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+ EFFECTS OF GM~-IRRADIATION ON ACTINIDE IONS IN CALCIUM FLUORIDE' 

J. J. Stacy, N. Edelstein, and R. D. McLaughlin 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 94720 

March 1972 

ABSTRACT 

Optical absorption and thermoluminescence measurements were used to 

study the effects of gamma-irradiation on trivalent actinide ions in CaF2 • 

Thermoluminesce~t glow curves for Np, Pu, Am and em (and, for comparison, the 

lanthanides Er, Ho and Tm) were measured between 100° and 3000 K. These were 

found to be remarkable similar, with glow peaks occuring at nearly the same 

temperatures for each of the ions. High resolution measurements of the spectra 

of the thermoluminescence showed that the emission is similar to the fluo-

rescence of the trivalent ions. Evidence is presented that the glow emission 

below 3000 K originates from trivalent actinide ions in cubic sites. When the 

actinide-CaF2 crystals were irradiated at 3000 K, the actinide ion was oxidized to 

the tetravalent state. A mechanism has been proposed to explain these 

observations. 

INTRODUCTION 

Small amounts of lanthanide ions incorporated in crystals of CaF2 

exhibit the optical spectra of the trivalent state. However the main feature 

is the appearance of many absorption (or emission) lines from multiple 

symmetry sites due to different t~es of charge compensation of the tripositive 

1 ion in a dipositive host crystal. The main feature of chemical interest is that the 
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dipositive state of the entire lanthanide series may be produced and stabilized 

in CaF2 by three methods: 

bak " " 1" 4 1ng 1n ca C1um vapor. 

gamma irradiation2 ; electrolytic reduction3 ; or 

The last two techniClues are performed at elevated 

temperatures and result in a thermally stable divalent lanthanide ion in much 

higher concentrations than obtained with the first method. 

Merz and Pershan5 (from now on called ~p) have performed a detailed 

study of the effects of x-ray or gamma ray irradiation on the trivalent 

lanthanide ions in CaF
2 

crystals. Their conclusions·may be summarized as 

follows: 1) lanthanide ions in cubic symmetry sites are reduced to the divalent 

state by irradiation; 2) subseCluent heating of these crystals causes the oxi-

dation of the divalent ion with a characteristic emission of light from the 

trivalent ion; 3) the temperatures at which the thermoluminescence occurs does 

not depend on the particular lanthanide ion; and 4) the characteristic lumi-

nescence from the trivalent ions below room temperature is only from these ions 

in cubic sites; above room temperature the luminescence occurs from ions in 

tetragonal sites. On the basis of the above experimental observations MP pro-

posed a·model to explain the reduction-oxidation-thermoluminescence processes 

in these crystals. 

Actinide ions incorporated in CaF2 crystals have been the subject of 

6-9 . 3+ 3+ 
a number of studies in our laboratory. Two of these ions~ Am and Es , 

behave Similarly to the lanthanide ions in that irradiation causes the formation 

of the dipositive ions as shown by electron paramagnetic resonance (epr) 

investigations. However in the cases of the Np3+, Pu3+, and em3+, irradiation 

caused the oxidation of these ions to the tetrapositive state. In this paper 

we report the results of our optical investigations on actinide ions in CaF2 

crystals. 
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EXPERDfENTAL 

Actinide ions doped in CaF2 crystals were prepared in the same manner 

as discussed previously.IO The actinide ions in concentrated acid solution 

were added to powdered CaF 2 containini 2 wt.% PbF 2' which was used as a 

scavenger for water and oxygen. other samples containing lanthanide ions or 

11 uranium ions were purchased from Optovac, Inc. The concentration of,the 

dopant ion in the cyYstal was not determined. The initial 'doping levels 

before crystal growth varied from 0.01-0.8 wt.%; however, the amount retained 

in the crystal after meltini can varY widely from this figure. 

Spectral measurements were made' photographically using a Jarrell-Ash 

F/6.3 plane gratini spectrograph which had, in the first order, a reciprocal 

linear dispersion of approximately loAlmm at the blaze wavelength, 500oA. A 

Cary l~odel 14 recording spectrometer was used in the infrared region. Quan-

titative absorption measurements were made with a Jarrell~Ash Model 82-000 

0.5 meter Ebert scanning spectrometer used with an RCA 7102 photomultiplier 

which was cooled by a flow of cold nitrogen gas. 

Single crystals of CaF2 containing various impurity ions were exposed 

to gamma rays from a 60Co source of approximately 6xl06 roentgens/min. for 

various lengths of time. The temperature at which this irradiation took 

place could be changed by placing the sample in a small dewar containing 

either liquid nitrogen or an ice-water bath. 

Glow'curves were obtained by slowly warming the crystals from ~IOOoK 

to room temperature by means of an adjustable flow of cold nitrogen gas. The 

temperature w:as measured with a resistance thermometer which gave a l,inear 

response in the temperature range 100oK-300oK and was calibrated with a 
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chromel-alumel thermocouple. Temperature measurements were accurate to ±2°K 

and precise to 0.5°K. The glow intensity was integrated over wavelength 

according to the S-20 spectral response of the photomultiplier and plotted as 

a function of temperature. The heating rate was not linear and varied from 

0.5°/minute at the beginning of a run to 5.0o/minute at the end of the run. 

Thermoluminescence measurements above room temperature were obtained by 

heating the crystal with a resistance coil and measuring the temperature with 

a chromel-alumel thermocouple. 

RESULTS 

SHARP LINE SPECTRA 

A. NEPTUNIUM 

Single crystals of CaF
2 

doped with 0.1-0.2wt.% 237Np were light green 

in color. A comparison of the absorption spectrum of these crystals with 

d t N 3+" L B d 1 t" d t f several "d t" t t 12,13 f a a on p 1n a r3 an so u 10n a a 0 OX1 a ~on s a es 0 

Np is shown in Fig. 1. The main oxidation state present .in the CaF2 crystals 

3+ "h "" " 4+ 6+, N 5+ is Np w1t out any s1gn1f1cant amount of Np or Np . The presence of p 

cannot be rigorously excluded since its only intense peak overlaps with an 

Np3+ peak but from the conditions of crystal growth its formation is not very 

probable and we exclude its presence. 

3+ When the Np -CaF2 
crystal was irradiated for 15 hours at OoC or at 

room temperature in the 60Co source it turned to a deep blue-green color. An 

intense broad absorption appeared in the visible region (discussed later) and 

also three new groups of sharp lines. By comparison with the most intense 

absorptions of Np4+ in 

lines were assigned to 

D20
13 (Fig. 

4+ 14 
1) and various other Np spectra these 

4+ 
Np . 

, 4+ 
The radiation induced Np was not completely 

stable and decreased slightly in intensity over a period of a few months at 

room temperature. The broad absorption band and the Np4+ structure could be 
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bleached out by. heating the crystal to 'V4oooC. A one hour exposure with 

3000-5000A radiation from a 1000 watt Hg lamp reduced the intensity of the 

broad absorption by more than 50%. Additional exposure seemed to have little 

effect. 

A high resolution quantitative study was made of the growth of Np4+ 

and the decay of Np3+ spectral lines upon gammairr~diation at OoC. Because of 

the relatively poor sensitivity of the PbS detector, measurements above l~ in 

wavelength could not easily be made so only the spectral region between 

9400-1000oA was intensively studied. The absorption spectrum of Np-CaF 2 before 

and after irradiation is shown in Fig. 2. Twelve Np3+ lines could be followed; 

eight remained unchanged and four decreased in intensity. In addition four 

new sharp lines ·appeared which were assigned to Np4+ for the following reasons. 
4+ 

These new lines at ~50oA appeared under the same conditions as the Np lines 

at 1.7~ which could only be assigned to this oxidation state. If this new '. 
3+ structure was due to site symmetry changes of Np.then in each absorption 

. 3+ ul 
reg~on of Np one wo d expect to find new lines. 

. 3+ In the Np . region at 

2.3~ no new lines appeB:red so this possibility was excluded. 

The growth and decay of various lines between 9400-10000A as a 

function of irradiation time is shown in Fig. 3. The height of the absorp-

tion band was assumed to be proportional to the concentration of ions, since 

the linewidth did not change upon irradiation. In Fig. 4 the relative change 

in the optical density of Np3+ is plotted vs. the relative change in the optical 

4+ 
density of Np -for the two strongest sets of lines. The slope of the line 

through the points was ~l. 
4+ 

From this fact we conclude the growth of the Np 

lines was correlated with the decay of the Np3+ lines and the equation15 

.. 

, . 
~" 
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= OD 4 -OD 4 Np +(t=O) Np +(t:oo) 
(1) 

was followed, where the additional subscripts t=O and t=~ represent, respectively, 

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

irradiated to saturation. Further analysis of the data in Fig. 3 showed that the 

d N 3+ . f' t d rate of ecay of p ~s not ~rs or ere Th . d . . f N 3+ th f . t e ox~ at~on 0 p , ere ore, ~s no 

by direct irrigation but occurs via a more complex mechanism. Complete wave-

nl b . 4+.. 1 h i length measurements could 0 y e made for the Np l~nes ~n the wave engt reg on 

of 1.7~. In the other regions overlapping lines from the Np3+ ions interfered. 

The number of levels found for the Np4+ formed by room temperature irradiation 

was eight. This manifold was assigned a J-value of 11/2 by analogy to assignments 

4+ 
made in other Np compounds. For absorption spectra from only the ground 

crystal field level a maximum of six lines can be attained from one symmetry site. 

If we assume more than one lower level contributes to the absorption lines at 

77°K, we should observe some constant differences between the observed lines. 

Calculation of all possible energy differences showed no constant differences to 

within experimental error so we conclude the absorption lines at 1.7~ are due 

4+ 
to at least two different Np symmetry sites. 

The above result was confirmed by gamma irradiation of the Np3+-CaF2 

crystal at 77°K for 48 hours where only two NP4+ lines appeared in the 1.7~ 

region. This excludes the possibility that the surplus lines are due to vibronic 

transitions. These lines were also present (at twice the intensity) in the 

OOC irradiation. The most pronounced effect of the irradiation at 77°K, 

however, is the spectral changes in the Np3+ region of the infrared. Between 

1.9 and 2.4~ three lines appeared, one line originally present increased greatly 
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in intensity, two lines decreased in intensity and 20 lines were unaffected. 

Part of this spectral region is shown in Fig. 5. Warming the crystal to 

room temperature partially bleached the new structure and heating to 'V4000C 

bleached it.completely. . 3+ It should be emphasized that these Np changes 

only occuredfor gamma irradiations at 77°K, not at room temperature. 
. . 3+ 

Therefore the mechanism for these site symmetry changes for Np . 

must be different from that which caused the oxidation of Np3+ at 

B. PLUTONIUM 

The optical spectrum of Pu in CaF 2 has been reported previously. 7 

Self-irradiation of a 238pU_CaF2 crystal at room temperature which originally 

contained Pu3+ resulted in the appearance of a new sharp line spectrum which was 

. . 3+ 
assigned to Pu and several broad absorptions assigned to color centers. 

Self-irradiation of this crystal at 77°K showed only the formation of the 

broad absorption bands. 

In the present work a 239Pu_CaF2 crystal containing approximately 0.7 wt.% 

Pu was irradiated for 48 hours at room temperature in the 60Co source. Seven 

4+ 
sharp lines characteristic of Pu appear.ed between 1.83 and 1.89~. This 

crystal was bleached by heating to 'V4oooc and then irradiated for 48 hours 
. 4+ . 

at 77°K. Two sharp Pu l1nes were observed at 1.836 and 1.843~ with 

intensities approximately half of those observed from the room temperature 

irradiation. A more detailed analysis was not possible because of the weak 

. 4+ . 
absorption observed. In fact the detection ofPu at 77°K was only possible 

in a very concentrated crystal at a high radiation dosage. 

. ; 
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C. AMERICIUM 

The optical and electron paramagnetic resonance spectra of Am-CaF2 

were reported earlier. 6 Self-irradiation of a 24lAmor 243Am_CaF2 crystal 
..• ' ... 

results in the formation of Am2+ in a fashion similar to· the lanthanide· series ~ 
.. : <" . . 4+ 

Attempts to find sharp line spectra attributable to Am at high radiation 

dosages were unsuccessful. 

D. CURIUM 

Preliminary results of the optical spectra of em in CaF 2 have been 

reported. 8 Crystals of CaF
2 

doped with 244em (tl /
2

=18 years) are initially 

colorless but rapidly turn red and eventually black due to self-irradiation 

damage. A characteristic orange glow at approximately 6000A due to the 

6 
P7/ 2 

~ 8S7/
2 

transition of em3+ is always present. Initially only the 

em3+ ion is present but 

4+ lines of em appear on 

4+ 
sharp lines from em rapidly appear. Fewer 

irradiation at 77°K. A very intense broad band 

also appears which obscures the weak em3+ and em4
+ absorptions so further 

analysis was not attempted. 

E. URANIUM 

The optical spectrum of U in CaF2 has been the subject of many 

14 conflicting reports. Hargreaves has grown green, red, and yellow crystals 

2+ 3+ 4+ . of U-CaF2 which he attributes to U ,U ,and U respect1vely. McLaughlin 

et al. 15 have performed chemical analyses on similar crystals and attribute 

4+ 6+ the spectra from the green crystal to U ,the yellow crystal to U ,and 

3+ the red crystal to U . 

A very concentrated red crystal was used for the present work. The 

optical spectrum before gamma irradiation contained spectral lines in the 

... ". " .. '" 
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1.50-l.6511 region attributable to the green U _ species. Irradiation at room 

temperature .for 64 hours doubled the intensity of' these,lines. Sincethe 

chemical properties of U are very similar to those of' Np we assign these 

4+ lines to U • 

BROAD ABSORPTION SPECTRA 

Another characteristic of the actinide - CaF2 systems upon gamma 

or alpha irradiation is the growth of broad (>locA half width) absorption 

bands. Figure 6 shows the features observed and Table 1 lists the 

wavelengths of the maxima of the peaks. The most striking feature is the 

similarity of- all the spectra (except Am). The wavelength of the most 

intense curium absorption shifts towards the red as the radiation dosage is 

increased. 3+ -Orily one band was observed for U -CaF2 and its wavelength could 

only be estimated because of the superposition of intense U3+ absorptions. 

The band in U is considerably less intense than in the other actinides which 

might expl~n the absence of absorptions at "'8oocA and 1.0511. Similar 

results are obtained for irradiation at 77°K except the intensities are less 

for comparable dosages. The Np, Pu, and Cm absorption intensities are 

reduced by approximately factors of ten, three, and two, respectively, relative 

to the room temperature intensities. We believe these broad bands are due to 

color centers resulting from the capture of electrons at various defect sites. 

No report of this particular group of color centers appears in the literature; 

however these bands are probably related to other observed absorptions in addi-
/\ I 

- -- 18 19 
tively colored CaF2.' This interpretation is consistent with the results of \.": 

the Am-CaF2 crystal which did not show this type of spectrum but appeared to 

resemble more closely the behavior of a lanthanide ion. Irradiation of Pu-CaF2 

and Cm-CaF2 at 77°K produced an ~dditional broad absorption band at approximately 
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3000 A (U and Np were totally opaque in this region). This band could be 

partially bleached out by warming the crystal to 3000 K and totally bleached 

out by heating to ~OOoC. A similar band has been observed in all of the 

lanthanide elements in CaF2 upon irradiation at 77°K and has been assigned to 

trapped holes. 5 

THERMOLUMINESCENCE 

One technique for determining the types of traps formed in radiation 

damaged crystals is thermoluminescence. 5 We have obtained glow curves for 

our actinide - CaF2 crystals (irradiation times at 77°K of up to one hour) 

in the temperature range lOOoK-300oK. Typical results are shown in Fig. 7. 

In addition to the actinides, the glow curves for the lanthanides Er, Ho, and 

Tm were run for comparison purposes. The Er, Ho, 'I'm, Am, and em emissions 

were extremely intense; the Np, Pu, and undoped CaF
2 

emissions were very 

weak and in order to obtain the data the photomultiplier was cooled. The 

peak temperatures of the glow curves are listed in Table.2. Although the 

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

curves are similar. It was not possible to obtain temperature measurements 

of the weak emission i'rom Np; however even in the case of undoped CaF2 

weak peaks were obtained which may be due to residual impurities. As can be 

seen from the data the glow peaks appear to be independent of the particular 

actinide ~rare earth ion and therefore we assign these peaks to thermal 

traps of the host crystals. Our glow peaks in this temperature range are 

very similar to those of MP which they ascribed to the recombination of a hole 

with a trapped electron at a cubic lanthanide site. 
\ 

Rough estimates have been made for the activation energy, E, of the 
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low temperature glow peaks by two methods. The first method utilized the 

conventional Arrhenius diagram. 

. d th t' 20 energles use e equa lon 

2 
E = k T /(T -T ) 

g 2 g 

The second method for determining activation 

where Tg is the temperature of the glow peak maximum, kis the Bolzmann 

constant, and T2 is the temperature at half intensity on the high temperature 

side of the peak. Table 3 lists the results for both methods. These activation 

energies are approximate, but they show the following trends: similar values of 

each glow curve are obtained for the different ions and each succeeding glow 

peak corresponds to a higher activation energy. This confirms the fact that 

the hole traps formed are independent of the particular lanthanide or actinide 

ion. Thermoluminescence measurements above room temperature were obtained only 

for Am and em and are shown in Fig. 8. The emission from Pu and Np was too 

weak to detect. For the high temperature spectra the glow peaks from the two 

ions appear entirely different which is consistent with different types of 

traps formed for the room temperature or OoC irradiations than for the 77°K 

irradiations. 

THERMOLUMINESCENCE SPECTRA 

We have studied the thermoluminescence spectra of Am and em in the 

temperature range 77°K-300oK and compared them with the spectra obtained from 

the fluorescence excited by a 1000 watt Hg lamp. It was not possible to 

obtain similar spectra from Np-CaF2 and Pu-CaF2 because of the weak light 

intensities. The Am thermoluminescence and fluorescence is shown in Fig. 9. 

Although the thermoluminescence lines are considerably broader than the 

fluorescence lines it is clear there is one additiona.;Lline in the fluorescence. 

• 

'~ : 

' .. 



-. 

.' 

-11-

All spectra are assigned to Am3+ transitions but only a particular site 

symmetry (probably cubic) is involved in the thermoluminescence. The intense 

3+ high temperature green emission from Am at approximately 500°C has been 

previously assigned to noncubic sites. 8 

The thermoluminescence (77°K-3000K) and luminescence (77°K) spectra 

3+ of Cm -CaF
2 

are shown in Fig. 10. The thermoluminescence spectrum consists 

of only three sharp lines whose relative splittings are consistent with the 

ground state splittings found for cubic Cm3+ ions by electron paramagnetic 

10 resonance measurements. However there is no evidence for the excited state 

splittings which should be quite appreciable. The fluorescence spectrum 

consists of many more transitions which arise from many other symmetry sites. 

3+ Thus for Cm-CaF the thermoluminescence may be assigned to cubic symmetry. _ 2 

DISCUSSION 

The data presented in the previous sections may be divided into two 

parts: the low temperature irradiations (77°K) and processes taking place 

below room temperature; and OOC or room temperature irradiations and high 

temperature processes. The results may be summarized as follows. At low 

temperatures: 

(1) the irradiation oxidizes the trivalent actinides but the efficiency is 

very low at 77°K; 

(2) the irradiation produces site symmetry changes for a small number -of 

tri valent actinide ions in particular sites; 

(3) a thermal cycle to room temperature reduces the intensity of the new sites 

of the trivalent actinide and light emission characteristic of the trivalent 
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actinide is observed; 

(4) the temperatures at which the thermoluminescence occurs is independent 

of the particular lanthanide or actinide; 

(5) the spectrum of the em3+ thermoluminescence from 77°K to room temperature 

is characteristic of a cubic symmetry site; 

(6) a color center due to trapped holes appears and maybe partially bleached 

out by warming to 300oK. 

(7) the Am-CaF2 crystals behaves as a typical lanthanide system. 

At high temperatures: 

(8) irradiation at oOC or 25°C results in the oxidation of trivalent actinide 

in particular sites to the tetravalent state (except Am); 

(9) color ceriters are formed at these temperatures which appear to be almost 

independent of the actinide present as long as that actinide may be oxidized 

to the tetravalent state; 

(10) heating the crystals above room temperature results in thermoluminescence 

from noncubic sites (for lanthanides and actinides) and the destruction of the 

color centers and the tetravalent ions of the actinides (except Am). 

The results we have obtained are very similar to MP's data for lan-

thanide ions except for the oxidation of the trivalent actinides. Their lo.w 

temperature mechanism involved the formation of holes and electrons during the 

irradiations. Some of the electrons were trapped by trivalent lanthanide ions 

in cubic sit·es with resultant reduction. Thermal diffusion of the holes as 

the temperature increased resulted in the capture of an electron leaving the 

lanthanide ion in an excited electronic state which subsequently decayed to 

the ground state with the emission of light. In our 77°K experiments, there 

appears to be a better electron acceptor than the trivalent actinide ion. 

• 

.. 

i 
I 

" I II i 
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Irradiation produces holes and electrons. A freed electron is attracted by the 

net +1 charge of a cubic trivalent actinide ion (An3+) and is localized near 

the An3+ ion as to change its site symmetry. As the temperature is raised the 

hole centers become free to migrate through the crystal until they approach 

the localized electrons. Recombination occurs with sufficient energy trans-

3+ ferred to the nearby An ion to put it in an excited state. The decay of 

the excited trivalent ion results in the observed cubic thermoluminescence. 

Different types of trapped holes account for the various glow peaks. 

TI1e configuration of the localized electron is not known. The elec

++ . 
tron could be accepted by a single nearest neighbor Ca lon or (as suggested 

21 
by Weller for CdF2 crystals) the electron may be shared by the 12 Ca nearest 

neighbors to the An3+ ion. + This allows for a "resonance" stabilized Ca state. 

Another possibility is that the trapped electron moves in a hydrogenlike 

orbit about the trivalent actinide impurity.22 

The room temperature oxidation mechanism was shown previously not to 

proceed by direct ionization. We suggest instead that irradiation produces 

fluorine atoms by stripping electrons from interstitital fluoride ions or 

regular lattice fluorides. One of these fluorine atoms may then diffuse to 

a nearby An3+ ion and oxidize it by accepting an electron. The electrons 

trapped in the lattice become free to diffuse through the crystal as the 

temperature is increased. Recombination with a tetravalent ion leaves an 

excited trivalent ion which decays to its ground state resulting in the observed 

emission. Since each electron trap configuration requires a different acti-

vation energy to free its electron, several thermoluminescence peaks are 

observed. 

It . th· 3+ lS apparent from e correlatlon of the decay of Np with the 
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growth of Np 4+ that only certain sites wi th part icular charge compensating 

mechanisms are susceptible to oxidation. Since this mechanism depends on the 

actual migration of atoms it is very temperature dependent and accounts for 

the very low yield and site symmetry dependence during 77°K irradiations. One 

problem exists with the proposed mechanisms. 
. 3+ . 

The new Np structure lS only 

partially bleached at room temperature after formation at 77°K. This structure 

does not appear at room temperature. We suggest the irradiations at room 

temperature or OoC cause the formation of more stable electron traps (better 

electron acceptors) i.e., fluorine atoms, so that the mechanism suggested for 

the low temperature irradiations is not favored. 

CONCLUSION 

Spectral changes observed upon gamma irradiation of the actinide 

ions, U, Np, Pu, and Cm, in CaF2 crystals have been divided into two classes, 

sharp line spectra and broad absorption bands. The new sharp line spectra 

were assigned to tetravalent ions formed by the oxidation of trivalent ions 

or to changes in the site symmetry about the trivalent ion. The broad bands 

were assigned to absorptions from various types of electron or hole traps. 

Tw .. . Am3+ 3+ o actlnlde lons, and Es ,showing behavior analogous to the lanthanide 

series, were reduced to the dipositive state by irradiation. A mechanism 

has been proposed to explain the spectral changes and oxidations. Further 

work is necessary to determine the site symmetries of the trivalent ions 

which undergo changes, the site symmetries of the tetravalent ions, and the 

nature of the color centers. 
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Table 1. Wavelengths of broad absorptions in An3+-CaF
2

. 

G U 5500 A 

Np 5800 A 1.05 )J 

Pu 3800 A sh 5800 A 8100 A 1.07 )J 

4800-
em 3900 A sh 5400 A 7800 A 1.06 )J 

• 



-18-

Table 2. Peak temperatures of glow curves (in OK). 
=r= 

Rare Earths #1 #2 #3 #4 #5 .; 

em 146 216 sh 241 269 

Pu 140 191 215 237 261 sh 

Am 140 193 245 

Ho 140 179 205 243 270 

Tm 136 177 240 264 

Er 141 183 209 246 270 

CaF2 141 178 243 

"I 

Average 140 183 211 242 267 

Mean Dev. ±2 ±5 ±4 ±2 ±3 
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Table 3. Activation energies of rare earth glow peaks. Values obtained 
using Arrhenius diagrams are not in parentheses; values obtained using 
the meth_od of Halperin and Braner are in parentheses. (estimated accuracy 

.. "'25%) . 
'* 

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) 

He 

~ 

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

CaF2 
.11 .65 

( .14) (.42 ) 

Average 
.1l±.02 .11 . 53± .08 

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

• 
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FIGURE CAPTIONS 

Fig. 1. Comparison of Np spectra in various media. 

Fig. 2. 
. 3+ 

Absorption spectra of Np -CaF2 : a) before irradiation, b) 10 hrs. 

irradiation at OOC. The arrows indicate the absorption lines which 

increase or decrease upon irradiation. 

Fig. 3. Growth and decay of absorption lines in Np-Ca~2 as a function of 

irradiation time. 

4 ·· h 4+. 1· Fig. . Plot of relatl ve rate of growt of Np absorptlon lnes versus 

. 3+· . 
relative rate of decay of Np absorption lines. 

Fig. 5. Np-CaF
2 

absorption spectra: a) crystal bleached, b) 48 his. y

irradiation at 77°K, c) crystal bleached to room temperature: The 

Fig. 6. 

Fig. 7. 

asterisks denote the new lines formed upon irradiation. 

3+ Broad absorption spectra of Ac -CaF
2 

after 3 hrs. y-irradiation. The 

dotted lines indicate the positions of absorption maxima. 

3+ 
Thermoluminescence of RE -CaF2. All irradiations were at 77°K for 

30 . t·· 60C mlnu es ln a 0 source. The dotted lines indicate the positions 

of glow peak maxima. 

Fig. 8. a) Thermoluminescence of Am-CaF
2

. b) Thermoluminescence of Cm-CaF
2

. 

The temperature scale is not linear. 

Fig. 9. Densitometer tracings of photographic piates: a) spectrum of the low 

temperature thermoluminescence of Am-CaF
2

, b) fluorescence spectrum of 

Am3+-CaF at 77°K . 
. 2 

Fig. 10. Densitometer tracings of photographic plates: a) Hg-excited fluorescence 

3+ 
of Cm -CaF2 at 77°K, b) spectrum of low temperature thermoluminescence 

2 of em -CaF2 . 

{' 

• 
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Fig. 1. Comparison of Np spectra in various media. 
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Fig. 2. Absorption spectra of Np3+-caF2: a) before irradiation, b) 10 hrs 

irradiation at OoC. The arrows indicate the absorption lines which 

increase or decrease upon irradiation. 
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Fig. 3. Growth and decay of absorption lines in Np-CaF
2 

as a function 

of irradiation time. 
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Fig~ 4. Plot of relative rate of growth .of Np 4+ absorption lines 

versus relative rate of decay of Np3+ absorption lines. 
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Fig. 5. Np-CaF
2 

absorption spectra: a) crystal bleached, b) 48 hrs. y-irradiation 

at 77°K, c) crystal bleached to room temperature. The asterisks denote the new lines 

formed upon irradiation. 
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Fig. 7. Thermoluminescence of RE3+-CaF2 . All irradiations 

in a 60Co source. The dotted were at 77°K for 30 minutes 

lines indicate the positions of glow peak maxima. 
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Fig. 8. a) Thermol~inescence of Am-CaF2 . b) Thermoluminescence of 

Cm-CaF2 . The temperature scale is not linear. 
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Fig. 9. Densitometer tracings of photographic plates: a) spectrum 

of the low temperature thermoluminescence of Am-CaF2 , 
3+ b) fluorescence spectrum of Am -CaF2 at 77°K. 
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Fig. 10. Densitometer tracings of photographic plates: a) Hg

excited fluorescence of em3+-CaF2 at 77°K, b) spectrum of low 

temperature thermolUminescence of em-CaF
2
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r-----------------LEGALNOTICE------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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