toward a cubic Ac 

ion, and acts as a compensator by accepting an electron. These atoms 

that diffuse thus change their role from non-local compensl:l.tors ,to 

. local:ized ones. During the next irradiation, fewer Ac 3+ ions would be 

This contradicts the experimental data .and the only argument which can 

be offered is heuristic. Merz and Pershan95 suggest that it is possible 

that ,after bleaching the crystal relaxes to an equilibrium distribution 

of localized and non-localized compensators. This means that after 

recOmbination, a number of the local interstitial F- ions are capable 

of diffusing~w~ fram the trivalent actinide. The charge compensators 

m8¥ achieve nearly the same distribution in the lattice each time. 

5. Di valency; vs. Tetravalency; 

Whereas all of the lanthanides can be stabilized in the divalent 

state in CaF
2

, only americium of the actinides forms the divalent state 

upon y-irradiation. Trivalent Np, Pu, and em are instead oxidized to 

the tetravalent state. 

Since most of the divalent lanthanides have not been observed 

,in solution, their stability in calcium fluoride ~llE1t .be attributed to 

the intrinsic properties of the lattice. A trivalent ion which replaces 

2+ . .,~ 
Ca and has a non-local compensator creates a local charge imbalance. 

3+ . Neutrality can be restored by the capture of an electrcm by a Ln lon 

(or the localization of an· electron by .~ Ac3+ ion, for irradiations at 
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The other property of· the CaF2 lattice which would be expected 

to help .determine which oxidation state is stabilized by irradi ation is 

its size. 3+ CaF 2 incorporates RE ions easily. 'because they are comparable 

in size to 
2+ 

Ca . In Figure 22 the ionic radii of some oxidation states 

of rare earths are shoWn and compared with the ionic radius of Ca
2
+. 

The lattice might be expected to stabili.ze those oxidation states which 

releave the stress put on the crystal by the incorporati on of an ion 

that is either too bulky or tOb small. For the lanthanides, however, 

'" . 3+ 
the size effect cannot be the determining factor since Ce ,which has 

a larger ionic radius thah any of the actinides studied, is reduced to 

th.e divalent state. This would not be expected from spacial consider-

ations alone since an oxidation rather than a reduQtion would relieve 

the stress on the lattice. 
. ·3+. -

Apparent~ the RE + e ~ RE2+ reduction 

potentials for the lanthanides are less negative than those for the 

actinides, since only in the former case is the divalent ion formed. 

In the preceding paragra:ph, the role of the CaF 2 lattice in the 

formation of the divalent state was attributed to its tendency to 

3+ restore local charge imbalances created by Ln . ions in cubi c symmetry 

rather than to spatial considerations. For the actinides, the role of 

the lattice cannot be attributed to the relief of a charge imbalance, 

since if anything the imbalance is magnified. In this case the important 

factor must be the intrinsically greater Ac3+ ~ Ac 4+ + e oxidation 

potentials. 
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6. Uranium 

The optical spectra of U-CaF
2

cr,ystalshave been the subject of 

considerable controversy, and the results presented in this dissertation 

help elucidate the systems. The maj or confusion seems to be the 

147 
assignment of the "green" U-CaF

2 
crystal. Hargreaves argues that 

the green crystal is characteristic of divalent uranium in CaF 2' His 

assignment results, in part, from an examination of the effects of 

irradiation on these systems. Since y-irradiation has been used 

successfully to partially convert trivalent ions to divalent ions in 

CaF2 , Hargreaves irradiated his red U3+ and observed a single new 

absorption band at 6300 A. In lig~t of the work,done on lanthanide 

2+ 
ions in CaF2 , he assigned this new feature to U ; however, the results 

presented in this dissertation suggest that the tetravalent ion is 

produced by Y-irradiation and that the absorPtion band at 6300 A is 

due to a color center (in particular, the M-center) which results when 

freed electrons are trapped in the lattice. This assignment is 

consistent with the recent work of McLaughlin et al.
128 

'Hargreaves also examined 

Ln3+ and large concentrations of 

3+ 
douple-doped crystals containing U , 

2+ ( . . ) 
Ln Ln = Sm, Nd, Tm, or Dy • 

2+ 
Ultraviolet irradiation of these crystal systems produced moreLn 

but also increased th.e "green U
2+" content .No adequate explanation 

could be offered; however~ the effect is easily explained if the green 

uranium ii. indeed the tetravalent ion. An electron ts. transferred from 

th U3+. . t t Ln3+ . e l.on 0 ~e ion: 
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3 3 hV, 2+ 
Ln++U+~Ln + (18) 

130 
Such reactions have been studied by Feofi1ov and, more recent~ by 

129 
Welber. , 

7. S~ggestions for Contin~ed Research 

---- ih---;--~~st'imp;rl;nt- -di-:r'ect-:-{:on'for- 'a~,-cbrltiriued effort on--tlle-se-' 

problems is to follow the optical experiments reported hE=re with 

paramagnetic measurements . The purpose of EPR experiments would be 

threefold; (1) to identify the symmetry of th,e tetravalent actinide 

ion; J2) to study the exact nature of the electron traps formed, in 

particular the color centers at "'8000 A and "'1.05 11 which have not been 

previously reported; and, (3) to positively- prove or disprove, the 

existence of divalent actinides. 

A few experiments should also be mentioned which fall into the 

category of repeating the measurements repor,ted here with higher 

I 

accuracy. For examp Ie, by us ing more s ens i tive detectors, and s uper~ 
I 

imposing several runs , it mB¥ be pOssible to ,take thermolumines cence 

emission spectra of Np and Pu. The exact status of U-CaF
2 

could also be 

re-examined and compared with other rare earths. 

Undoubtedly-the most revealing new experiments would involve 
, -

detailed optical keman studies of all' of the actinides. In this manner, , 

site symmetries could be assigned to many. of the optical lines and a. more 

exact modelmigh.t he proposed. -The final section of this disE)ertation 

1s concerned with optical Zeeman' s'tudies; and indeed the motivation was 

the elucidation of the mechanisms pres ented above. However, several 
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problems were encountered which did not allow detailed analyses of 

the most interesting systems. Higher magnetic fields (vi a pulsed 

magnets) and more sensitive detectors should allow site symmetry 

determinations on more lines. 
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V. OPTICAL ZEEMAN SPECTRA 

It is generally agreed that an examinatiqn of the a,ngular 

dependence of the Zeeman pattern of an opti cal spectrum line offers the 

most clearly defined method of establishing the sHe symmetry of the 

ion responsible for it. In th.e usual Zeeman studies, spectra are taken 

with; the 'magnet-ic-f'-i-e:J.:d -along, i-mportan-t --c-r,rstallographicdi r_e .ct.i.onf:,L. _ In 

the pres.ent case, with a large enough magneti c field to split the lines 

sufficiently for detailed study, it wasde,cided to take the Zeeman 

spectra as a function of azimuthal angle about a given crystallographic 

direction, the magnetic field being maintained in a plane perpendicular 

to this rotation axis. 

The maj or impetus for this investigation was the elucidation of 

the effects of radiation on "actinide ions in CaF
2
.Unfortunately, it 

( 

was discovered that the large linewidths of the actinides compared to 

the lanthanides (due to a greater extension 'of the 5f orbitals) often 

limit a study of their Zeeman patterns. Here a.re presented some prelim-

inary results on americium and curium, and a more detailed investigation 

of the lanth ani de neodynii um. 

A. Theory 

Thetheoreti cal interpretation of ions in crystals has been dealt 

with at iength in several textbooks, and will not be developed fully 

here. The fUndamentals of the theory of atom c spectra became under-

stood "Wi th the development of quantum mech.anics and are presented in the 

_ riow~classic treatise by Condon and Short ley .172 The theory was extended 

by the Hartree-Fock calculations of Slaterl73 for the transi tionmetal 

"'~.: 
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ions. Methods 
174 developed by Racah dealt with the more complicated 

rare earths. Recent books by Griffith175 and Wybourne
176 

on the 

transition metals and rare earths, respectively, deal with those atoms 

in great detail, The field has grown to require a high degree of 

mathemati cal sophistication: the theory of groups and its appli cation 

to the interpretation of the spectra of ions in crystals has been 

. 177-180 
treated by several authors; crystal field theory is also treated 

181 182 
by McClure and Ballhausen; the tens or operator methods of :Racah 

along with the theory of continuous groups is given by JUdd. 183 In 

the following discussion"mention will be made only of the highlights 

of those theories which will be of concern in the interpretat~on of the 

data. 

1. General Comments 

The Hamiltohian for a system of Nelectrons about a nucleus of 

charge Ze is usualls" treated in the Central Field Approximation. The 

non-relati visti c Hami Itonian 

H = ~~ -~ (~j+ ~ ~L~ L~ r. ~ . r'
j i=l ~. i~ ~ i=l 

is replaced by the central field Hamiltoriian 

~~ + 
~ 

U(r. ) 
~ 

(20) 

i=l 
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, 
In this approximation each electron is ,assumed to move independently 

in the field of the nucleus plus a spherically synnnetric potential 

U(r
i
). which is an average; of the potential fields of the other N-l 

electrons. The Schroedi,nger Equation resUlting from the Hamiltonian of 
\ 

"Equation 20 can readily be solved in spherical coordinates. The result-

_.- -- ~--

ing energy levels are highly degenera.-fe.'TniS 'degeneracy may -he~-

removed by the consideration of a succession of pertubation terms 

The most fundamental of these perturbation terms is the 

difference between the Hamiltonians of Equations 19 and 20: 

H - H 
cf = £ (-

i=l 

(21) 

The first term in Equation 22 shifts all the levels in a given config-

uration an equal amount, and is therefore usually not of interest. The 

second term: 

= (23) 

represents the electrostatic Coulomb interaction among the electrons, 

and is clearly a two-electron operator. To calculate the ·effect ofH
l 
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on the' one electron states resulting from Equation 20, product, states 

are constructed utilizing the total orbital and spin angular momenta of 

all the electrons: 

... 
L = 

N 

L. 
~=l 

1 
i 

and 
...... 

S = (24) 

The resulting energy level diagram consists of a. series of multiplet 

2S+1 
levels designated by. L . 

. The next level of approximation for an ion in a crystal considers 

the perturbation terms 

N .... .... 
H2 = L l;i 5 t. 

~ ~ 

i=l 

and 

H3 = V 
crystal 

(26 ) 

The· first of these terms is the spin-orbit interaction; the second is 

the crystal field perturbation. For the rare earths, due to shielding 

of the unfilled 41' and 5fshells from their external environment, the 

spin-orbit term is usually larger than the crystal field perturbation. 

If the spin-orbit term is much smaller than the Coulomb inter-

action, the Russell-Saunders or L8 coupling approximation can be used. 

Taking the total angular momenta 8 and L as good quantum numbers, 

Equation 25 can be rewritten 
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...... 
= sS . L. 

This Hamiltonian splits the 2S+1L multiplet into levels of total angular 

momentum J=L+S ,1.+S:":l, •.. ,L-S, each of the J levels being (2J+l)-fold 

degenerate. This degeneracy can be lifted by other perturbations, such 

as elect'ri-c~0r- ma·gneti-G!.-:Ci-elds_.~Howeye_r_, j.L):I2.i~ _.r?:~ srn~l~ ~.?mpa~e~ to 

HI' then L and S are no longer good quantum numbers. In the limit 
,: - . 

, I 

H2»H
l

, the j j, coupling scheme is preferable .. In the rare earth ions, 

Russell-Saunders coupling is often a good first approximation, but H2 

is suffi ciently large, to mix in wavefunctions of other multiplets, and 

the true coupling is intermediate, The spin-orbit Hamiltonian mixes in 
( 

states of different S and L, but the same J. ,The ground state of the 

ion is usually relatively pure 18 coupling, but this coupling breaks 

down more for the excited states. Furthermore, as the atomic number 

increases, the spin-orbit parameter E;. increases faster than the 
" l 

electrostatic term, axidthe breakdown in LS coupling becomes greater. 

The general problem of coupling together various angular momenta 

can best be handled by use of the n-'j symbols. In the simplest case 

of coupling two angular momenta to forma third, the 3-j symbol is used. 

It is related to the customary Clebsch-Gordan or Vector-Coupling co-

efficients by a si'mple rotation: 

\ " 
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The 3-j symbol is especially useful because i.t exhibits a great deal of 

symmetry. To couple three angular momenta together to form a fourth, 

the6-jsymbcl, which can be defined in terms of a sum over 3-j symbols, 

is needed. For even more complicated cases, the 9-j symbol can be 

defi"ned in terms of a sum over/6-j symbols. Relations for the various 

.. 174. '" 183 
n-j symbols can be found ~n Edmonds and Judd. Extensi ve tables of 

these, symbols have been calculated by Rotenberg et al. 
184 

For three or more eq~valent f electrons, it becomes difficult 

,to classify the states of the system because several terms of a given 

L and S may occur. In this case the method of continuous groups and 

the coefficients of fractional parentage becomes extremely useful. Here, 

the states of an N electron system can be built up from the states of an 

N-l electron system, if these are already known. 

Another complication :which has been neglected in the above 

. discussion is that of configuration interaction. For two configurations 

of the same parity, interactions can occur between their energy 

eigenstates. Details of this problem are discussed by Wybourne. 176 

In general, however, this effect is not important for the trivalent rare 

earths since their lowest configurations are usually well separated. 

2. Crystal Field Effects 

The, effect of the crystalline environment on the rare earth 

spectra' can be understood by symmetry considerations through the use of 

group theory. Each angular momentum eigenvector transforms according 

to an irreducible representation of the full ,rotation group in three 

dimensions . When an atom or ion is imbedded in a crystal, however, the 
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symmetry at its location is lowered to that, of one of the 32 crystal-

'-
lographic point groups . The representation of the full rotation group 

is then decomposed into the irreducible represeritations of the point 

group describing the ion in the lattice. This lifts the degeneracy of 

the original angular momentum. The rotation representation D
j 

,which is 

. --(-2J+l~)--.fo3..-d-·degenerate----de-composes-into- the-r~-~epresent-at-i-ons·-cof t-he--
,'1 . 

point group under consideration: 

= ·~n. r. L 1 1 

where the sUlmnation extends over the N irreducible representations of 

the point group, and the coefficients n. represent the number of times 
1 

the representation Ti appears in the decomposition of D
J

• Because the 

Character of the Kronecker (or direct) product of two representations 

i's the product of the characters of the representations, such decomposi-

tions can be constructed from the character tables of the point groups. 

The procedure is straightforward and the results are tabulated in manY 

books. Perhaps the 
. . . 185 

two most convenlent are Prather and Koster 

. 186 
et a1., . although Low

187 
als 0 lists them. 

Unfortunately, there is no one standard notation for the labeling 

of these representations. There is the Hund:-'Mulliken notation, the" 

Wigner r. notation, cand Prather's own modification of the Hund ...... Mulliken 
..... 1 

~.~;:\~, 

Koster et 

The list does not end here, but these are the common ones. 

al.
l86 

havesys·t'ematized and extended the Wignernotation and -- . 

" .', 

presente¢l. it in such a palatable form that it has all but become the 

standard, at least '~for physicists, and it will serve as the basic 

notation· for tlJ.,~S discussion. 

~. ~~ 
. . .. ~;,! 
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Calculations of the crystal field effects can be made using the 

method of operator equivalents des cribed by JUdd.
183 

The crystal 

field potential (H
3 

in Equation 26) is expanded in terms of the 

spherical harmonics: These are replaced by oper'ators which transform 

like the spherical harmonics, and for· which matrix elements can be 

calculated directly. The results of these calculations for a cubic 

field have been calculated by Lea, Leask and Wolf .188 Useful results 

have also been published by White.
189 

For the. cubic case, the 

Hamiltonian can be written 

= (30 ) 

Where B4 and B6 are fourth-order and sixth","order cubic field para-
m '.. . 

meters" and the O. are angular momentum operator equivalent expressi ons n . •. 

for the spherical harmonics. Equation 30 is. then written 

= 

where F( 4) and F(6) are numeri cal factors common to all matrix elements, 

and are separated out for convenience. The field parameters B4 and B6 

are replaced by. the substitutions 

= W x (32) 
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where -1 ~ x ~+L The parameter x then measures the ratio of the 

fourth-order to the sixth-order crystal field, .since 

= x . 
l .... lxl FfTI~ F . 

(34) 

Thus -;- B
4

/B
eS
-goes -from :~oc,.-t~- +oo-as-x" go-es-from---r-t·o·· +'1-. -The--par aroet-er-· 

W represents· a scale factori'or the energy,' and the Hami ltonian can be 

wri tten 

Lea, Leask and Wolf h.avecalculated the splitting of the crystal field 

levels for all values of Jbetween J=2 and J=8 as a function of the 

parameter x~ and the wave functions for these crystal 'field levels 

are given as linear combinations of the IJJ > eigenfunctions. These. 
z -

results are very useful for estimating the magnitude of the crystal 

field splitting, the order of the ground state levels, and the relative 

strength of the sixth order term of the crystal field. 

3. Zeeman Effect 

The contribution to the Hamiltonian due to an external magnetic 

~ 

field; B~ is given by 

~ -+' ~ 
H 4 . = S B • (L + 28) (36.) 

I 
~ 

'.\ 
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where S = 4.674IxIO-'5 cm-l/gauss is the Bohr magneton. In Equation 36 

such terms as would be introduced by the quadratic diamagnetic effect ~ 

nuclear magnetic moment, nuclear motion and relativistic effects l90 are 

neglected. 
-. -. -. 

ForB parallel to.L+2S (parallel Zeeman effect), Equation 36 

reduces to 

H4/1 = S B (L + 2S ). z z z 

For the perpendicular effect, it becomes 

== B B (L + 2S ). xx x (38) 

It could just as well be R = BB (L+ 2S ) .or any linear combination 4 y y y -. -. 
of the two. In fact, L + 2S transforms as a tensor of rank. 1, and it is 

frequently more convenient to use B
z 

(L
z 

+2S
Z

) for one component and 

1/2 B (L + 2S ) and 1/2 E (L + 2S ) for the other two. Here 
+ - - - + + 

'B 
± = B fiB , and similarly for L+ and St. x y _. 

For a small enough magnetic field, H4 can be considered as a· 

perturbation on the crystal field levels and the matrix elements ;,~f H4 

can be calculated using the crystal field wave functi ons . Such calcula-

t " h' b ". . . b K d S 191,192 ~ons ave een demonstrated y oster an tatz • 

. Rather. than work directly with the crystal field wavefunctions , 

one cart employ the basis functions used for computing the crystal field 

spli tting. The matrix elements of interest are 
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~stJMI Lz + 2Sz IYStJ '0 , ,r 

for the parallel effect ~ and 

(40 ) 

for the perPeridi cula-i effect. --Trwe assi1lIle- no :J~Xifig,-then--Equati on ---

39 becomes 

(41) 

and Equation 40 becomes 

(42 ) 

However~ 

where g(SLJ) is the Lande -factor. _ Using crystal field wavef'unctions 

this equation becomes 

! yr I L + 2S jyr > = gM. \ r z z r 
( 44) 

For Kramer's degenerate levels it is customary to define a 

parallel splitting factor 

sll (yJr) - - 2gi>1. 
r )-
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The factor of two makes it convenient, since in actual parcti ce the 

total separation of the components is measured experimentally. 

For the perpendicular effect, 

1 

~JMIL± + 2S±IYJM±1) = g[J(J+I) - M(M+I)]2 

All {YJMI;L± + 2S±/YJM
I
)for MIt M±l are zero. 

(46 ) 

For non-cubic crystal fi'elds, if J-mixing is not important, it I, . 

is convenient to define a perpendicular splitting factor sl' such that
176 

= 

In intermedi ate coupling the g is the "intermediate coupling Lande 

,,11 
g-factor. 

When the paral~el and perpendicular splitting values are known 

for a state, then the splitting factor when the magnetic fieLd is at 

an angle e aWB({ from. the symmetry axis is gi \ren by 

= 
2 . 2 2. 2 

sll cos e + s 1 s~n e (48) 

4. Selection Rules 

SeleCtion rules. stem from the symmetry properties of a system 

and are based on the vanishing of certain matrix elements. If a matrix 

element, 0., is to be a non-zero scalar, it muSt belong to the identity 
lJ 

representation of whatever group is being considered. Thus if 
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= 

and \jJ~,~, and \jJ~ transform ac60rding to the f Xth,Tflth 

ible representations~ respectively, then for it. to be 
l.J 

and fth irreduc
V 

non-vanishing, 

~A~!ll ~!.y~.m~~~.on~a.~~_ th:_ide~t~:~ ~e~~s_ent~t.ion fl' 

The inversion operator and its square, tlle identity, form a 

two-element group, for which the irreducible representations are f l' 

the identity ,representation, and f
2

, the alternating representation. 

~. :. N 
The dipole operator P tran'sforms as f 2' Wavefunctions from f. config-

~rations transform as f 1 or f 2' depending on whether Nis even or odd. 

It'is apparent that the matdx element <?!P!?)iS ze,o, since r 2 X r2 

X F;transf'ortJls as f
2

, not as the'identity representation fl' Hence 

electric dipole transitions within the same configuration are not 

allowed ( Laporte' s parity rule). 

N 
Electric dipole transitions are possible within f only if 

configurations of opposite parity are trlxedin, e.g.-, I-ld. These 

can be mixed by means of odd elements of the crystal field or by odd 

vibration modes . 193 The 'expansion coefficients of any crystal field in 

wh.ich the point group symmetry included inversion as an element of the 

group contain no odd elements. 'rhus intraconfigurational lines involving 

cupic sites can only be due to magnetic dipole transitions or to forced 
.. :;{"--'\ 

dipole transitions (The magnetic dipole operator transforms as r l' S.o 

f 2 X r 1 X f 2 transforms as f 1 and the transition is allowed). In C4v 

symmetry, however, odd elements of the crystal fiel(i exist which. can 'mix 

in the. opposite parity higher configurations with the ground configuration. 
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I 

Thus one could expect strong electric dipole transitions in this case. 

The selection rules of concern are those pertaini ng to tran-

si tions between the crystal field states, each characteri zed by an 

irreducible representation of the point group symmetry. Such selection 

rules are easy t.oderi ve using the tables of KOf;lter etal. ,186 or they 

can be taken directly f~om Prathe;,185 who has them already worked out. 

The Zeeman selection rules are of considerable interest. For 

C
4v 

symmetry, with the magnetic field along the symmetry axis, the 

selection rules are given in Table. 6. Of course, if the magnetic 

field is parallel to one of the tetragonal site axes, it will be perpen-

dicular to the other two. A magnetic. field has a symmetry of Cooh ' and 

if it is at an angle to the principal symmetry axis, it wreaks havoc with 

the symmetry. As can be seen from the compatibility tables of Koster 

186 
ei;,al. , a magnetic field along a 4-fold axis of 0h reduces it to C4h , 

if along the 4-fold axis of C
4v

' it reduces ,it to C
4

, and if along the 

axis of C
3v

' the symmetry is reduced to C
3

. But if a magnetic field is 

applied perpendi cularly to the 4-fold axis of C
4v 

or to the 3-fold axis 

of C3v ' the symmet ry in both cases is reduced to C 
s' 

which has only 

a plane of symmetry. 'The selection rules for such a case are given in 

Table 7. 
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Table 6. Polarization selection ,rules for C4)Bn C4 axis). 

J f8 f5 f6 f7 

f8 1T a a 

f5 a 1T a 

f6 a 1T a 

f 
7 a a 1T 

= ====: 
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Table 7 . Selection rulel;l for magnetic fields perpendicular to the 
principal symmetry-axis. 

T3 f4 

.. ·r ... a TT 
.3 

r 4 
TT a 
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B. Experiment 8.1 

A superconducting;magnet was used to study the Zeeman effect. 

The magnet was built at this laboratory with NbTi 248B ribbon wire 

obtained from Supercon, on a stainless steel core form Ii" i. d. ,. 

61" "d· d' 2 2. " th' ck· , '2 ' 0.. ., an '16 1 nes s . The coil goes normal at 130 A. with a 

maximum field of 67 kG. 

The coi 1 was encased in a cylindricaJ. stainles's steel dewar shown 

in Figure 23· ,This dewar could hold 20 liters of liquid helium for 

approximately 36 hours. 'It was equipped with four quartz windows 

designed by Mr. Dick Escobales. AQ'ross-section of a window is shown 

in Figure 24. It is very similar to the one designeci by Mollenauer 

et aL 
194 

except the Cu-quartz s,eal is made with Dupont Adiprene 1-100. 

The window is mounted to the dewar wall by means of en Indium wire gask2t. 

Oriented crystals were mounted in Cu-quartz ,housekeeper tubes 
~ , 

which were in turn connected to a 5' stainless steel rod. Tbe sample 

was then lowered into the coil from the top of the de\{ar.Tb2 rotation 

axi:5 waS parallel to thegi ven crystal direction and perpendicular to 

the magnetic field. 

Other experimental details were describedearlieT in Section III. 

C.Botation Patterns 

3+ . 
,The determination of the site symmetries of the RE lons is 

based -on .considerations of geometry. ,The symmetries involved are those, 

'.-
of a basic cube . 

-..... 
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XBB 7111-5595 

Fig. 23. Apparatus used for studying Zeeman effect. 
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, I·, 

fJ'u/'iu" Vt're 
G".sfet 

XBL 7111-16S8 " ", 

Fig. 24. Cross-section of quartz window on liquid helium dewar. 

\., ' 
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Consider first a rotation about the [OOlJ axis. Let 0 0 aximuth 

lie along the [lOOJ direction. In Figure 25 the three different 

tetragonal sites A, B and C are shown with their fourfold axes along the 

[100], [010] and [001] directions. With the magnetic field at an angle <p 

aWB(! from .a site axis, the splitting value is given by Equation 48. 

Table 8 shows the splitting factors of the three equivalent sites for 

tetragonal symmetry. When the field is in the [100] direction, site A 

... 
with its fourfold axis parallel to B will give rise to a Zeeman splitting 

-+ 
of s II' Si tea B and C with thei r fourfold axes perpendi cular to B wi 11 

give rise to a Zeeman splitting of 51' When the magnetic field is 

rotated aWB(! from the [100] direction , sites A, B and C become non-

~ . 

equivalent. WhenB is along the [110] direction, sites A and B are 

magnetically equivalent. Figure 26 shows the pattern expected for 

63 
sll> sl' 

The splitting values for trigonal compensation mB(! be worked out 

in a similar manner. The four equivalent trigonal sites, numbered one 

through four, correspond to the [-111], [Ill], [Ill], and [111] axial 

directions. The resulting pattern is shown superimposed on the tetragonal 

pattern in Figure 26 for sll (trigonal) = sll (tetragonal) and sl (trigonal) 

= sl (tetragonal). Observe that sites one and three and sites two and 

four are magnetically equivalent for all rotations about the [OOlJ axis. 

It might appear from Figure 26 that i twould be easy to distin-

guish tetragonal from trigonal symmetry. However. to do so one would 

have to know not only the vertical ali~ment .of the cry's tal:- but also 

the hori zontal alignment, since the angular Yariati on, independent of 
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C 
L~O/] 

I • 
I : : ..... : ..... 

tJ_·_..; -- -,~---, . , , , 
.' , 

Fig. 25. Tetragonal site axes A,B and C in CaF2 , 

XB L 7111 - 1687 
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Table 8. Tetragonal apli tting factor5 for rotation about 
the [0011 crystal direction. 

2 s 

., 
A B C 

[100] 0° ... 2 2 2 
5

11 
51 51 

[110] 45 0 2 2 2 2, 2 
1/2(5

11 
+ 51) 1/2(SII + 51 ) s1 

[010] .90° 
2 2 2 

51 S II S1 

[i10] 1350 '2 2) 2 2, 2· 
1/2 (sli + s1 1/2(sll + s1 ) s1 

. [ioo] 1800 2 2 2 
sll s1 s1 

~, oj ',-,.1 
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[TorY 

A 

I=-3 

XBL 7111-1686 

Fig. 26. Theoretical tetragonal and trigonal splitting values for 
rotation about [100] direction. 
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phase, is the same for both symmetries. Furthermore, it would be 

necessary to distinguish the isotropic line' due to tetragonal site C 

from a cubic line. ' 

Considering next a rotation about the [lllJ axis, it can be 

shown that, except for an isotropic trigonal line ,the angular variation 

is the same for both tetra'gonal and trigonal symmetries. 

For a rotati on about the [ilO J axis, however, there is a striking 

difference in the angular variation of tetragonal and trigonal splitting 

factors. Figure 27 shows the splitting pattern expected ,for s" (tetragonal) 

= s;, (trigOnal» sl(tetragonal) = sl (trigonal).63 Note that there are 

two tetragonal,-lines and·that their behavior is not identical. Succes

sive miniIil:a are equal; the maxima 'alternate in magnitude. Also, there 

is a 70° - 110° split between those angles at which the tetragonal lines 

'" 

merge •. , There are th'ree' trigonal lines, two of which behave alike. The 

minima for ,all three are equal and, occur in triples 55° apart, followed 

by a gap of 70°. The two primary maxima occur 70° apart. 

In the above discussion only the splitting patterns for tetragonal 

and trigonal symmetries were conSidered, since these are the most common 

sites found in RE3+ -CaF
2 

crystals. Fong and Wong195 have worked out the 

patterns expected for C
2 

sYll1llletry and more recently Fong and Bellow's 196 
V ' 

have published the patterns for C symmetry. These patterns are 
s 

extremely complex due to the large number of equivalent sites. 

In EPR one can measure the splitting of a single Kramer's. 

degenerate level directly. exciting magnetic dipole transitions between 

,its two components. In optical spectra, the transitions are between 
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Stark components of different levels and th.e resulting lines are functions 

of the splitting of both levels. Thus, whereas in the most general 

orientatiop there are three tetragonal EPR lines, each zero field tetra-

gonal opti cal line splits into 12 Zeeman components. If L denotes the 

lower level and U denotes the upper level, then the tetragonal lines are 

X(L-+U', L+U, L'~Ut, L'~U), Y(~Uf, L+U, L'~U', L'~U), and Z(L+U', 

L+U, L'~UI, 'L'~U) where the prime indicates the upper Zeeman component. 

For the trigonal case, the lines are l(L+U', L+U, L'~UI, L'~U) and 

similarly for si testwQ, three and four. For the IJ'lagneti c field along 

certain crystal directions, the splitting factors become equal for all 

of the sites, and as a result the linea due to the several sites 

coalesce into one set of four, corresponding to the four possible 

transitions between two sets of Kramer's doublets. This is illustrated 

in Figure 27 ,where it is shown that all of the trigonal lines coalesce 

when the magnetic field is in the [OOlJ direction. 

If absorption spectra are taken ax liQuid heli urn temperature, 

a large enough magnetic field will "freeze out" half of the Zeeman 

pattern components, namely those arising from L I, leaving only those 

arising from L, the lowest level of the ground manifold. 

Figure 28 illustrates thecOlllflete optical Zeeman rotation 

pattern expected for a case ~I (L)>'S.L(L) ,~slI (n1)< sl (U), .where the site 

symmetry is tetragonal and the rotation is about the· [llOJ B.xis ~ Each 

group of lines in this pattern, of course, has the same shape as the 

tetragonal splitting value pattern of Figure 27. 
I 
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It is apparent from a comparison of the two patterns of Figure 27 

that the angular variation of the Zeemari pattern of a trigonal site is 

so different from that of a. tetragonal site that if the whole pattern 

is found there should be no difficulty in distinguishing between them. 

'file trouble is that the whole pattern (or even half of the patteI;O, 

at liquid helium temperature) is rarely present. Lines ,are frequently 

missings or if present are very weak. Also, and even more troublesome, 

there is -frequently a. host or other lines mixed in with the pattern, 

obs curing and confusing it. 

If the pattern is conoplete, one can obtain the splitting factors 

of both the upper and lower levels involved in the transitions. In 

these studies , however, the pattern was rarely complete, and while the 

gross angular variation oftbe Zeeman pattern allowed the site symmetry 

determination of a number of l~nes, the splitting values could not be 

measured with assurance. 

D. Discussion of Results 

1. Americium 

The electronic configuration of trivalent Am is 5f6 which makes 

it the only ion to be studied in this section which'is not Kramer's 

degenerate. The groun'd s tate is a singlet, 7 Fa, and hence the Zeeman 

rotation pattern is fJimplified. The most intense transition occurs at 

. -1 A approXl.mately 20,000cm (5000 ) and corresponds to a transition to 

an exci.ted state with J = 6. This state has predominately 5L6 character 

mixed with. some 5G6 .197 
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It was possibl~ to obtain the optical Zeeman rotation pattern 

3+ 
for only one Am absorption line. The other lines were either too 

weak, to; broad, or did not exhibit any splitting. The observed 

rotation pattern for the line at 5223 A-is shown in Figure 29. It is 

apparent from the angular variation th~t the ~etry of the line is 

tetragonal. Note in particular the characteristic 700 
..; 1100 split 

between the angles at which the lines merge. Further comparison with 

the splitting value pattern of Figure 27, howeveor, shows that the 

pattern is not idea. This roightbe explained by a gross misalignment 

of the crystal, but this is unlike:l.y since the rotation line which 

corresponds to site A = 6i te B would then be expected to spli t imo 

two lines. A more likely explanation is that another tetragonal line 

lies nearby. In this case the magnetic splitting of the absorption 

lines would be of the same order of magnitude as the Stark splitting 

and the first order approximation would no longer be~sufficient. This 

effect is in many ways analogous to the Paschen-Bach effect, although 

not identical with it~198 This Jxplanation is indeed feasible since 

3+ . -1 
four weak Am abs orptl. on lines were observed 2.4, 2.7, 5.1 and 1I~. 4 em 

from the intense line. Furthermore an asymmetry in the observed 

pattern supports this explanation since the Zeemail effect becomes non-

Jinear when th.e first order approXimatIon breaks down. 

Although only a single line could be. investigated, valuable 

:information was gained about the thermoluminescence discussed in Section 

IV-G-3a. This absorption line at 5223 A corre~ponds to one of the high' 

temperature thermolumines cence emission lines observed by Edelstein, 

I' 
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Eas ley and McLaughlin,137 and hence confirms Merz' s proposal that such 

thermolumines cence is due to tetragonal sites. 

2. Curium 

Th t · . t" f ,...,.,.3+. 5f7 · Th 5f h 11 . e elec ron~c conf~gura ~on 0 . '-'Ul.. ~s. e s e ~s 

half-filled and hence the 

8 
S7/2' The first excited 

gJ;'ound state is orbitally non-degenerate, 

3+6· 
state of Cm (P7/2 at ~6ooo A) is the level 

of interest since it was pbstulated in Section IV-C-3c that the li~es 
'-1 . . 1 

at 16474 and 16461 cm (and possibly the line at 16429 cm- ) are due 

to the ion in cUbic site symmetry. 

The absorption and fluores cence of em was taken with a 3.4 meter 

Ebert spectrograph in ninth order. The reciprocal linear dispersion 

was '\.{). 7 A/min. The absorption of c:m3+ at ~ooo A is very weak and o~ly 
/ . r. 

oneli.ne. at 6063.2 A was intense enough .to follow. Its [110] rotation 

pattern j.s shown in Figure 30. Although all of· the Zeeman components 

,do not unambiguously form a pattern,.the, pattern at the bottom of the 

figure is ob,vi ous ly tet ragonal (compare with Figure 27). The [100] 

I 

rotati on pattern for this line was also measured and is shown in Figure 

31. Two groups of Zeeman components are present which correspond, in 

the qotation of Figure 28, to the transitions L+U and L+U'; however, 

only the latter transition has a distinct pattern. It is similar to the 
I 

theoretical pattern shawn in Figure 26 except that the isotropic line 

with thespli tting factor 1. (si te C) is miss~qg. Also missing are the 

Zeeman components due to sites A and B when they approach the orientation 

conditiOn s'ite A (sit~ B) = site C. The absence of these co~onents 

cannot be explained by the selection rules, since, as is shown in Table 7, 
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all transitions are allowed when the magnetic field is perpendicular to 

the principal symmetry axis. Of course, ~he non-vanishing of certain 

matrix elements does not guarantee that their magnitude will be great. 
'i' 

The' [lOOJ Zeeman rotation pattern was also taken in fluorescence. 

The most intense lines at 6000 A 'and 6020 A (see Fi'gure 16) are .very 

broad and hence do not show a resolvable pattern; The pnly line which 

was sharp and intense was again the line at 6063.2 A. The fluorescence 

pattern was found to be identical to the absorption pattern. The 

photographic plate is shown in Figure 32. Observe that the "CUbic" 

lines are too weak to follow. 

3. Neogymium 

Although trivalent neodymium has been incorporated into a 

large number of crystals, the only ones which have been fully investi

gated are CaW0
4

, 199-201 'PbMo0
4

202 and LaF 3. 203 

The site symmetries of Nd3+ in CaF 2 have been investigated 

mainly by electron paramagnetic resonance. Bleaney,' :Lleweilyn and 

204 3+ . 
Jones observed Nd l.n tetragonal sites with~1 = 4.412 andgl = 
1.301., Kask and co-wGrkers~O~ latsrt:)blih!ned·t'Wo kinas ;bforthorhombic 

symmetry in addition to tetragonal symmetry. They found that the 

intensity of the orth.orhombic symmetry increases wi th Nd3+ coneentration.· 

Another group of workers 206 have observed Nd3+ in cubic sites. 

There have also been a numb.er of investigations of the optical 

spectrum of Nd3+-caF
2

. Kiss2Q7 attempted to compare the observed 

absorpticm spect~um with the theoretical spectrum based on the assumption 

208 
of a ~u,b~c fie;I.d.Voronko II g. analyzed the optical spectrum of 
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Fig. 32. Photographic plate of optical Zeeman spectra in fluoroescence, 
rotation about [100] direction. Spectra are taken at 15° intervals; 
the reference spectrum is neon. 
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Nd3+ -Cali'2 by the conc~ntrati,on ser~es method and were ~ble to group 

"together lines -belonging to three different si te~. The actual assign-
• ..,. I, 

ments of the symmetries were basedon correla.tions with EPR data. 

""For the 4f3 ~onfiguration of Nd3\ t4ere are 17 possible terIns~ 

denoted':'by ~2D2F2G2HIKL and 4SDFG:I. 37, The number of levels wi,th 

different v8.lues of J is 41.: The ground state is 419/2 , When an ion 

is embedded in a crystal, the spectral positions of the absorption 

groups are known to be q'iri teconsistent with the transi ti 6ns of the 

. 208,209 
free lon. 

Crystals of Nd3+-CaF
2 

containing from 0.01 - 0.3 wt. % Nd were 

obtained from Optovac, Inc. 117 The following is a study of the Zeeman 

effe'Ctoh some selected transitions. 
''., ':,.. . 

'2 
a. " HIlI:? The 2Hll/2 manifold occurs at 'V16,000cm-

l 
(6250 A). 

For the 0.01 and 0.03 wt. % crystals,' only one intense absorption line 

(6263.2 A) is present. The rotation pattern on this line is not 

'complete';;''':'' some Zeeman components a.re either missing or weak at these 

concentrations. In order to intensify t~se weak. components, a more 

concentrated crystal (0.3 wt. %) was studied. The optical rotation 

pattern for this crysta.l·is shown in FigUre 33. Ins,tead of the 6263.2 A 

line becoming more intense, it decreased slightly in intensity and a 

new line. at 6253.5 A grew' in. The pattern of the 6263.2 A line is still 
, 

not complete but obv}.ously is tetragonal. The line at 6253.5 A is not 

tetragonal but exhibits an extremely complex rotation pattern suggestive 

of a low crystal symmetry. This line could possibly be orthorhomic 

(C2) since the EPR measurements of Kask et al. 205 found that at low 
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concentrations the tetragonal symmetry predominates, but the intensity 

of the orthorhombic signal incre~es with the Nd3+ concentration. 

b. The Zeeman rotation spectra for the a"bsorp-

tion ,lines 'at "'7300, A are ,shoWp. in Figure 34. ,At first glance it would 

seemth.a.t the patterns, are almost ideal. "Only a few Ze'eman cOFPonents 

are misEl'ing and all of the lines can be fit on well-:shaped tetragona1 

pa.t terns. 'lWo zero field abs orpti on l'ines at 7262. Q A (13767 cm -1) and 

7267.2 A (13757cm ..;1) split into four tetragonal patterns. ThuS fqr 

'both lines the traz{sitian:s L+U and L-+U' are well-defined. The relation 

of the zero ,field lines to the Zeeman components can be seen in Figure 35. 

'!',his' a.hows the spllttings of the lines as a function of magnetic field 

strength. Note that the Zeeman componentlil of the two tetragonal lines 

repel one another as;the magnetic field is increased. <' This inter-

a,ction can be thought of as a "crystal Paschen ... Bach effect" and can 

h.appen with, closely spaced Stark levels in a large enough magneti c 
' .. ~, ' 

field. 'The effect of this interaction on the rotation patterns can be 

seen in the asymmetry of the patterns about the zero field lines. At 

greater magnetic field strengths or with smaller Stark splittings, it 

is possibl'e for the, Zeeman components from different' zero field lines 

to cross, thus creating a. confusion interchange in the normal pattern 

order. 

In addition to the lines at 7262 and 7267 A, another tetragon,al 

line was found at 7356 A. These assignments confirm the work of 

, , 208 
Voronko et a1. ' who, using the concentra.tion series method, assigned 

lines at 7267 and 7256 A to tetragonal site symmetry. 
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C. Q·t ,7,962 A (12556 em-I) Only 'one absorption line ... 

could be followed in this spectral region. Although the symmetry is 

obviously tetragonal (see Figure 36) ~ the pattern is not ideal. This 

line probably corresp'onds to the tetragonal line at 7960 A reported 

. ,2nS 
by Voronko et a1.; . however, they reported another nearby line at 

7264 A whose symmetry is orthorhombic. 

E. C.onclusions and Recommendat'ions 

The optical Zeem~ rotation patterns have .been taken of CaF2 

t · I' t" Am,3+ 3+ Nd3+ crys a s eon B.l.m.ng • em and .' In all three crystals only 

sites arising from tetragonal compensation could be positively identified, 

,although there was evidence that lower symmetries exist at high concen-

trat·ioris of Nd3+. 

Am3+ -CaF and for 
2 

3+ Nd -CaF
2

, 

On·1y one tetrag0!lal line could be identified for 

3+ em· -CaF
2

; ·five tetragonal lines were i'dentified for 

This technique allows thepositi ve identification of the site 

symmetry, whereas the other methods outlined in Section IC do not. It 

is appli cable to all crystal sy,,;tems containing non-equivalent sites 

which have spectral Unes sharp enough to allow resolution of their 

Zeeman components. 

The sensitivity of the technique could be improved in several 

wSiYs: 1) larger magnetic fields could be attained USing pulsed magnets; 

2). .thicker crystals of a given concentration could be ,grown thus in-

creasing the intensity of the absorption lines without changing the_ site 

symmetry di.stribution; 3) a more sensitive detection device could be 

'. 

• 
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used~ allowing weak fluorescent Zeeman components to be recorded; 

4) spectra could be taken in 5° increments s allowing rapidly changing 

Zeeman components to be followed; and 5) several crystals could be 

grown 1lIlderdi fferent conditions. This might chat ge the site symmetry 

distributions so ,tha.t a single site would predominate in a given spectral 

region. 

" ~~.:. 

, . .' 
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