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ABSTRACT

Optical absorption ana thermoluminescence measurements were used to
study the effects of gamma-irradiation on trivalent actinide ions in CaF2.
Thermoluminescent glow curves for Np, Pu, Am and Cm (and, for comparison, thé
lanthanides Er, Ho and Tm) were measured between 100° and 300°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 emiséion is similar to the fluo-
rescence of th¢ trivalent ions. Evidence is presented that the glow emission
below 300°K originates from trivalent actinide ions in cubic sites. When the
actinide—CaF2 crystals were irradiated at 300°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 tyves of charge compensation of the tripositive

ion in a dipositive host crystal.l 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: gamma irradiation2; electrolytic reduction3; or
baking in calcium va.por.h The last two techniques are performed at elevated
temperatures. and result in a thermally stable divalent lanthanide ion in much
higher concentrations than obtained with the first methbd.

Merz and Pershan5 (from now on called MP) have performed a detailed
study of the effects of x-ray or gamma ray irradiation 6n'the trivalent
lanthanide ions in CaF2 crystals. Their conclusions may be summarized as
follows: 1) lanthanide ions in cubic symmetry sites are reduced to the divalent
state by irradiation; 2) subsequent heating of these crystals causes the oxi-
dation of the divalent ion with a characteristic emission of light from the
trivaient ion; ‘3) the temperatures at which the thermoluminescence oceurs ddes
not depend on the particular lanthanide ion; and h).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.
crystals have been the subject of

L 3+ +
Two of these ions, Am3 and E53 R

Actinide ions incorporated in CaF

6-9

2

a number of studies in our laboratory.
behave similarly to the lanthanide ions in that irradiation causes the formation

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

3+ 3+ 3+

investigations. However in the cases of the Np~™ , Pu” , and Cm~ , irradiation

caused the oxidation of these ions to the tetrapositive state. 1In this paper
we report the results of our optical investigations on actinide ions in Cé,F2
crystals.



EXPERIMENTAL

| Actinide ions doped in CaF crystais were preparéd in the same manner

-2

as discussed pféviously.lo The actinide ioﬂs in concentr@ted acid solution

were added-tO'powdered CaF, containing 2 wt.% PbF2, ‘which was used as a

2
scavengef‘fbi,water and oxygen. Other samples containing lanthanide ions or
uranium ions were purchased from Optovac, Inc.1! The concentration of the

dopant ion{iprhé crystal was not determined. The initial doping levels
before éfysfai'gfowth varied from 0.01-0.8 wt.%; howé?éf; the amount retainéd
in the crystal after meltlng can vary widely from this figure. |
Spectral measurements were made photographlcally using a Jarrell—Ash
F/6.3 plane gratlng spectrograph which had, 1g the flrst order, a reciprocal
linear dispe:sﬂxfof approximately 10A/mm at the blazé'wavelength,_SOOOA. YA
Cary Model‘lh‘recording spectrometer was used in thé infrared region. Quan-
titative absorption measurements were made with a Jarreil?Ash Model 82-000
: o.Slmeter Ebért.scanniné spectrometer ﬁsed with an RCA 7102 photomultiplier
which was cooled_by a flow of cold nitrogen gas. |
Sinéle'crystéls of CaF2 containing varlous 1mpurity ions were exposed
to gamma rays fme a 6000 source of approximately 6><106 roentgens/min for
various lengths of time. The témperature at which this'irradiation took -
place could ﬁe’changed by placing thé sample in a smhli dewar containing
_ elther lquld nltrogen or an 1ce-water bath.
| Glow curves were obtained by slowly warming the crystals from Vv100°K
to room temperature by means of an adjustab;e flow of cold nitrogen gas. The
"tempe;aturefqés-measured with a resistancevthérﬁometer which gave a linear

response'iniﬁhe temperature range 100°KF300°K 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 5.0°/minute at the end of the run.
Thermoluminescence measurements above room tempersture were obtained by
heating the crystal with a resistance coil and measuring the temperature with
a chromel—alﬁmel thermocouple.
RESULTS
SHARP LINE SPECTRA
A. NEPTUNIUM
‘Single crystals of CaF, doped with 0.1-0.2 wt.% 237Np were light green
in'colof. A comparison of the absorption spectrum of these crystals with

12,13
o

+ ' :
data on Np3 in LaBr., and solution data of several oxidation states f

3
Np is shown in Fig. 1. The main oxidation state present .in the CaF, crystals

S+

2

+ + + :
is Np3 without any significant amount of Nph' or Np6 . The presence of Np
cannot be rigorously excluded since its only intense pesk overlaps with an
+
Np3 peak but from the conditions of crystal growth its formation is not very

probable and we exclude its presence.

+ .
3 -CaF2 crystal was irradiated for 15 hours at 0°C or at

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

When the Np

intense brogd absorption appeared in the visible region {discussed later) and
also three new groups of sharp lines. By comparison with the most intense
absorptions of Nph+ in D2013(Fig. 1) and various other Nph+ spectralh'these
lines were assigned to Nph+. The radiatioh induced Nph+ was not completely
stable agd decreased slightly in intensity over a period of a few months at

+
room temperature. The broad absorption band and the Nph structure could be
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bleached out by.heating the crysteal to ﬂh00°C; Avonephour'exPosure with
3000-5000A radiatioa from a 1000 watthg lamp.reduced the intensity of the
broad.absorpticniby more than 50%. Additional exposure~5eemed to have little
effect. | |
A high.resolution quantitative study was made of the.growth of Nph+

and the decay of'yp3+ spectral lines upon gamma-irradiation at 0°C. Because of
the relatively.pcor sensitivity_of the PbS detector, measurements above 1y in
‘wavelength cculd'not easily be.made so'only the spectrallregion between
9400-10000A was.intenSinbrstudied. The absorption spectrum of Np-CaF2 before
and after irradlation is shown in Fig. 2. Twelve Np3+ lines could be followed;
V_eight remained'unchanged and four decreased in intensity. In addition four
neﬁ sharp lines appeared which were.assiéned'to Nph+'for the follOWing'reasons.
These new lines at &QSOOA appeared under the same condltions as.the Np * lines
~at 1. Tu Whlch could only be as51gned to this oxldatlon state. If this new
structure was due to site symmetry changes of Np3 then in each absorption
region of Np3+ one would expect to find new lines. In the Np3+'region at

2. 3u no new llnes appeared SO th1s possibility was excluded. ‘

The growth and decay of various lines ‘between 9hOO-lOOOOA as a
function of irradiation time is shown in Fig. 3. The height of the absorp-
tion band was‘aésumed to be propcrtional to the concentration of ions, since
_thevlinewidth_did notbchange upon irradiation " In Fig. 4 the relative change
in'thé'optical density of Np3+ is plotted vs. the relative change in the optical
den51ty of Nph for the two strongest sets. of llnes 'The slope of the llne

' . : +
through the pqints was Nd. From this fact we conclude the growth of the Nph

15

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

a
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Pp3*+~Pp3+(1=0) _ upht= Pyl (520)
ODyp3+ (£=0)~OPyp3+(t=w) ODypli+(£=0) " Prph+ (t=w)

(1)

was followed, where the additional subscripts t=0 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
rate of decay of Np3+ is not first order. The oxidaﬁion of Np3+, therefore, is not
by direct irrigation but occurs via a more complex mechanism. Complete wave-
length measurements could only be made for the Np)4+ lines in the wavelength region
of 1.7Tu. 1In the other regions overlapping lines from ths Np3+ ions interfered.

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

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

W + :
made in other Nph 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
T7°K, we shoﬁld 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.Tu are due

to at least two different Nph+ symmetry sites.

3+

crystal at T7°K for 48 hours where only two Nph+ lines appeared in the 1.Tu

The above result was confirmed by gamma irradiation of the Np

region. This excludes the possibility that the surplus lines are due to vibronic
transitions. These lines ﬁere also present (at twice the intensity) in the

0°C irradiation. The most pronounced effect of the irradiation at TT°K,

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

1.9 and 2.4y three lines appeared, one line originally present increased greatly
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in'intenéity5‘two lines decreased in intensity and ZOvlines were unaffected.
" Part of'thi$ s§ectral region is shown in Fig. 5. Warmihg the crystal to
room témperafuré"partially bleached the new structure and heating to A400°C
bleached it.completely. It should be emphasized that fhése Np3+ changes 

only occured.fqr gamma irradiationé at T7°K, not at room temperature.

o - N +
Therefore the mechanism for these site symmetry changes for Np3

3+

must be different from that which‘caused'the oxidétiqn of Np at

0°c.

B. . PLUTONIUM

The’dpﬁical spectrum of Pu in Ca_F2 has been;reported préviously.T

238

Self—irradiatipn of a Pu—CaF2 crystal at room temperature which originally

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

S © 3+ . , v : -
assigned to Pu3 and several broad absorptions assigned to color centers.

Self-irradiation of this ecrystal at T7°K showed onlyvthé'formation of the

broad absorption bands.

239

In the:present work a Pu-CaF, crystal containing approximatély 0.7 wt.%

2

Pu wasyirradiated for 48 hours at room temperature in the 6000 source. Seven
- sharp lineS'charagteristic of Puh+ appeared between 1.83 and 1.89u. fhis
crystal was bleached by heating to NhQO°C_and then irradiated for 48 houré

at TT°K. Tﬁo sharp'Puh+ lineé were observed at 1.836fand 1.843u with
‘intensitiés aéproximately half of fhose observed from the rooﬁ temperétﬁre
'ifradiatibn; A mofe detailed analysis was ndt possible becaﬁse of the weak

: . : ' L s
absorption observed. In fact the detection of Puh “at TT°K was only possible

in a very concentrated crystal at a high radiation dosage.

i
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C. AMERICIUM
The optical and electron paramagnetic resonance spectra of Am.—CaF2
were reported earlier.6 Self-irradiation of a 2hlAm‘or 2h3Am—CaF2 crystal

. e
. 2+ e : g .
results in the formation of Am‘2 in a fashion similar to the lanthanide series.

Coaia . ,
Attempts to find sharp line spectra attributable to Amh at high radiation
dosages were unsuccessful.

D. CURIUM

Preliminary results of the optical spectra of Cm in CaF2 have been

2Lk

reported.a‘ Crystals of CaF, doped with Cm (t,,.=18 years) are initially

2 1/2

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

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

6P7/2 -+ 887/2 transition of Cm3+ is always present. Initially only the

: +
cm3t ion is present but sharp lines from th rapidly appear. Fewer

+ .
lines of th appear on irradiation at T7°K. A very intense broad band

3+

+
also appears which obscures the weak Cm™ and th absorptions so further

analysis was not attempted.

E. URANIUM
The optical spectrum of U in Ca.F2 has been the subject of many

conflicting reports. Hargreaveslh has grown green, red, and yellow crystals

3+

+ +
of U—CaF2 which he attributes to U2 , U , and Uh respectively. McLaughlin

5

gghgi.l have performed chemical analyses on similar crystals and attribute

+ +
the spectra from the green crystal to Uh , the yellow crystal to U6 , and

+
the red crystal to U3 .
A very concentrated red crystal was used for the present work. The

optical spectrum before gamma irradiation contained spectral lines in the



1.50-1.65u region attributable to the green U species.  Irradiation at room
temperature,fo; 64 hours doubled the intensity of these lines. Since the
chemical'prqperties'of U are very similar to those of Np-we assign these
lines to U : . » | |

BROAD ABSORPTION SPECTRA

Another‘characteristic of the actinide - CaF 'systems upon gamma

2
dr alpha irradiation is the growth of broad (>100A half width) absorption
bands. Figu;é 6 shows the features observed and Table 1 lists the |
wavelengths bf.the maxima of the peaks. The most sttiking feature is the
similarity‘of éll the spect}a (except Am). The wavélength of the mosti
intense curium absorption shifts towards.the red aélthé radiation dosage is

increased. Only one band was observed for U3 -CaF, and its wavelength could

2
only be estimated because of the superpoéition of in‘t'enserU3+ absorptions.

The band in U is'considerably less intense than in the other actinides which
might explgiﬁ'the absence of absorptions at ®8000A'and 1.05u.. Similar

- results are obtained for irradiation at TT7°K éxcept ﬁhé~intensities are less
for comparable dosages. The Np, Pu, and‘Cm absorpfion intgnsitiés are

redﬁced by apéroximately factors of ten, three; and two, respectively, relative
to the room temperature intensities. We believe.these-broad bands are due to
color cehters resulting from the capture of electronsvat various defect Sites.
No report of this particular group of color centers appears in the 1itergture;
however}thése.bands are probably related to other observed abéorptions-in addi-
tively colored CaFe.la’lg This interpretation is coqsistent with the results of

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

resemble more closely the behévior of a lanthanide ion. Irradiation of Pu—CaF2

and Cm-CaF, at TT7°K produced an édditionai 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 bf warmiﬁg the crystal to 300°K and totally bleached
out by heating to “400°C. A similar band has been obéerved in all of the
lanthanide elements in CaF2 upon irradiation at 77°K.and has béen assigned to
trapped holes.5
THERMOLUMINESCENCE

| One technique for determining the types of traps formed in radiation
damaged crystals is thermoluminescence.5 We have obfained glow curves for
our actinide - Ca.F2 crystals (irradiation times at T7°K of up to one hour)
in the temperature range 100°K-300°K. Typical results are shown in Fig. 7.
In addition.to the actinides, the glow curves for the lanthanides Er, Ho, and
Tm werevrun for comparison purposes. The Er, Ho, Tm, Am, and Cﬁ emissions

were extremely intense; the Np, Pu, and undoped CaF, emissions were very

2

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 missihg, all the glow
curves are similar. It was not possible to obtain temperature measurements
bf the weak emission from 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 or rare earth ion and therefore we assign these pesks to thermal
traps of the ﬁost crystals. Our glow pesks in this tempegature 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 temperaturebglow peaks by two methods. The first method utilized the
.conventional;Arrhenius diagram. The second method for.defermining activation
energiee used the equation2

E =k To/(T_-T )

S8 28
where Tg is the temperature of the glow peak maximum,:k,is thevBolzﬁann
constent, and T2 isvthe temperature at half intensity on the high £emperature
side of the peak.: Table 3 lists the results for both mefhods. These activation
energies are apﬁreximate, but they show the following frends: similar values of
each glow curye:ere obtained for the different ions and_each succeedihg glow
peak corresponds'to a higher activatioh energy. This cenfirms the fact.that.
the ‘hole traps formed are independent of the particuler lanthanide orvactinide
ion. Thermolﬁminéscence'measurements above room tempereture were obtained only
for'Am and Cm end'are shown in Fig. 8. The emission from Pu and Np was_too
weak to detect. For the high tempereture spectra the glbw peaks from the two
ions eppear eﬁtireiy different which is consistent with different types of
traps formed fer the room temperature or 0°C irradiatiqhe than for the TT°K
irradiations. | | |
THERMOLUMINESCENCE SPECTRA

We hare.studied'the thermoluminescence epectra of Am and Cm in tﬁe |
temperature range T7°K-300°K and compared them with the spectra'obtaihed from
the fluorescence excited by a 1000 watt Hg 1aﬁp; It‘wae not possible te
obtaiﬁ simiiar spectra from Np—CaF2 and_Pu—CaFQrbecause.of the weak light
intensities.  The Am thermoluminescence and fluorescenee is shown in Fig. 9.
Although the thermoiuminescence lines are coﬁsiderablylﬁroader than the

fluorescence lines it is clear there is one additional ‘line in the fluorescence.

raS
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A1)l spectra are assigned to Am3+ transitions but only a particular site
symmetry (probably cubic) is involved in the thermoluminescence. The intense
high temperature green emission from Am3+ at approximately 500°C has been
previously assigned to noncubic sites.

The thermoluminescence (77°K-300°K) and luminescence (77°K) spectra
of Cm3+—-CaF2 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
resonance measurements.lo However there is no evidence for the excited state
splittings which should be guite appreciable. The fluorescence spectrum
consists of many more transitions which arise from many other symmetry sites.

+ . - .
Thus for Cm3-—CaF the thermoluminescence may be assigned to cubic symmetry.

2

DISCUSSION

The data presented in the previou; sections may be divided into two
parts: the low temperature irradiations (77°K) and processes taking place
below room temperature; and 0°C 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 TT°K;

(2) the irradiation produces site symmetry changes for a small number of
trivalent 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 temperaiures at which the thermoluminescence occurs is independent
of the particular lanthanide or actinide;

+
(5) the spectrum of the Cm>

thermoluminescence from 77°K to réom temperature

is characteriéﬁic of a cubic symmetry site; |

(6) a color centér due to trapped holes appears-and-mgyfbe partially bleached

out By warming to 300°K.

(7) the AmQCéF2 érystdlé behaves as a typical lanthanide system.

At high tempefatures:

(8) irradiation at 0°C or 25°C results in the oxidation of trivalent actinide

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

(9) color ceﬁtefs are formed at these temperatures wﬁicﬁ appear to be almpst

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

to the tetravalent state;

(10) heating'ﬁhe crystals above roombtempérature résﬁlts in thermoluminescence

from noncubic sites (for lanthénides'and.actinides) éﬁduthe destruction of the

" color centers and the tetravalent ions of the actinidesf(except Am).
The.fesﬁlts we have obﬁained are very similar.to MP's data for lan-

thanide ions_ékcept for the oxidation of the trivalentvactiniQes. Their lqﬁ

temperaturé mechanism involved the formation of holes.and electrons during the

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

in cubic sitésvwith resultant reduction. Thérmal diffusion of fhe holes as

the femberature increased resulted in the captgre of an electron leaving the

lanthanide'ion in an excited electronic étate'%hich éubsequently decayed to

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

appears‘tovbé a better electron accéptof'than the trivalent actinide ion.

s
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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 teﬁperature is raised the
hole centers become free to migrate through the crystal until they approach
the_localized electrons. Recombination occurs with sufficient energy trans-
ferred to the nearby An3+ 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.

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

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

by Weller21 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 im.purity.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 fluéride ions or
regular lattice fluorides. One of these fluorine atomsvmay 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. 8ince each electron trap configuration requires a different acti-
vation energy to free its electron, several thermoluminescence peaks are
observed.

It is apparent from the correlation of the decay of Np3+ with the
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‘growth of Nph+ that only certain sites with pgrticular charge compensating
mechanisms are susceptible to oxidétion. " Since this mééhanism dependé on the
aétual miéréﬁidn of atoms it is very temperature dependent and accounts for
the very low yiéid and site éymmetry dependence durihg‘77°K irradiations. One -
problem exisfs With the proposed mechanisms.. The néw I\Tp3+ structure is only
partially bleéched at room temperature after formation aﬁ TT°K. This structure
does not appear at‘room‘teﬁperatufe. We suggest the irradiations at room
temperature or 0°C cause the formation of more stable electron traps (befter

- electron acceﬁtors) i.e., fluorine atoms, so thét the @echanism sugggsted for
the low tempéréture irradiations is nét favored.

| CONCLUSION
Spectral changes observed upon gamma irradiation of the actinide

ions, U, Np, Pﬁ,_and Cm, in CaF2 crystals have been divided into two classes,
sharp line spectra and broad absorption bands. The new sharp line speétra.

. were assigned ﬁo tetravalent ions formed by'the oxidation of tfivalent ions

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

were assigned to absorptidﬁsvfrom various typeé of elecfroh or hole traps.

Two actinide ions, Am3+ énd Es3+,_showiné behavior énalogous to the lanthanide

series, werevreduced to the diposifive state by irradiation. A mechanism

has been proposed to éxplain the sfectral phanges aﬁa oiidations. Further

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

which undergo ¢hangeé, the site symmetries of the tetfavalent ions, and the ' A

nature of the color centers.
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Teble 1. Wavelengths of broad absorptions in An3+—Ca.F2.
u 5500 A
Np 5800 A 1.05 u
Pu 3800 A sh 5800 A 8100 A 1.07 1
4800~
Cm 3900 A sh 5400 A 7800 A 1.06 p




Table 2. Peak temperatures of glow curves (in °K).

-]18-

Rare Earths # #2 #3 #b #5
Cn 146 216 sh 2l 269
Pu 1k0 191 215 237 261 sh
Anm 140 193 245
Ho 140 179 205 o243 270
Tm 136 177 240 264
Er 1kl 183 209 246 270
CaF, 1 178 243

Average 1k0 183 211 2k2 267

| 2 15 th *2 3 -

Mean Dev. -

I
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Table 3. Activation energies of rare earth glow peaks. Values obtained
using Arrhenius diegrams are not in parentheses; values obtained using
the method of Halperin and Braner are in parentheses. (estimated accuracy

W2§?a).
Rare Earth #1 #2 #3 #h #5
: E(ev.) E(ev.) Elev.) E(ev.) E(ev.)
Cm 075 b
(.071) (.52)
Pu. L1h
- (.21) (.47)
Am L1 .56
(.24) (.29) (.51)
He
m
Er W11
(.25) (.35) (.47) (.t2)  (.73)
CaF, a1 .65
| (.14) (.h2)
L11+.02 .11 .53+.08

Average (.18%.06) (.32+03) (.47) (.53t.08) (.73)
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FIGURE CAPTIONS

Compafison of Np spectra in various media.
Abeorpfionvspectra of Np3+—CaF2; a) before.ifrediation, b) 10 hrs.
irrediation at 0°C. The arrows indicate theiebeorption lines which
increese of decrease upon irradiatien.‘ .
Groﬁth.aﬁd decay of absorptioﬁ lines in Np—Ca#2 as a function of
irfadiéfion time. | -
Plot of relative rate of growth of pr'+ absorption lines versus
reletive rate of decay of Nb3+ absofption liﬁes. /
Np-CaF,, absorption spectra: a) crystal bleached, b) 48 hrs. y--
irradiation at T7°K, c) crystal bleached'tovroem temperature, The
asteriSke denote the new lines formed upon ifrediation;
Bread'abeorption spectra‘of Ac3+—Ca32'after 3 hfs. Y-irradiation. The
dotted lines indicate the positions of abso?ption maxima.

. 34

CaF,. All irradiations were at TT°K for

Thermoluminescence of RE Fy

30 minutes in a 60Co source. The'dotted lines indicate the positions
of glow beak maxima.

a) Thermoluminescence of Am-CaF

o b) Thermoluminescence of Cm-CaF

X
The tempersture scale is not linear.

Densitometer trecings of photographic plates: a) spectrum of the low

temperature thermoluminescence of Am-CaF,., b) fluorescence spectrum of

3

+
Am”"-CaF, at TT°K.

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

+ .
3 —CaF2 at TT°K, b) spectrum of low temperature thermoluminescence

of Cm2-CaF2.
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media.
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Fig. 2. Absorption spectra of Np3

irradiation at 0°C. The arrows indicate the absorption lines which

increase or decrease upon irradiation.

+ ' . :
~CaF,: a) before irradiation, b) 10 hrs
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Fig. 3. Growth and decay of absorption lines in Np-CaF2 as a function

of irradiation time.
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Fig.

versus relative rate of decay of Np3
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Y-irradiation

a) crystal bleached, b) 48 hrs.

Np-Ca.F2 absorption spectra:

Fig. 5.

The asterisks denote the new lines

at TT7°K, ¢) crystal bleached to room temperature.

formed upon irradiation.
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"Fig. 6. Broad absorption spectra df'Ac3+-CaF2 after 3 hrs. y-irradiation.

The dotted lines indicate the positions of absorption'ma.x:lma.
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"Fig. 9. Densitometer tracings of photographic plates:

of the low temperature thermoluminescence of Am~CaF
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b) fluorescence spectrum of Am N
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LEGAL NOTICE

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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