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Abstract 

Ultraviolet photoelectron spectroscopy, optical transmission, fluorescence excitation 
spectroscopy, and time-resolved fluorescence spectroscopy are used to investigate the 
scintillation mechanisms of cerium fluoride (CeF3) and of lanthanum fluoride doped with cerium 
in concentrations between 0.01% and 50% mole fraction cerium. In LaF3:Ce the absorption of 
either optical or ionizing radiation directly or indirectly results in excitation of the Ce3+ 4f 
electron to the lowest 5d level followed by 5d~4f fluorescence at 284-300 nm. Whereas for 
optical excitation the fluorescence has a 20 ns decay time, for ionizing radiation there is an 
additional faster (2-10 ns) initial decay component. As the cerium concentration increases, an 
another band appears that partially absorbs the 284-300 nm emission and re-radiates it in a 
broad band peaking at 340 nm and having a longer (-30 ns) decay time. In the limit of 100% 
CeF3, radiation trapping is very pronounced. The additional absorption and emission bands 
present at large Ce concentrations are attributed to Ce3+ ions in perturbed sites. The relative 
efficiency for excitation of unperturbed and f.erturbed cerium sites via the Ce3+ 5d and 6s bands, -­
the F- 2p valence band, and the Ce3+ or La+ 5p core levels are determined from fluorescence 
excitation spectra. 
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Introduction 

This paper investigates the mechanisms responsible for the scintillation of cerium fluoride 
(CeF3) and cerium-doped lanthanum fluoride (LaF3:Ce), a recently discovered family of high 
density scintillators of interest for gamma ray detection in both medical imaging and high energy 
physics applications [1, 2, 3, 4]. The observed scintillation spectra and decay kinetics of these 
materials are not simple and depend upon the particular crystals and experimental conditions 
used. Interest in understanding and improving the scintillation properties of CeF3 is currently 
quite high, for at least one high energy physics collaboration is proposing to build an 
electromagnetic calorimeter containing as much as 60 cubic meters of CeF3 [5, 6, 7]. The 
motivation for this study is a better understanding of the fluorescence mechanism with the 
objective of improving the scintillation light yield and decay time. 

The photoluminescence of La1-xCexF3, where 0<x<1, has been studied by many 
investigators over the past 50 years [6, 8, 9, 10, 11, 12]. The free-ion 4fl electronic ground state 
of Ce3+ is split by the spin-orbit interaction into two states 2p5/2 and 2p7/2 separated by 0.3 eV, 
and the excited 5d band is located 6.2 eV above the bottom of the 4f band [13]. When Ce3+ is 
introduced into LaF3, the crystal field depresses the 5d band by 1.3 e V (nephelauxetic shift) and 
splits it into five Stark components with an overall splitting of approximately 1.2 eV [10, 11]. 
Ions excited into the 5d or higher lying states of Ce3+ rapidly decay to the lowest 5d level from 
which fluorescence is observed to the two spin-orbit states of the 4f grounc1 state [8, 9, 10, 14]. 
The observed Stokes shift of the 4f-5d transition is approximately 0.6 eV [9, 10, 14]. 

For cerium concentrations of several percent or more, additional longer wavelength 
fluorescence bands extending to at least 450 nm are observed [8, 9], and have been ascribed to 
cerium ions in sites perturbed by nearby defects [12]. The 284-300 nm emission is excited by 
wavelengths <260 nm, whereas the longer wavelength emission is excited by wavelengths in the 
260-310 nm region [8, 11]. 

The scintillation properties of CeF3 have also been studied extensively and significant 
sample-to-sample variations are observed, particularly in the emission spectra and decay 
behavior [1, 2, 3, 4, 6, 12]. Radiation trapping effects are pronounced for materials having large 
cerium concentrations. Because of this, the emission spectrum of CeF3 depends on the excitation 
source and the excitation-observation geometry used, so almost no two fluorescence spectra 
reported in the literature look the same. To cite an extreme example, Figure 1 shows the 
spectrum of a single crystal of CeF3 excited with 511 ke V gamma rays, which results in peaks at 
310 and 340 nm, as well as the 20 keV x-ray excited spectrum of powdered CeF3, which is 
dominated by a single peak at 300 nm. 

The decay of the 284-300 nm fluorescence of La1-xCexF3 following pulsed optical 
excitation exhibits a simple exponential time dependence with a lifetime of approximately 20 ns 
at room temperature for both small and large values of x [9, 11, 14, 15]. The decay following 
excitation by ionizing radiation is different, however. While there is some disagreement between 
different groups as to the exact mathematical model that describes the data, there is a consensus 
that following a very fast rise time ( <1 ns), there is a multi-exponential decay dominated by a 
27-30 ns component [1, 2, 3, 4, 12]. An additional fast decay component is observed after 
excitation by ionizing radiation (values between 2 and 10 ns are quoted) - similar fast 
components have been reported for Ce3+ in several other crystals and glasses excited by ionizing 
radiation [16, 17, 1.8]. Finally, a weak, very long (several hundred ns) scintillation component 
has also been reported [3]. Neither the fast nor slow component has been observed in the Lal-
xCexF3 system or in these other cerium doped materials when optically excited. ' 

The long (340-450 nm) wavelength emission observed for large x values, in addition to ~· · .. 
extending over a wide wavelength range, exhibits a variation of decay time with wavelength 
[11], which is evidence for the existence of several physically different, perturbed Ce3+ sites. 
After excitation by either non-selective pulsed optical radiation or ionizing radiation, the longer 
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wavelength emission exhibits both prompt and slower rise time components due to a 
combination of direct excitation of perturbed sites and excitation by energy transfer from 
unperturbed Ce3+ sites. A typical set of fluorescence time dependenCies observed for excitation 
by ionizing radiation are shown in Figure 2 (exerpted from [3]). 

The Lal-xCexF3 system, where 0<x~1. is. an ideal system for studying the Ce3+ 
fluorescence because the interactions between optically active Ce3+ ions can be reduced by 
replacing them with La3+ ions which have very similar physical and chemical properties but are 
optically inactive. In this family of compounds the cerium luminescence is not strongly 
concentration quenched. Below we have used several different spectroscopies-ultraviolet 
photoelectron spectroscopy, optical absorption and emission spectra, and fluorescence excitation 
spectra-to probe the scintillation mechanisms in CeF3. 

Experimental Methods 

Six crystalline samples provided by Optovac, Inc. were studied: undoped CeF3, cerium 
doped into LaF3 in four concentrations (50%, 10%, 1%, and 0.01% mole fraction cerium), and 
undoped LaF3. Crystal sample orientations were not known, nor were the polarization properties 
of any of the excitation beams. The samples were not analyzed to determine exact dopant or 
impurity concentrations. Similar samples manufactured by the same source have been found to 
have rare earth impurities at the level of a few hundred parts per million level [12], typically 
neodymium and praseodymium. All measurements were made with the samples at room 
temperature. 

We have used two vacuum ultraviolet synchrotron radiation techniques and one optical 
technique to investigate the samples. Ultraviolet photoelectron spectroscopy (UPS) [19] was used 
to determine the energies of the populated electron energy bands of the compounds. A freshly 
cleaved crystalline sample was irradiated with monochromatic 50 e V photons from the 
Aluminum Seya-Namioka beamline at the Synchrotron Radiation Center (SRC) at the University 
of Wisconsin. This beam photoionized the sample and the kinetic energy spectrum of the emitted 
photoelectrons was recorded with 0.1 eV resolution using a commercial cylindrical mirror 
electron energy analyzer. 

Fluorescence spectra were measured by exciting the surface of a freshly cleaved crystal 
with monochromatic 20 e V photons. The resulting front-surface fluorescence was analyzed with 
a 0.125 m grating monochromator blazed at 300 nm and detected with a cooled, quartz 
windowed photomultiplier tube (PMT). These spectra were corrected for spectral variations in 
the photomultiplier tube and monochromator efficiency using a calibrated deuterium light source. 

Fluorescence excitation s'pectra were. recorded by irradiating the sample with 
monochromatic ultraviolet photons from the SRC [20, 21, 22]. The intensity of a given emission 
line was monitored by the above analyzing monochromator and photomultiplier tube as the 
excitation beam energy was scanned. For excitation energies below 8 eV, a sapphire window was 
placed between the incident beam and the sample to remove the effects of excitation by higher 
order light passed by the beamline monochromator. Reported spectra were corrected to give 
constant incident beam intensity (photons I second) using a calibration curve derived from 
measurements made with a GaAsP photodiode. 

Optical transmission spectra of 3 mm thick polished samples were measured using a 
commercial split-beam spectrophotometer with deuterium and tungsten light sources and a 
quartz windowed photomultiplier tube. 
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Results 

Ultraviolet Photoelectron Spectroscopy 

Ultraviolet photoelectron spectra of Lal-xCexF3 are shown in Figure 3 for x = 0, 0.0001, 
0.01, 0.1, 0.5 and 1.0. The electron binding energy is the difference between the incident photon 
energy and the emitted photoelectron kinetic energy, therefore the electron population density as 
a function of binding energy can be determined from this data. The exact position of the peaks 
have an approximately 1 e V uncertainty due to electrostatic charging of the sample, which we 
attempted to minimize by flooding the surface of the crystals with thermal electrons. Peaks 
corresponding to electron energy bands are evident in these plots at 12 e V and 8 e V binding 
energy .. The area under the peak at 8 eV decreases roughly proportionally to cerium fraction and 
is identified as the Ce3+ 4f peal(. The peak at 12 e V has 16.5 times the area of the Ce3+ 4f peak. 
Since there are 18 F- 2p electrons for each Ce3+ 4f electron in CeF3, this larger peak is assigned 
to the F- 2p valence band. Weak peaks are also observed for CeF3 at about 24 and 27 eV which 
are a reasonable expectation for the Sp core levels of Ce. The binding energies of the F 2s and the 
Ce Ss levels are expected to be in the region of 30 to 40 e V, and so not observed in these data. 
The widths and spacing of the peaks in our spectra agree with earlier measurements in CeF3 [23], 

. however there is a large ( 4 e V) shift in the absolute value of the binding energy. 

Optical Transmission 

Optical transmission spectra for CeF3 and LaF3:Ce are shown in Figure 4. The 4f-75d 
absorption bands in the 0.01% cerium sample are observed at 254, 240, 223, 210, and 195 nm, in 
good agreement with previous measurements [9, 10, 11]. These absorption bands are located at 
4.9, 5.2, 5.6, 5.9, and 6.4 eV above the 4f ground state (which the UPS measurement locate at 
8 eV binding energy), implying that the 5d bands have binding energies of approximately 3.1, 
2.8, 2.4, 2.1, and 1.6 eV. ForCe concentrations of >1% and the sample thicknesses used, the 
absorption by the 4f-5d transitions becomes so strong that there is over-absorption and the 
individual levels are no longer resolved. A single cutoff edge is observed whose position ranges 
from 275 nm in the 1% cerium sample to 300 nm in the CeF3 sample. The 50% cerium sample 
shows a decrease in transmission between 300 and 400 nm similar to. that observed in CeF3 
samples that are contaminated by oxygen [7]. 

Fluorescence Spectra 
' 

Fluorescence spectra of the six samples excited with 20 eV photons are shown in Figure 5. 
Because of the strong absorption of 20 e V photons, the emission is due predominantly from near 
surface Ce ions. The spectra as shown are corrected for spectral variations in the detection 
monochromator and photomultiplier tube efficiency, and have a spectral resolution of 12 nm. 
Additional emission spectra were taken with excitation energies between 4.3 and 27 eV in 2 eV 
increments; no additional significant emission lines were noted. 

All samples have prominent peaks centered at 284 nm and 300 nm which are attributed to 
transitions from the lowest Sd level to the 2Fs/2 and 2F7/2 levels of the 4f ground state. The 
wavelengths, widths, and relative intensity of these two peaks agree with the previous 
measurements of the optically excited fluorescence spectra of Ce-doped LaF3. Samples with 
~10% cerium concentration have an additional broad emission band extending to almost 500 nm 
with a peak centered at approximately 340 nm. As shown in Figure 1, the 340 nm peak can, 
depending on the observation scheme, dominate the gamma-excited emission spectrum of CeF3 
and LaF3:Ce [8, 9, 10, 14]. 

The samples with :::;1% cerium also have a weak, broadband luminescence extending from 4'. 
250 to 500 nm and well defined peaks at approximately 395r and 480 nm. The broadband . 
emission is attributed to radiative decay of self-trapped excitons (STE). Similar emission has "'· 
been observed in LaF3 doped with low (<<1 mole%) concentrations of Nd3+ [24]. The weak 

4 



LBL-27609 

peak at 395 nm and the pronounced peak 480 nm are attributed to Pr3+ impurities, as discussed 
later. 

Fluorescence Excitation Spectra 

The 5d--?4f emission results in two lines at 284 and 300 nm that originate from the same 
lowest 5d level. As expected, there is no difference in the excitation spectrum for these two lines, 
so we collected data at an intermediate wavelength of 290 nm. The excitation spectra of the 
5d--?4f emission at 290 nm, corrected to give constant incident beam intensity, are shown in 
Figure 6. Strong peaks are observed between 4.5 eV and 6.5 eV excitation energy. The 0.01% 
cerium sample shows that there are five peaks located at 5.0, 5.3, 5.7, 6.0, and 6.5 eV in 
agreement with the observed absorption maxima in the transmission spectra. These peaks 
increase in intensity and merge into an unresolved band with increasing cerium concentration. 
There is an additional peak at 8.5 eV in the 0.01% cerium sample that is attributed to promotion 
from the 4f level to the 6s level, followed by relaxation to the lowest 5d level and a subsequent 
5d-74f transition [11]. This line also increases in strength and merges into the levels of the 5d 
state with increasing cerium concentration. 

The excitation spectra of all samples in Figure 6 show a sharp increase at 10-11 eV. The 
lower binding energy edge of the F- 2p band from the UPS data in Figure 3, the UPS data in 
reference [23], and the reflectivity spectra in reference [25] are of comparable energy, thus we 
assign this increase to an atomic-like F- 2p-7 3s transition and possibly F~ 2p to Ce3+ 5d 
interband transitions. In the first case, fluorescence follows from hole transfer to the Ce3+, 
electron migration to the Ce3+ 5d band, and finally 5d--?4f emission. As the excitation energy 
increases, the photoionized electron has sufficient kinetic energy to travel far enough from the 
point of ionization that it is not captured by a nearby cerium and the probability of luminescence 
decreases. There is a weak band at about 17 e V which may be due to excitation from valence 
band states to higher lying regions of the conduction band. Interband F- 2p to Ce3+ Sd, 6s 
transitions would lead to the formation of Ce2+ with a 4f5d ground state, however, we have no 
direct evidence of this. Finally, there is a broad band centered near 22 eV that corresponds to a 
similar feature observed in the UPS data and is attributed to the Ce3+ 5p--?5d, 6s and conduction 
band transitions. The spin orbit splitting of the 5PI/2 and 5P3/2 states of roughly 3 e V observed in 
UPS and reflectivity spectra [23, 25] is not resolved in our excitation spectra. 

The fluorescence excitation spectrum of the 340 nm emission is shown in Figure 7. It is 
qualitatively very similar to that of the 290 nm emission with intense peaks observed between 
4.5 and 6.5 eV, a narrow peak at 10-11 eV, and a broad band centered at 22 eV. There is an 
additional strong excitation peak at 4.4 e V for all samples with ~ 1% cerium; the relative strength 
of this ,peak increases with increasing cerium concentration. This agrees with previous 
measurements of CeF3 excitation spectra made at room temperature and at 10 K [11], which 
showed an intense broad band extending from 4.4 to 5.0 e V. 

. The fluorescence excitation spectra of the 395 and 480 nm emissions, plotted in Figures 8 
and 9, are generally quite weak and have spurious peaks at 6 and 5 eV, respectively, due to 
incident excitation light being observed in second order in the analyzing monochromator. There 
is a sharp increase between 6.4 and 8.5 eV in the low (~1 %) cerium concentration samples­
similar quality data from the 10% and 50% cerium samples is not available, but no large 
structures were seen in this range. The shape of this excitation spectrum is very similar to that of 
Pr3+--ctoped LaF3 [26]. Since praseodymium-doped LaF3 fluoresces at 395 and 480 nm (the 
1So-71I6 and 3Po-73f4 transitions, respectively) [9], the structures between 6.4 and 8.5 eV are 
attributed to the 5d bands of praseodymium impurities. Nd3+ impurities in LaF3 also have 
fluorescence lines in the vicinity of 395 nm, hence the Sd bands of Nd3+ impurities could also 
appear in the 395 nm excitation spectrum. 

Because the STE luminescence of LaF3 in Figure 5 extends from 250 to 500 nm, the 290, 
340, 395, and 450 nm excitation spectra of the Ce-doped samples all contain features character-
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istic of the undoped LaF3 sample. For the 0.01% cerium sample, this STE emission is nearly as 
large as the cerium emission at all excitation energies. For larger cerium concentrations the STE 
emission is much smaller than the cerium emission, except when the excitation energy is 10-
12 e V. Since this excitation energy for strong STE emission corresponds closely to the position 
of the F- 2p band, we feel that the STE is associated with the F- site. This assumption is 
strengthened by the fact that the STE emission strength is nearly independent of cerium 
concentration, as well as the lack of a similar peak at 10-12 eV in the excitation spectrum of 
LaP04:Ce and other oxide hosts [21, 22]. 

Discussion 

The dominant optical transition observed in all samples is the Ce3+ 5d-4f transition. As 
noted earlier, excitation spectra show that this fluorescence is caused by optical excitation of a 
electron from the 4f ground state to levels of the 5d and 6s states or by ionizing an electron from 
the F- 2p valence band or deeper anion and cation core states. In the first case the excited 
(Ce3+)* will emit a 5d~4f photon via 

cee3+)* ~ ce3+ +photon . (1) 

In the latter case, an F hole may be filled by a 4f electron from a nearby Ce3+. The resulting 
ce4+ can then capture an electron and relax to the metastable 5d state followed by 5d~4f 
emission~ That is, 

ee3+ + h ~ ce4+ ' (2) 

Ce4+ + e ~(Ce3+)* , (3) 

and subsequent decay by the process in Equation (1). A hole created by photoionization of the 
Ce3+ 5p band can be filled by the 4f electron. The Ce4+ resulting from this intra-cerium process 
can then become excited by capture of an electron via Equation (3). In all cases, the electron 
capture may be either prompt arising from free electrons created in the initial absorption process, 
in which case the observed scintillation is limited by the (Ce3+)* decay time, or delayed 
requiring the thermal activation of electrons from traps such as a:nion vacancies, in which case 
the delayed scintillation appears as an afterglow. The reported long (several hundred ns) decay 
component in the fluorescence decay of Ce-doped LaF3 [3] suggests that such defects may also 
be present in some crystals. 

Long Wavelength Emission 

The samples with ~10% cerium concentration can show significant emission at longer 
wavelengths. Reference [12] attributes the 340 nm emission to perturbed cerium ions and the 
data reported herein support that assumption. The intensity of the additional luminescence bands 
of CeF3 relative to the normal 5d-44f fluorescence varies with starting materials and growth 
conditions, thus suggesting that it arises from Ce3+ sites perturbed by nearby impurities or 
defects. Trivalent lanthanide impurities such as La, Pr, Nd would substitute at Ce sites but would 
have only a small effect because of their similar size and valence state. Nearby substitutional or 
interstitial transition-metal impurities of various valence states could cause larger effects, 
however the presence of nearest-neighbor fluorine vacancies, interstitial fluorine, or 
substitutional oxygen would cause the largest effects. In a study of the concentration-dependent 
luminescence of Ce3+ in CaS, an additional longer wavelength emission was observed and 
attributed to the presence of oxygen [27]. Oxygen is undoubtedly present to some degree in all of 
the fluoride materials studied to date, however because of experimental difficulties, impurity 
concentrations have not been quantified. The more covalent bond of oxygen would shift the 
absorption and emission bands of CeF3 to longer wavelengths and alter the decay rates, both of 
which are observed experimentally. 
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The long wavelength emission is excited by light in the 4.4-5.0 e V region which would 
correspond to the 5d states of perturbed Ce3+ sites. The expected five peaks are not observed in 
the excitation spectra, however. This is due in part because some of the levels may overlap the 5d 
peaks of the unperturbed sites and be masked. In addition, the bands may be inhomogeneously 
broadened. There are nine fluorine ions in the first coordination shell of cerium: two at 2.400, 
one at 2.419, two at 2.445, two at 2.460 and two at 2.621, plus two more at 2.974 A [28]. 
Fluorine vacancies or anion impurities (such as oxygen) substituting for fluorines in the first 
coordination shell would affect the Ce3+ spectra. Because these defects can be located at several 
different distances from the cerium ions, the different local fields would result in 
inhomogeneously broadened spectra. As these effects would tend to increase the apparent 
splitting of the 5d states, it is curious that the width of the excitation spectrum for these perturbed 
cerium atoms (4.4-5.0 eV) is significantly less than that of the unperturbed atoms (5.0-6.5 eV). 

Energy Transfer 

Because the emission from regular Ce3+ sites overlaps the absorption band of perturbed 
Ce3+ site, light emitted in the CeF3 system at -290 nm is absorbed and subsequently re-emitted 
at 340 nm. This is confirmed by the strong correlation between the 290 and 340 nm fluorescence 
excitation spectra shown in Figures 6 and 7, and is further supported by the time-resolved 
fluorescence shown in Figure 2. The latter figure shows that the risetime of the 340 nm emission 
is roughly equal to the initial decay time of the 290 nm emission, which would be necessary for 
an energy transfer process. The transfer may be either radiative or nonradiative; the overlap 
between between emission and excitation bands allows a photon mediated transfer of energy. 

To test this hypothesis, we compared the relative intensities of the 290 and 340 nm 
excitation spectra. Figure 10 plots the 340 nm intensity divided by the sum of the 340 and 
290 nm intensities as a function of excitation energy. If the 340 nm excitation is caused solely by 
the absorption of 290 nm light, the ratio would be a constant (i.e. independent of excitation 
energy) and its magnitude would be a measure of the coupling strength. Any process that 
stimulates the 340 nm emission without stimulating the 290 nm emission, will increase this ratio. 

The relative fraction of 340 nm light in samples with ~10% cerium is significantly greater 
than it is in samples with 1% cerium and, with three notable exceptions, the fraction is 
independent of excitation energy. The first exception is that all samples show a strong increase in 
340 nm emission at 4.4 e V arising from the shifted 5d excitation band of perturbed ions. The 
second exception is a strong increase near 10 eV in the four samples with ~1% cerium 
concentration, and is due to STE emission, which contributes to both the 290 and 340 nm 
emissions. Note that for the sample with 0.01% cerium, the STE emission dominates in all 
regions except 5.0 to 6.5 eV. The final exception occurs at excitation energies between 7 and 
10 eV in the 100% CeF3 sample and may be due to distortion caused by over absorption . 

. Quantum Efficiency 

The excitation spectra in Figure 6 also provide information about the quantum efficiency, 
· defined as the average number of emitted fluorescent photons per incident excitation photon. The 
radiative quantum efficiency of the Ce3+ 5d~4f emission is expected to be high based on the 
measured 20 ns lifetime, which is the order of magnitude of that expected from the oscillator 
strength, and the fact that the onset on thermal quenching by multi-phonon processes does not 
occur until 300-400 K [4, 15]. The fluorescence risetime following excitation into the higher 
lying 5d and 6s bands is very fast(< 1 ns), hence the overall quantum efficiency is still high. The 
energy efficiency, however, decreases because of the quantum defect, that is, the energy lost in 
the nonradiative decay from the initial excited state to the emit~ng state. 

In contrast to these intra-cerium excitation and decay processes, activation of the Ce3+ 
5d~4f fluorescence via absorption by F- 2p or deeper core levels involves a transfer efficiency 
and several intervening processes and has a lower quantum efficiency. Inner shell excitation 

7 



LBL-27609 

followed by various secondary processes eventually leads to thermalized electrons and holes. 
These charge carriers may recombine radiatively or nonradiatively, be trapped or captured by 
cerium ions via the processes in Equations 2 and 3, or form excitons. The absorption coefficients 
of CeF3 in the extreme ultraviolet are 10-s- IQ-6 cm-1, so light is absorbed in a layer about 0.01-
.0.1 nm thick. The concentration of defects near the surface is greater than in the volume, and as 
these defects can act as centers for nonradiative recombination of electrons and holes, this can 
give raise to a changing quantum efficiency with wavelength and penetration depth. 

In samples containing ~1% Ce, where the relative effects of impurities and STE 
luminescence are smaller, the amplitudes of the F- 2s and the Ce3+ 5p peaks are an order of 
magnitude or more smaller than the 5d-6s excitation peaks. The Ce3+ 5p peak increases relative 
to the 5d peak with increasing Ce concentration. This indicates that the photoelectron is not 
simply captured by the Ce ion from which it originated, but migrates to other, more distant Ce 
ions. The F- 2p peak also increases with increasing Ce concentration. This f-eak is also observed 
in excitation spectra of rare earths on LaF3 at 10-13 e V but a prominent 0 - 2p peak near 10 e V 
is not observed for rare earths in oxide hosts [21, 22]. 

For CeF3 the Sp peak is less than one-half of that of the 5d bands. Since the excitation 
spectra as shown are for constant quantum efficiency (i.e. constant incident photon flux), the 
energy efficiency for Sp excitation is much less than unity. The results of quantum efficiency 
measurements for cerium dopants in other oxide and fluoride host are mixed; For YP04:Ce the 
relative quantum efficiency in the 12-22 e V region is comparable to that of the 5d bands; for 
Tb3+, however, it is only -0.3 at 20 eV [29]. The former result is puzzling, whereas the latter 
result is in qualitative agreement with the measured quantum efficiency for Ce3+ in LaP04 near 
22 eV [22]. The absolute quantum efficiency for LaP04:Ce is -0.15 at 25 eV (see Figure 9 of 
Ref. [22]). Absorption by deeper core levels will, via Auger and other processes, lead eventually 
to multi-photon emission [22] and, at a sufficiently high energy, an approximate linear 
dependence on input energy (except for regions of characteristic absorption edges). The light 
yield of CeF3 for ionizing radiation is only 10% that of Nai(Tl) [1, 2, 3, 4, 6] and the energy 
efficiency of the latter is only 11% [30]. Therefore the radiative quantum efficiency of CeF3 for 
ionizing radiation will become greater than unity only for input energies greater than several 
hundredeV. 

To determine the energy dependence of the CeF3 quantum efficiency, we extended the 
fluorescence excitation spectrum for the 290 and 340 nm emission lines of CeF3 to excitation 
energies up to 200 eV using the Vanderbilt 6-meter Toroidal Grating Monochromator beamline 
at SRC. These data, shown in Figure 11, are corrected to constant incident beam intensity using a 
beamline calibration derived from a gold diode. The quantum efficiency of the 290 nm line was 
normalized to 0.,15 at 25 eV- the same as LaP04:Ce [22]. A similar value is obtained if the 
excitation spectrum is normalized using a Sd band quantum efficiency of near unity. The relative 
quantum efficiency of the 340 nm emission is also included for comparison, but its apparent 
quantum -efficiency depends on experimental conditions. The quantum efficiency increases 
nearly linearly for energies above 70 eV, except for a dip at 120 eV that is due to the Ce3+ 4d 
excitation. As anticipated based on the reported relative light yield, the quantum efficiency is less 
than unity even at 200 eV, but if the curve is extrapolated to higher energies, would reach unity 
at approximately250 eV. 

Conclusion 

We have studied the surface-excited fluorescence from CeF3 doped into LaF3 at a variety 
of concentrations. The dominant emissions are at 284 nm and 300 nm due to allowed 5d~4f 
transitions of Ce3+. These emissions are partially absorbed by cerium ions that have been 
perturbed in some way, either by impurities, crystal defects, or interactions with other cerium 
ions. These perturbed ions emit fluorescence in a broad band peaking at 340 nm with about a 
30 ns decay time constant. Because the 340 nm light is emitted with a slower decay time than the 
290 nm light, this absorption and re-emission increases the effective decay time, which degrades 
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the performance of CeF3 as a scintillator. The data imply that the scintillation properties of CeF3 
can be improved if perturbed sites can be eliminated. This may be possible if the perturbation is 
caused by an impurity or introduced in the manufacturing process, but would not be impossible if 
it is, due to cerium-cerium interactions. 

For excitation with ionizing radiation there is an initial fast (2-10 ns) decay time 
component. This can arise from ions that have an enhanced radiative or nonradiative decay 
probability. If the fas~er decay is due to non-radiative quenching, it would reduce the radiative 
quantum efficiency. The cause and mechanism for the fast decay remains unresolved. 
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