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One- and two-photon spectroscopy of Ce3' ions in LaF3-CeF3 
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banne, France 
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AbstracL Almrption, excitation and emission spectra and lifetime measurements in 
ceriumdoped lanthanum fluoride single aystab were oblained using both one- and huo- 
photon spectmscopy techniques I t  is shown that WO kinds of fluorescenl centres are 
present. In weakly doped systems, a rapid fluorescence around MO MI dominates, due 
to Ce3+ ions at normal sites In heavily doped systems, an additional longer fluorescence 
appean at higher wavelengths due to Ce3+ ions accupying perturbed sites and acting 
as lraps. In CeFs, the energy migrates among Ce3+ ions and is finally lrapped so hat 
only the trap emission is detected a1 mom temperature. Significant energy lases in 
h e  Ruorexence of ce?t at normal sit= are explained by upconversion and ionization 
processes and by non-radiative surface recombination phenomena for the m e  of strong 
absorption. -0-photon excitation spectra in the region of M p  absorption mnfirm h e  
role of lraps in emission mechanisms and show MITOW lines which could be vibronic 
stmcturs of various kinds of traps exisling in these materials. 

1. Introduction 

There is at present great interest in the use of scintillating materials as components of 
high-performance electromagnetic calorimeters to be used in the new generation of 
accelerators. Their designed luminosities are very high and introduce new constraints 
on the crystals: they must have a fast response, be radiation hard and as dense 
as possible for calorimeter compactness. Several crystals and glasses should have 
the desired properties. Cerium fluoride CeF, and cerium-doped lanthanum fluoride 
Ce:LaF, are two of them, since their scintillation properties were recently discovered 
[2-5]. The search for tunable solid-state laser materials is another very important 
field of research for application; it was suggested [6] and later demonstrated 171 
that ultraviolet lasing was possible in &?,+doped LaF, with high power output and 
tunability in the 306-330 nm region. 

Due to the interest in such LaF,-CeF, mixed crystals for applications, it is wry 
important to understand the fluorescence mechanisms occurring in these systems. 
The few papers which report on the spectroscopy of cerium in lanthanum fluorides 
do not provide an explanation of the fluorescence process in the case of heavily 

* This work has k e n  mrried out as part of the 'CRYSTAL CLEAR' collaboration, CERN Research and 
Development project RD-18 [I]. 
t l 'h~hose involved in the 'CRYSTAL CLEAR' collaboration. 
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doped compounds [5, 81; the main purpose of this article is therefore to interpret the 
change in the absorption and fluorescence spectra and in the fluorescence lifetimes 
when the cerium concentration and the temperature are varied. In particular, it is 
shown that processes such as fast energy migration, upanversion and non-radiative 
surface recombination do  arise in heavily doped systems and that these processes can 
strongly modify the fluorescence properties. 

2. Experimental details 

The La,-,Ce,F3 crystals were grown by R Sparrow (from the Optovac company) 
using the Bridgman technique. Samples containing various amounts of cerium were 
studied: z = 0.0005; 0.01; 0.05; 0.10; 0.50; and 1.0. 

The absorption spectra were obtained in the UM-300 nm range on a CARY 2300 
spectrophotometer equipped with an SMC liquid-helium ayostat for low-temperature 
measurements. 

The fluorescence was excited at 228 nm with a Q-switched Nd3+:YAG pumped- 
dye laser (YAG 481 + TDL IV model from Quantel) and frequency doubling and 
mixing systems. The fluorescence was analysed with a Hilger computer-scannable 
1 m monochromator and detected with a Hamamatsu RI477 photomultiplier tube 
(PMT). The amplified signal was then fed into the ADC board of a microcomputer. 
Fluorescence lifetimes were recorded under laser excitation (pulse width E 10 ns) 
using a Stanford SR430 mUltiChaMel analyser with a resolution of 5 ns per channel. 
The excitation was obtained utilizing w synchrotron radiation from the SUPERACO 
positron storage-ring facility (LURE) of Orsay university, and a 3 m home-made 
vacuum w monochromator. 

The experimental set-up used for the two-photon absorption study comprised an 
XeCl 308 tun excimer pump laser (Excimer-500 model from Lumonics) and a dye 
laser (Hyperdye-300, Lumonia). hrious coumarin dyes were used to c o w  the range 
of interest from violet to green. The laser beam was focused on the sample (which was 
placed in a cryostat) and the uv fluorescence was observed at rightangles through an 
8 nm band-pass monochromator (H20, Jobin-Yvon). In order to suppress completely 
the laser light passing through the monochromator, we placed a 10 tun bandwidth w 
Nter (centred at 325 tun) in front of the entrance slit of the monochromator. The 
fluorescence was detected by a photomultiplier tube (EM1 625% S) and the output 
signal was sent through a delay line to an averager-integrator boxcar (PAR 165 and 
162) and finally converted into a digital signal by an AD converter coupled to a 
computer. The intensity of the incident laser beam (reference signal) was measured 
with a joulemeter (Molectron) for calibration. 

3. Results and discussion 

3.1. Onephoton spectroscopy 

The absorption spectrum of a very weakly Ce3+doped LaF, sample is shown in 
figure 1. Fbur peaks were detected in the 200-250 tun range, in agreement with 
previous obselvations [SI. Also, a fifth one was observed in the w vacuum region 
[9] and it will be seen later that fluorescence excitation spectra confirm the existence 
of five absorption peaks. This reReca the 4f - 5d transitions where the 56 state is 
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split into five levels, as expected from the low cation site symmetry found in LaF,. 
It is well established now that the tysonite structure of b F 3  and CeF3 has the space. 
group D&, wherein the cation occupies a site with local symmetry C, [lo, 111. The 
absorption bands can be deconvoluted into Gaussians and the astillator strength, f, 
of the absorption transition from the ground state to the lower Sd level was deduced 
experimentally using the well known equation 1121: 

u(u) dp = (nez/mc)[(E,/E,)Z(l/n)lf (1) 

which k valid in the electricdipole case. U(.) = k , / N ,  is the absorption cross 
section, where le, is the absorption coefficient at frequency U (an-’) and N, is 
the density of absorbing centres (an-3), and n is the index of refraction (n U 1.65 
[q)-the Lorentz local-field expression 

E,,/E, = (nZ t 2)/3 (2) 

may be used for rare-earth impurities in crystals 1131. The integral J k ,  du represents 
the area of the absorption band in an-’. Knowing the cell dimensions and that 
the unit cell of the LaF, crystal contains six molecules [lo], we calculated that a 
concentration of 0.05 a t %  corresponds to N ,  = 9.1 x Finally, the 
oscillator strength f was found to be equal to 2.74 x this is very dose to 
the calculated value (3.20 x deduced by Starostin et a1 from a crystal-field 
calculation 1141. 

200 210 220 230 240 250 260 
WaveIength (nm) 

Figure 1. Ahsorption spectrum of Ce:LnF3 at low temperature. 

The emission spectra are pictured in figure 2 for various Ce3+ contents. At low 
concentrations, the spectra have two peaks resulting from transitions from the lowest 
5d level to the two spin-orbit split ground states, zF,,z and 2F7,z. An additional 
broad band grows on the low energy side as the Ce concentration increases. This 
band is due to the emission from traps which is enhanced tremendously by a fast 
energy migration among the Ce3+ ions in samples of high Ce concentration. These 
traps are probably cerium ions in varyingly strongly perturbed sites, giving rise to an 
inhomogeneously broadened emission band. Actually, the most effective perturbations 
could occur in the environment of Ce3+ nearest to fluorine ions (for example an F 
vacancy or an F ion in an interstitial position). The rare-earth atoms have an 
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elevenfold coordination of F atoms with distances between 2421 and 2999 8, (LaF,) 
and 2400 and 2974 8. (CeF,) [ll]. Such coordination around Ce can explain the large 
inhomogeneous broadening. It should be noted that the normal Ce emission bands 
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are also inhomogeneously broadened due to small changes of the local aystal field 
experienced by Ce fluorescent centres. The relative intensity of the trap emission 
increases with temperature, indicating that the Ces+ - Ce3+ energy diffusion is 
enhanced by thermal assistance. It is clear that in CeF, at r w m  temperature, the 
bap emission strongly dominates. 

Fluorescence excitation spectra of the weakly doped sample (0.05% Ce) in figure 3 
show five peaks in the near-w range above 180 nm which describe the 4f -+ 5d 
transitions, as expected from the low cation site symmetry. The four peaks observed 
above u)o nm in both the absorption and the excitation spectra have their maxima at 
the same energies. The uv vacuum band observed near 161 nm can be assigned to 
4f -+ 6s transition or some charge transfer processes such as F ( 2 p 6 )  + Ce3+(6s) 
[S, 151, both involving the 6s level. High-energy excitation in this level probably gives 
rise to photoionization of Ce3+ ions, leading to the creation of Ce4+ ions which are 
stable in many compounds. This phenomenon could explain why the relative strength 
of the transitions to 5d and 6s levels is so strongly dependent on the region of the 
fluorescence spectrum considered here (figure 3). In particular, the system excited in 
the 6s level exhibits a relatively much more intense trap fluorescence (332 nm) than 
normal Ceat fluorescence 013 nm). Let us suppose that the main kind of trap in the 
weakly doped sample is a Ce3+ ion close to a Ce4+ ion. The free electron resulting 
from the photoionization of Ce3+ would immediately be trapped by the nearby Ce4+ 
ion so that the Ce3+-Ce4+ pair is unchanged, as is the trap fluorescence. On the 
other hand, the 6s excitation of Ce3+ ions lying at normal sites would lead to a strong 
decrease of their fluorescence due to energy losses by photoionization. 

- 
&e- and wo-photon specirmcopy of Ce:LuF, 

4 

Fzzid -1 

150 200 250 300 
wavslength(nm) 

Figure 4, nuorcrence adlalion spectra of CeF3 at low lemperalure for various regions 
of the emision spectrum. 

Let us consider now the excitation spectra of heavily doped samples. Figure 4 
represents the spectra of CeF, for various fluorescence domains. It is clear that 
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Rgum 5. Coupaman cf fluoracenee excitation speclra of 0.05% CC.LaF3 and CkFs at 
law lemperalure. 

new structures appear above 250 nm and their relative intensities increase as the 
fluorescence considered is shifted to the red, which is where the trap emission mostly 
arises. These new low-energy fluorescence excitation bands are therefore assigned 
to traps. Below 250 nm, five peaks are detected in the energy range of the f -+ d 
transitions, but they are strongly blueshifted compared KO the peaks observed in the 
weakly doped compound (figure 5). However, the absorption spectrum of a thin film 
of CeF, [9] shows that the five peaks arise at the Same energy as those observed in 
weakly doped samples. In fact the maxima of absorption are exactly correlated to 
the minima of fluorescence excitation. It seems that in a previous paper (figure 2 
of [16]) this phenomenon was observed in 5% Ce:LaF,, but was not recognized. 
This phenomenon must therefore be related to energy-loss mechanisms which must 
be strongly Ceconcentration dependen6 since holes are only detected in samples 
containing more than 1% Ce3+ ions. Up-conversion energy transfers, involving two 
ions in the excited state and which can be efficient in rareearth doped systems 
when the concentrations are high enough, could be a source of energy loss. This 
phenomenon must involve the conduction band of the crystal to explain the drop of 
the fluorescence efficiency. Of course these mechanism are not observed in the case 
of traps, because of the low trap concentration, and under two-photon excitation (see 
below), which provides too few Ce3t ions in the excited state. 

Lifetime measurements were recorded for different concentrations and at various 
fluorescence wavelengths. D e  decays are very short (a few tens of .s), as expected 
from the allowed electricdipole transitions. Our set-up did not allow us to describe 
accurately the profiles of the decays, especially shortly after the laser pulse. The 
decays were found to be roughly exponential and weakly temperature dependent. The 
various measured time constants are gathered in table 1. The lifetime of the Ce3t 
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fluorescence (short-wavelength emission) tends to shorten when the Ce concentration 
increases as a result of the energy migration between Ce3+ ions. This trend cannot 
be checked further in samples of high Ce concentration because of the growing 
importance of the trap emission, even in the short-wavelength region. The time 
constant increases with the fluorescence wavelength. The radiative lifetime r, of the 
emitting level for the electri~dipole case can be expressed as 1121 

T, = 1.51(3/n2 +2)2(Ai/nf) (3) 

where A, is the wavelength (in m) of the radiation in the vacuum, n is the in- 
dex of refraction and f is the oscillator strength of the emission transition. In 
going from Ce3+ ions at normal sites to traps, T~ and A, increase. The wavelength 
dependence of n is not known for LaF, and CeF,, but, as in most materials, it 
is expected to decrease when the wavelength increases. A reasonable estimate of 
An = n(300 nm) - n(400 nm) of about 0.05 leads to an increase of T~ by a 
factor two. Similar experimental variation is obsewed in 10% Ce3+:LaF3 (table I), 
indicating that the oscillator strength of the emission transition is nearly the same 
for normal and perturbed Ce3+ centres. This could be explained by the very low 
site symmetry of Ce3+, which is not significantly lowered when the next neighbouring 
environment of the centre is modified. Similar variations of T,, are detected across 
the inhomogeneous broad emission band of traps in CeF, (table l), which can be 
interpreted the Same way. 

Table L fluorescence decay time constants (ns) of vanow Cedoped LaF3 samples for 
different fluorescence wavelengths. 

Fluorescence wavelength (nm) 

Ce concentmion Bmperature 280 3w 310 w) 3M) 450 

om% 10 K 21.0 
10% 
50% 
1W% 

10 K 18.4 17.0 32 
10 K 29.5 
10 K 26 29.5 48 
X X ) K  25 29.0 37 

3.2 Two-phoion qeciroscofl 

We saw previously that, for all the Ce:LaF, samples with the exception of the very 
weakly doped (0.05% Ce) system, the one-photon fluorescence excitation spectra ex- 
hibited dips well correlated to the maxima of the absorption spectra, and we ascribed 
this phenomenon to some kind of upconversion processes leading to significant en- 
ergy losses when the population of the lowest excited state of Ce is large enough. 

One- and two-photon spectroscopy techniques are usually very complementary to 
each other. ?he transition selection rules are different: for example a parity-forbidden 
one-photon transition corresponds to a parity-allowed two-photon transition. Regard- 
ing this aspect, two-photon absorption seems not to be of interest at first sight in 
the present case since the interconfigurational f + d transitions are already parity- 
allowed in one-photon spectroscopy, but, in principle, parity-forbidden in two-photon 
spectroscopy. For the case of a non-centrosymmetrical site, however, the crystal field 
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Hamiltonian does not commute with the parity operator and has therefore even and 
odd terms, the latter mixing the states of opposite panties. Therefore, f -t d transi- 
tions in Ce:LaF3 are then partially parity-allowed in two-photon spectroscopy. In the 
present case, we take advantage of the two-photon excitation by the fact that only a 
few Ce3+ ions can be excited, allowing the avoidance or reduction of the energy losses 
by up-conversion mechanisms, as in the case for strongly dispersed media. Another 
advantage is that the investigation in the uv range can be done using visible photons. 

me two-photon fluorescence excitation spectrum of 5% Ce:LaF3 was recorded 
at very low temperature and is mmpared in figure 6 with one-photon spectra. It 
appears that the two excitation spectra are very different: the two-photon spectrum 
exhibits resolved peaks at the same energies as the onephoton excitation peaks of 
0.05% Ce.LaF3, while the onephoton excitation spectrum of 5% Ce:LaF3 shows 
non-resolved bands reflecting significant fluorescence intensity losses. 

3 

1 5 0  200 250 300 
wa"ele"gm("mJ 

- .  . 

Figure 6, One- and two-pholon Btnlitlion spsrra of 5% C d a F 3  at low 
Comparison with one-photon ahcoption spslmm of0.0556 CkLaF3. 

temperature. 

Luminescent emission excited by two-photon absorption has the other advan- 
tage of originating in the bulk of the sample. This is particularly important with 
strongly absorbing systems, in which one-photon excited emission usually originates 
from the surface layers. It turns out that in addition to the up-conversion pro- 
cesses which probably occur in our systems, another probable murce of losses could 
be non-radiative surface recombination, which becomes dominant as the absorption 
coefficient increases and the exciting light is absorbed closer to the sample surface. 

We have recorded two-photon laser excitation spectra in the region of trap absorp- 
tion on the lower energy side of the lowest d emitting level of Ce3+. me spectrum 
of CeF3 was obtained at 170 K (figure 7(u))  by selecting the fluorescence using a 
250-400 nm bandpass filter. It shows in the 2 x 250 nm-2 x 265 nm region a broad 
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F i p m  7. (a) h - p h o t o n  excitation spectrum of CeF3 in the region d the lowest 
excited sfate. Filter bandpas 250-4LW nm. @) h - p h o t o n  mp fluorescence excitation 
spectrum of 5% & b F z  in Ihe region of the lowest exiled Yate. 

band with a superposition of narrow lines which can be detected due to the good 
resolution of the laser excitation. As mentioned previously, the -broad band (and 
many others arising in a wider wavelength range and which were not re,solved in 
the one-photon excitation spectra) is probably due to Ce3+ ions occupying strongly 
perturbed sites. Narrow lines could be due to same other impurity rare-earth ions 
introduced with Ce3+ in the crystal. However, the w fluorescence excitation spectra 
are not typical of any rare-earth ions. The narrow lines could be rather the vibronic 
structures of the various kinds of traps existing in the materials. If this is true, similar 
structures should be observed for Ce3+ ions in normal sites; we intend to determine 
their existence in further work at very low temperature. The lowest d evcited state of 
Ce3+ at a normal site was not detected in CeF,. On the other hand, in 5% Ce:LaF3, 
the traps were detected beside the lowest energy band of Ce3+ (figure 7(b)). 

4. Conclusion 

One- and No-photon spectroscopy of Ce3+ ions in LaF3-CeF, mixed crystals has led 
to a good understanding of the fluorescence processes arising in heavily doped crystals, 
including CeF,, and which were never correctly interpreted in the past It is clear that 
in such compounds the mechanisms are completely governed by traps because of the 
very fast energy migration among the Ce3' ions. It has  also pointed out an important 
drop in the fluorescence efficiency which can be interpreted by the occurrence of other 
processes like upconversion and non-radiative surface recombination. 

The scact nature of the traps is still an open question, as is often the case in many 
fluorescent doped materials. The main traps are probably perturbed Ce3+ centres, 



5470 C Pedhi et al 

since their spectroscopic characteristics are similar to unperturbed Ce3+ ions. 
The punty of scintillating materials is a very important problem, since it is often 

directly related to the radiation damage. We intend to do our utmost to identify 
the nature of the traps by working with crystals of various origins, some grown with 
ultra-pure starting materials, and by using the two-photon spectroscopy techniques 
which have. proved very helpful. Such work is now in progress. 
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