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Abstract. Nd'+-dopedLaF3, LiWa, CSY~F~,  BaY2Fs and B e  crystals were inves t ihd .  For 
scintillator applications, the characferistics of the fast Nd3+ 4f25d -+ 4f' emission component 
is~of interesL The effective 4f25d + 4f3 Scintillation decay time under gamma inadiation was 
found to vary from 5 10.42 ns, depending dn ihe host lattice. tight yields were detedned 
under x-ray.excilalion. The 4fzSd + 4f3 output from many samples was serio&ly affected by 
impurity absorptions. After correcting for these, an estimate was made of the maximum possible 
4f25d + 4f' light yieid to be expected in very pure Nd'+doped crysIals. In neither of ihe 
oses was a 4f25d + 4f3 light yield of more than about 1000 photons per MeV of x-my energy 
found. In addition to Nd)+ 4f25d -+ 4f3 emission, Nd'+ 4f3 -+ 4f3 and host emissions were 
also recorded aI wavelengths shorn than 550 nm. A semiquantitative model is gven for the 
Nd3+ 4f25d + 4f3, 4f3 -? 4f3 and hostemission intensities. 

I. Introduction 

It has been shown by Yang and DeLuca [1,21 that Nd3+, E?+ or Tm3+ doping in several 
fluoride lattices gives rise to fluorescence in the vacuum ultra-violet (vuv) region, due to 
4fn-'5d -+ 4f" transitions in these ions. This observation was made under excitation by 
VUV photons or 10 keV electrons. Yang and DeLuca suggested ,the possibility of yuv lasing 
using these dopants. In LaF$Nd, optically pumped lasing has been shown by Waynant [3]. 

Because of its emission in the VUV region, .LaFS:Nd has also been considered as a 
scintillator for gamma-ray detection. In combination with a (vuv-sensitive) wire chamber, 
it may be used as a detector in positron emission tomography [MI. 

For the LaF3:Nd crystal they studied, Gruw6 and Tavemier [6] found an Nd3+ 
4f25d + 4f3 light yield six times smaller than that of the shoq-wavelength (c 245 nm) 
cross-luminescence (CL) component of BaF2, which is 1400 photons per MeV of absorbed 
gamma ray energy (photons MeV-') [7]. Hence, they concluded that LaF3:Nd did not seem 
to be a promising scintillator ,material. However, in this work only one LaF3:Nd crystal 
waS investigated. 

It can be expected that the scintillator performance depends on the Nd concentration 
and on the host lattice. In the present study we performed a systematic investigation 
of LaF3, LiYF4, CsYzF,, BaYZF8 and BaF2 crystals doped with Nd3+ ai many difkrent 
con,centrations. 

0953-8984/93/44&137+24$07.50 @ 1993 'TOP Publishing Ltd 8431 
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We studied the emission at wavelengths shorter than 550 nm, i.e. the wavelengths that 
can be detected by a bialkali photocathode. We observed emission originating from Nd- 
4f25d and 4f3 excited states and also different kinds of host emission: CL and self-trapped 
exciton (SE) emission. The present paper is concemed with describing the systematics of 
the emission intensities observed and with semi-quantitatively understanding them. Apart 
from the emission intensity, another important property, the decay of the scintillation, was 
also investigated. 

2. Experimental methods 

Neodymium-doped J&, BaYtFs, and BaFz crystal boules were grown by one of us 
(HWdH) using the Bridgman technique in a gaseous He atmosphere. From the cylindrically 
shaped crystal boules , with a diameter of 7-8 mm, discs were cut and polished at the top and 
bottom faces. Several LaF3 crystals containing more than 10 mol% Nd3+ were obtained 
from BDH-Crystan, Merck Ltd, Poole, UK. These crystals were also grown using the 
Bridgman technique. The Nd concentrations were calculated from the weighed-in amount of 
NdF3. In some cases these calculated concentrations were not consistent with the measured 
absorption spectra. Then the concentration was determined by comparing the absorption 
spectra of samples consisting of the same host crystal but different Nd concentration. 

On a first visual inspection, some of the LaF3:Nd crystals were not clear, but (partly) 
opaque. Otherwise their appearance was good. The BaF2:Nd crystals were all transparent. 
The BaY2F8:Nd crystal boules were largely polycrystalline, but small translucent samples 
could be obtained from the lowerdoped boules. Useful measurements on the higher doped 
BaY2Fs:Nd could only be done using very thin samples. 

The LiYFd and CsY2F7 crystals were obtained from N M Khaidukov at the N S 
Kumakov Institute of General And Inorganic Chemistry, Moscow, Russia. The LiYF, 
crystal was cut from a 22 mm diameter boule and was of good optical quality. CsY2F7 was 
grown using the hydrothermal synthesis technique. This yielded clear crystals of - 5 mm 
in diameter. 

Optical absorption and emission spectra were measured using an ARC W O 2  
monochromator, an ARC 775 deuterium lamp or a W lamp and a Thom EMI 9426 or 
Philips Xa020Q photomultiplier tube. High-energy excitation of the crystals was performed 
using an x-ray tube with a Cu anode, operated at 35 kV and 25 mA. The x-ray excited 
emission spectra were compared to those from pure BaF2 samples, measured under identical 
experimental conditions. From this, and the known BaF2 light yield of 1.1x1@ photons 
MeV-l [7,8], light yields were determined Optical decay measurements were performed 
with a Lambda Physik LPD-36002 dye laser pumped by an LPX-100 excimer laser. The 
experimental set-up has been described in detail in [SI. 

Scintillation decay measurements were performed using a 137Cs gamma source, which 
emits 662 keV photons. This measurement is based on the single-photon-counting technique 
described by Bollinger and Thomas [IO], and had a time resolution of 0.5 ns FWHM 
(full width at half maximum). As start and stop photomultipliers, two XP2020Q tubes 
were used, which are sensitive in the 160-6600 nm wavelength region. All scintillation 
decay measurements were performed under identical geometry and electronics settings. 
All experimentally obtained data were corrected using the calibration curves for the 
equipment. As an exception, in the decay measurements, no correction was made for 
the wavelength dependence of the photomultiplier detection efficiency. Unless otherwise 
stated, all experiments were performed at room temperature. 



Intensity and decay of Nd3+ in fluorides 8439 

3. Results 

In section 3.1 the absorption spectra of some of our samples are presented. The x-ray- 
induced emission spectra from the same samples are given in section 3.2. Using the 
absorption and emission spectra we estimated the emission that would result from very 
pure Nd-doped LaF3, LiYF4, CsYzF7. BaYzFg and BaFz. The results from this absorption- 
conection procedure are presented in section 3.3. In section 3.4, using data from literature 
and from optical decay measurements (for BaF2:Nd). we give an estimation of the quantum 
efficiencies of the Nd3+ 4fzSd + 4f3 and 4f3 -+ 4f3 transitions in the different host 
materials. The quantum efficiency of a transition upper state+ lower state is defined as the 
probability that the upper state decays radiatively to the lower state. In section 3.5 results 
from the scintillation decay measurements are presented. 

3.1. Optical absorption spectra 

Figure 1 shows the absorption spectra of typical samples. At wavelengths longer than 
240 nm the characteristic Nd3+ 4f -+ 4f absorption lines are observed [l 11. The intense 
absorption at wavelengths shorter than 190 nm is due to Nd3+ 4f3 --t 4f2Sd transitions. 
The absorption edge shifts to longer wavelengths in the sequence LaF3, LiYF4, CsYzh, 

The absorption spectra in figure 1 of the Nddoped LaF3 and BaFz crystals show impurity 
F'?+ 4fz -+ 4fSd absorption bands near 180 and 210 nm respectively 112,131. Beside Nd3+ 
and F'? absorption, a gradual increase of the absorption towards shorter wavelengths is 
observed in most crystals. Such structureless absorption was reported before in LaF3 crystak 
grown from not very well purified source material [14]. 

In absorption spectrum d, figure 1, of 0.45 mm thick BaYzFg:Nd (1.2 mol%), the bands 
at 157 and 178 nm are due to Nd3+ 4 p  -+ 4f%d transitions [lS]. In thicker and/or higher- 
doped samples, 4f -+ 4f absorptions were observed near 327 and 353 nm. The origin 
of the absorption bands at 169 and 192 nm is not clear. In any case these absorptions 
are not due to P?+ or Ce3+ impurities, since these ions absorb at other wavelengths [lS]. 
An absorption structure, similar to the - 192 nm band in Bay& and also peaking about 
14 nm above the highest-wavelength 4f3 -+ 4fzSd absorption band of Nd3+, was observed 
in LaF3:Nd samples of bad quality. 

3 2. X-ray-induced emission spectra 

Figure 2 shows the emission spectra, obtained from the samples of figure 1, under x-ray 
excitation. Except for the BaF2:Nd sample shown, the spectra are dominated by Nd3+ 
emission. At wavelengths shorter than 300 nm, Nd3' 4f ZSd + 4f emission is observed 
We note the gradual increase of the peak wavelength of the Nd3+ 4f 'Sd + 4f emission 
in the sequence LaF3, LiYF4, CsYzF7. Bay&, BaFz. This is due to the shift of the 4fzSd 
states to lower energies, which was also observed in the absorption spectra. 

At the low spectral resolution of figure 2, the 4f2Sd -+ 4f3 emission consists of three 
bands. The most intense band, which is located at the shortest wavelength, can be assigned 
to transitions from the lowest 4f2Sd level to the 4f3 4 1 ~  levels. The other two bands are 
assigned to bansitions from the lowest 4f2Sd level to the energy levels between the 4f3 
4F3/2 and the lowest 4f3 ' D s ~  levels [Ill. The most intense band was also investigated at 
1.5 nm wavelength resolution (FWHM). This experiment did not reveal significant additional 
fine structure for the samples shown in figure 2, with the exception of the LiYF4:Nd (0.9 
mol%) sample. The band near 180 nm was found to consist of two sub-bands, one centred 

BaYzFg, BaFz. 
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Figure 1. Optical absorption specha for 
2.0 mm thick La&:Nd (13.8 mol%) (curve 
a), 7.0 mm U c k  LiYFa:Nd (0.9 mol%) 
(curve b) 2.3 mm thick CsY2FT:Nd (3.0 
mol%) (curve c), 0.45 mm Uck BaYzFs:Nd 
(1.2 mol%) (curve d), and 2.2 mm thick 
B W N d  (11 mol%) ( m e  e). To is 
approximately the maximal transmission 
o m e d ,  which is close to unity in Clear 
sampler. The spectral rerolution is 15 nm 
("0. For clarity, the s p 3 r a  have been 
multiplied by the factan shown. 

at 182 nm and another at 186 nm. The height of the former band was 1.3k0.2 times that of 
the latter one. These two peaks were also observed by Deviatkova et a[ [I61 using optical 
excitation into the higher-energy Nd3* 4f3 -+ 4f25d absorption bands. The relative peak 
height was about 1.7, i.e. similar to the value we found. Only one peak was observed if 
the lowest 4f3 -+ 4f25d hansition was excited, using 176 nm light. 

We did not study the 4f3 -+ 4f3 emission bands at a spectral resolution better than that 
shown in figure 2. More detailed spectra can be found in 1171 for LaF3, [181 for BaYzFs, 
and [I91 and [ZO] for BaF2. 

Emission bands not arising from Nd3+ were also found. In LaF3, P?+ emission bands at 
251,272 and 397 nm originating from the 'So level are observed in the emission spectrum a 
in figure 2 [17,12]. In the weakly doped LaF3 crystals, we observed an appreciable amount 
of host luminescence. This is s h o w  in figure. 3. Brixner et al [21] assigned this host 
emission band to VK-e recombination. We will call this host emission STE emission. At 
room temperature, the ST€ emission is considerably thermally quenched, which is evident 
from figure. 3. 

Host emission was also found in BaYzFg. After correcting for the absorption by the 
sample itself, we found a broad structureless band peaking at about 250 nm, having half 
the peak intensity at about 160 and 360 nm, and one tenth the peak intensity at 500 nm. 
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Figure 2. X-ray-indud. emission s&W 
(nor absovtion corrected) of 2.0 mm tFck 
LaF3:Nd (13.8 mol%) (curve a), 7.0 inm 
thick LiYF4:Nd (0.9 mol%) (curve b), 
2.3 mm thick CsYZF7:Nd (3.0 mol%) (cwe 
e). 0.45 mm thick BaYzF8:Nd (1.2 mol%) 
(curved), a@ 2.2 mm thick,BaFz:Nd (11 
mol%) (curve e). The SpCqI resolution is 
about 6 n q ~  (WHM). For cla,ri~, the spectra 
a, b. c, d and e have bwi shifted by 0, 
20, 30, 50 an$ 65 photons MeV' nm-'1, 
respectively.' 

These values are only accurate within an error of about 40 nm. The part extending kom 4 
to 7.5 eV has been reported on before and ascribed to CL emission [22]. 

In BaF2, host emission dominates the emission spec". Figure 2, spectnim 9, blear& 
shows the presence of the CL bands near 195 and 220 nm and the broad SE emissioh 
band centred near 300 nm [39]. Very weak Nd" 4f25d i 4f3 and Nd3+ 4 f 3 ' 3 ' 4 f 3  
emission is present in the spectra. The emission at 192 nm in .the 11 mol% doped sampye 
is more intense than expected if only CL were present, which indicates that the main Nd3f 
4f25d + 4f3 emission peak is located in this wavelength region. Weak 4f3 + 4f3 bands 
at 382 and 412 nm can also be observed. 

33 .  Absorption-corrected x-ray-induced light output 

The optical absorption of many samples m t l y  influenced the emission intensity.. For a 
large part, the optical absorption is due to unwanted impurities, especially in h e  shoh- 
wavelength range. We are inteiested in the number of photons emitted in 'the samples, 
before absorption by the sample itself. This quantity .is obtained by correcting the emission 
spectra for the absorptions. benerally, at about 400 nm no conedon 'was necessaiy. At 
this wavelength. in clear samples the measured transmission was 2n/cn2 + 1) within error. 
Here n is the refractive index (at 400 nm). The qubtient is the the?reticaily expected 
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Figure 3. ( U )  Emission s p m  for a nominally pure 0.45 mm lhick LaF3 sample. recorded at 
different temperatures. Beside host emission, weak impurity bands are visible due U) Nd3+. The 
s p u d  resolution is 4 nm (FWHM). (6) nte temperarure dependence of the tolirl light output 
The fhenretical fit is discussed in the text (16). 

transmission if the transmission of the bulk of the crystal is unity and only some incoming 
light is reflected at the (parallel) crystal surfaces. At shorter wavelengths, this transmission 
decreases somewhat, because n increases. For instance, in LaFs 2n/(n2 + 1) = 0.91 at 2.0 
Fm and 0.87 at 0.2 y m  [231. This effect is not large enough to explain the observed gradual 
decrease of the transmission towards shorter wavelengths. This is indicative for impurity 
absorptions at short wavelengths. 



Intensity and decay of Nd3i in @orides 

r '  

i 

200 300 400 SO0 

wavelength (nm) 

Fwre 4. Abmption-corncted Nd" 4 t 4 d  4 4f3 and 4f3 + 4f3 &ion bands in LaF,. 
The spcval nsolvtion is 4 nm (RVHM). 

The optical path length thmugh the crystal covered by photons from the lamp in an 
absorption measurement or f" the rhii emitfing surface layer of the crystal in an x-ray- 
excited emission measurement are about the m e .  The reason for this is that in the emission 
measurements. the sample was placed in between the x-ray tube and the e n m c e  slits of 
the monochromator. such that only photons mined at right angles to the crystal surface 
w a  detected. The Same arrangement was used in the absorption measurements. but now 
the x-ray tube was repiaced with a lamp. From this and the preceding paragraph, it foUows 
that the number of photons created in the crystal, i.e. the absorption-cmected emission 
spect". is simply the measured emission spectrum divided by the measured transmission 
spectrum and multiplied by the measured transmission at 400 nm. Here 8 small error is 
made because the factor 2n/(nz -1- 1). which is wavelength dependent, is replaced with a 
fixed value fat 400 nmf. This was done because the refractive index was not known for 
each crystal at all wavelengths. 

Some samples were not clear, but polycrystalline or opaque. This may be due to 
0 contamination, as was pointed out by Korczak and Mikolajczak 1241. This caused 
scattering of incident light. resulting in a lower measured transmission at all wavelengths. 
The measured emission intensity is not very much affected by scattenng of light in the 
zrystal, because the light is emitted in ali directions. Therefore, for these crysals also the 
bove absorption correction ir reasonable. since cmcction is necessary only for rhe bulk 
isorption, and not for the scanering. The bulk absorption is described by rhe measured 

In general, 01e absorptionsorrecred emission spectra could be decomposed into a limited 
rber of bands. The absorption-corrected Nd3* 4f25d -+ 4f3 and 4f3 -+ 4f3 emission 
's obtained for LaF, are shown in figure 4. The absorption-cormred STE emission band 

nsmission spectrum, divided by the " h i o n  at 400 nm. 
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Figure 5. Absorption-conected emission intensities from LaF3:Nd3+ cryslals. The x-ray- 
induced intensities for wavelengths c 550 nm of the Nd3+ 4fz5d -+ 4f3  bands (5d) and 
of the 4f3 -, 4f3 bands (40. and of the LaF3 host emission (SE) are shown. Downward 
pointing m o w s  mean that the intensiry m y  be lower than indicated. The 0.02 mol% data 
pertain to a 4 0.02 mol% doped sample. The curves were calculated using (19) (5d) or (9>113) 
and the LaF3 data in fable 4 far s = 6 (SE and 40 .  Fors = 8, very similar SE and 4f curves 
were obiained. All 5d dah were multiplied by 1W for clarity. 

is similar to the broad bands shown in figure 3(a): it is a shuctureless band peaking at 
300 nm with half the peak intensity at 250 and 370 nm (the accuracy of these values is 
10 nm). For each Nd concentration, the I&:Nd emission spectra could be described as a 
weighted sum of the Nd3+ 4f25d + 4f 3,  Nd3+ 4f + 4f3 and Sl'E emission bands. Such a 
decomposition of the emission spectra into Nd3+ 4f2Sd + 4f3, Nd3+ 4f3 -+ 4f 3, and host 
emission bands was performed for each of the host lattices. Minor emission components 
from unwantedtrace impurities (e.g. €'8+ or other rare earth ions) were neglected. Once the 
above weighted sums were established, the wavelength-integrated light yield due to each 
type of emission band could be determined. The results are shown in figure 5 for LaF3, in 
figure 6 for LiYF4, QY2F7 and BaY2Fg and in figure 7 for BaFz. 

In the Nd3+-doped LiYF4 and CsYzF7 samples, we did not observe host emission. 
However, in a pure QY2F7 crystal an s m l i e  emission band has been observed. The 
maximum is located at about 300 nm and the width of the band is about 150 MI (FWHM). 
Its intensity is 100&20 photons MeV-' at 294 K and 1000~200 photons MeV-' at 100 K. 

The (absorption-corrected) emission intensity of the BaYZFg host luminescence was 
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Figure 6. X-ray induced intensity of the Nd3+ 4f25d + 4f3 (a) and Nd3+ 4f3 -L 4f3 (b)  
absoIptv”ected emission bands (for L c 550 m) from Nd3+-doped LiYF4, CsYzF? and 
BaY2Fg. The curves pre merely guides to the eye. 

CL A A  

500=!=100 photons MeV-’ at Nd concentrations up to 1 mol%. For higher Ndconcenmtions, 
the light yield decreases. In the 15 md% doped sample less than 200 photons MeV-’ 
remain. 

3.4. Esrimation of the Nd” quantum efficiencies 
We did not directly measure the quantum efficiencies of the Nd3+ ion in the distinct host 
lattices. Instead, we used decay-time data from the literature or from optical excitation 
experiments (for BaF2) in order to obtain a rough estimate for the non-radiative decay from 
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Table 1. Decay times in microseconds of the Nd3+ 4f3 4Dy2 and '4/2 excited states. LaF3, 
LiYF4 and BaYzF8 &fa are eom literahme; BaF2 &Ia are f" this work. The experimental 
errors in most data are a few per mt 

Host LaF3 [49,271 LiYF4 I271 BaYzF8 [IS] B e 2  
0.1 mol% Nd 0.1 mol% 0.411101% Nd 0.07 mol% Nd 

6 K  77K 3WK 6 K  300K 6 K  M)K 300K 4 K  66K 300K 

z ( ~ D ~ J z )  34.6 22.7 1.3 1.3 4.2 4.5 2.7 42 58 14 

ZCP3I2) 400.5 212.7 50 35 116 116 50 1040 1107 232 
42 13.5 

421 225 

the Nd3+ 4f 25d, 4f 4D3/2 and 4f 'P3/2 levels. The 4f '5d + 4f and 4f --f 4f emission 
bands we observed are due to transitions from these levels to lower Nd3" levels. Below we 
successively discuss the 4f25d + 4f and 4f3 -+ 4f3 quantum efficiencies. 

3.4.1. 4f25d --f 4f' qunntwn eficiency. Yang and DeLuca [1,2] have found that the 
quantum efficiency of transitions from the lowest Nd3+ 4f25d state in 0.1 mol% doped Y F 3  
and LuF3 is about 0.8. This high quantum efficiency is in agreement with the fact that they 
did not observe emission around 388 nm (due to transitions within the 4f3 configuration) 
when optically exciting the Nd3+ ions into the 4fz5d states. For 0.5 mol% doped LaF3 and 
LiYF4, the 4f3 -+ 4f25d related bands in the excitation spectrum of the 388 nm emission 
were also very weak. This suggests that in these host lattices, the 4f Z5d -+ 4f quantum 
efficiency may be high too. 

In CsYzF,, BaYzF8 and BaFz, the Nd3+ 4f '5d + 4f quantum efficiency may be lower, 
since in these host lattices the Nd3+ 4f25d states lie about 65&1600 cm-' lower than in 
LiYF4: the 4f3 + 4f25d absorption and emission structures are at longer wavelengths. 
Since the 4f3 energy levels are the same within a few 100 cm-', this means that the energy 
gap between the lowest 4f 25d and the next lower 4f level in these three crystals is smaller 
than that in LaFs. Because the phonon frequencies involved are the same as or larger than 
those in LaF3 [26], multi-phonon radiationless decay is probably more important than in 
W 3 .  

3.4.2. 4f + 4f ' quantum e$lciency. The emission observed between 300 and 550 nm is 
due to radiative decay from the Nd3+ 4f3 4D3/~ and 2P3/2 levels. The quantum efficiencies 
of transitions from these levels to lower 4f levels were estimated using the decay time 
data given in table 1. For the decay time we can write 

where l /rr  is the radiative decay rate and W is the non-radiative decay rate. In general, 
the decay rate V from a Stark multiplet (V is l/rr or W) is determined by the thermal 
population of the Stark levels: 

where are the individual decay rates for each Stark level (i.e. l / ~ ~ , ~  or Wi), gi is the 
degeneracy and Ai is the energy separation from the bottom level [28]. The 4D3/~ and 2P3,2 
Stark multiplets both consist of two levels of degeneracy gl = gz = 2. In LaF3, Ai are 
30-50 cm-' and in LiYF4 they about 100 cm-' [ll]. 
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Table 2. A rough estnnale of the Nd3* 4f3 + 4f3 quantum efficiencies r )  for decay from Ihe 
4f3 4D3jz and 2P3/2 slates. For lhe meaning of AI?, W(’)(O) and W”(0). see the texL The 
ermm in W(’)(O) were estimafed from the scatw of the data pims in the references cited. 

Host W3 LiYF4 BaY2Fs BaFl 
0.1 mol% Nd 0.1 mol% Nd 0.4 mol% Nd 0.07 mol% Nd 

A E  (cm-I) ‘ 9 1 2  1915 1111 1752 [I11 1746 I181 1935f10 
2P3D 2298 [I 11 7239 [Ill 2403 [I81 2270f50 

l/W[’)(O) (ps) :D3/2 70.1@’ [28] 8 . I p o 4  [31.26] - 37.10*05 [30] 

Tm (cm-I) [26] 36a 490 370 360 275 

P3n 550.10*0.1 I281 54.IO”’I’ [31,26l - 920.10*5 [30] 

I/W”)(O) (ps) 4D3/2 58f30b 2 15 9 34 146 
2P3/2 1136fMlb 68 206 715 3531 

~(300 K) 4D3/2 0.12 2 0.91 0.31 < 0 0.14 
Z P w  0.33 0.18 0.19 < 0 0.14 

~ ~~ ~~~~ ~~~ ~~ ~~ ~~~ 

a LaF3, LiYF4 and BaYzFu, T < IO K BaFZ (lhk WO&), T = 294 K. In general. the temFeI’atm’e dependence is 
not large (e.g. LaF3 4D3,2 at 77 K, 1936 m-‘ [Ill). 

Error due ID uncerlainIy in ~ ( 3 0 0  K) (cf. table 1). 

The non-radiative decay rates Wi can be due to multi-phonon decay withii one Nd- 
ion or to energy transfer to neighbouring Nd3’ ions or other impurities present in the 
crystal. At low doping concentrations multi-phonon decay will dominate. Since for 4f3 
levels electron-phonon interaction is weak, Wi can be written as [28] 

This is an approximation of a more detailed expression for small values of the coupling 
parameter L,g i  [29]. ii is the average number of phonons with energy hw, hw being the 
effective energy of~the phonons involved in the multi-phonon decay process. AE is the 
energy gap between the lowest Stark level of the multiplet considered and the first lower 
level. p is the effective order of the phonon emission process (we will also allow fractional 
values). For a given host material the constant Wi(0) can be expressed within about an 
order of magnitude by 

where A and a! depend on the host crystal and are about the same for each rare-earth-ion 
energy level [28,30,31]. 

We made an estimate of the quantum efficiency 11. For this, we estimated the non- 
radiative decay rate W. We assumed that Pi(T) can be approximated by a constant. 
Especially if the level splitting A2 is not large and the temperature is not too low this 
 is a reasonable approximation (see (2)). We write 

(3 
where W(0) is the effective average of Wi(0). W(0) w e  estimated in two ways. First, we 
estimated W(0)  according to (4), using the A and (Y parameters best fitting the experimental 
data [26,28,30,31]. The result is denoted W“’(0) in table 2. Second, W(0) was estimated 
using the ho values proposed by Sveshnikova et a1 [26] and using the decay times in table 1. 
The result, Wm(0), is obtained from the equation 

W”’(0) = ([5(300 K)]-’ - [s(T,,,)]-l}/([ii(300 K) + l]AE1fim - [ii(Tm) + l]AE’hm) 

(6) 
where Tm is the temperature at which the decay times in table 1 are maximal (e.g. for 

Wi = Wi(0) (ii + I ) p  ii = I/[exp@/kT) - 11 p = AEpw.  (3) 

Wi(O),2: A exp(-aAE) (4) 

W = W(0) (i + I)P 

BaFz, T m  66 K). 
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In table '2 we observe reasonable coincidence W e e n  W"'(0) and W$21(0). The 
efficiency q at room temperahre was determined from 

~ ( 3 0 0  K) = ~ ( 3 0 0  K)/s, (7) 

where r, is the estimated radiative decay time. A special case is observed for B&. Here 
the estimated non-radiative decay times I/ W(0) are shorter than the total decay times c 
(cf. tables 1 and 2). In other words, r, is negative, which is clearly not physically correct. 
If we assumed a smaller value for ho this could be avoided. The smallest value which 
still yielded a reasonable fit to the decay-time data, see figure 8. is ho = 275 cm-'. The 
efficiencies obtained using this value are included in table 2. 

I/G = I/?(T-) - W"(0) [E(T,,) + 1JAEfiw 

(4 (6) 

I 
0 IO0 209 300 

temperature (K) 

0.5 ' 
0 100 200 3 

temperature (K) 
3 

Figure 8. Experimental decay 6mes (the dara points) for the 4D3/z and 'P~/z levels obtained 
by optically exciting a BaF2:Nd (0.07 mol%) sample at 342 nm and recording the emission at 
383 run --t4 111/z transition) and 414 nm ('Pa/, +4 111/~ mnsilion). ( U )  The decay 
rate l/rW from the Nd'+ 4f3 'bj2 multiplet. The c w e s  were calculaled using the relation 
I / r ( T )  = (l/rr) + W(0) (ii + 1)p (cf. (3)). The parameters ho. W ( 0 )  and l /r ,  are 200 cm-I, 
530 s-', 16632 s-l ( m e  1); 275 cm-', 7WO s-l, IO 101 s-I (curve 2) and 325 cm", 18340 
s-'. - 1  193 s-I (CUNC 3). The energy gap is AE = 1935 cm-I. (b) As (U), but for the 
'P3j2 multiplet. The parametas iio, U'@) and I/?, are 200 cm-I, 17 s-', 883 s-* (curve 1): 
275 cm-l. 320 s-'. 575 s-' (curve 2) and 350 cm-', 1250 s-', -350 s-l (cuwe 3). The 
energy gap is AE = 2270 m-l. 

33.  Decay of the gamma-induced emission 

Using 662 keV gamma rays from a 13Cs some,  we investigated the scintiIlation decay. We 
have isolated the 4f25d --f 4f3 emission from LaF3:Nd by performing one measurement in 
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Nz atmosphere (short wavelength cut-off at 160 nm) and one in air (short-wavelength cut- 
off at 180 nm). Subsequently, the two measurements were subtracted The 4f25d -+ 4f3 
emission in other crystals was isolated by performing one measurement in air and another 
also in air, but using a uv filter (short wavelength cut-off at 280 nm) between the sample 
and the detector. 

106 

1 o5 

104 

2 lo3 
N . c,3 
I 
E 

G 102' 

IO' 

1 oo 

iu '  
10-l loo 10' IO* 103 lo4 

time (ns) 
Figure 9. 0a"a-ray-induced lumin-:ce decay of LaF3:Nd. The doping wncenmlions 
and crystal thicknesses we no crystal (curve a). 0 mol%, 5.0 mm(curve b). 3.1 mol%. 25  mm 
(curves c and d), 13.8 mol%. 2.0 mm (curves e and 0. C w e  d and f we& measured in N2 
abnosphe!; the ow curves were measured in air. The curves e and f have been multiplied by 
100 for clarity. 

The measured decay curves are shown in figures 9-11. We note that even if no sample 
was mounted on the start photomultiplier (figure 9, curve a), we still obtained a non-zero 
readout This is due to the detection by the stop photomultiplier of &erenkov light emitted 
from the quartz window of the stae photomultiplier and from the sample mounted on it. 
The peaks at a b u t  15 ns and 35 ns are artificial images of the emission near time zero due 

A compilation of the results of an analysis of the decay measurements and a comparison 
to decay times reported in the litefature is given in  table 3. We will now make a few 
comments on this table. 

(ij Cherenkov events are present in all measurements. Since the geometry and electronic 
set-up used was the same for all measurements, for small samples the contribution from 
this effect is given by figure 9, curve a Only in the largest samples is some additional 
Cherenkov signal expected. Note that Cherenkov contributions are only important below 
2 ns. 

to the electronics set-up. . ,  
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104 

10-1 100 101 102 103 104 
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Flgure 10. Gamma-ray-induced luminescence decay of 7.0 MD thick LiyF4:Nd (0.9 mol%) 
(curves a and b) and 2.3 mm thick CsYzh:Nd (3 mol%) (curves c and d). Measurements were 
performed in air. For curves b and d a uv filter (cut-off at 280 nm) was placed between the 
sample and the detector. The curves a and b have been multiplied by 100 for clarity. 

(ii) LaF3:Nd decay curves are complicated by the presence of about 0.04 mol% Ce3+ in 
the 3.1 mol% doped sample, with a decay time of 27 ns [35], and 0.004 mol% *+, with a 
decay time of 0.72 ps [12]. The concenmtions were estimated from the optical absorption 
spectra [12,34]. The 13.8 mol% Nd-doped crystal contains about 0.003 mol% P?+ and 
less than 0.004 mol% Ce3+. Despite the presence of Ce and Pr emission, the shortening 
of the Nd3+ 4f3 + 4f3 decay times when increasing the Nd3+ concentration is evident in 
figure 9. This is in agreement with data from the literature. 

(iii) The Nd3+ 4f 25d + 4f decay time observed under optical excitation in LiYF4:Nd 
(0.5 mol%) by Payne and Wilke [35] is shorter than the scintillation decay time we observe in 
the 0.9 mol% doped sample. This is indicative of a mechanism that causes Nd3+ excitation 
at later times. 

(iv) The decay at c 2 ns in BaY2Fg is not due to Cherenkov light alone. At times 
5 1 ns, the emission of figure 11, curve a, is about a factor eight more intense than the 
Cherenkov emission shown by figure 9, curve a, and the BaYzFg sample is so small that 
a Cherenkov intensity higher than that of figure 9, curve a, is unlikely. By subtracting 
figure 11, cuwe b, from curve a we obtained the emission from the BaY2Fs:Nd (0.7 mol%) 
sample in the wavelength region from 180 to 280 nm. It is described by two exponentials, 
one with a l/e decay time of 0.9 5~ 0.1 ns, and a relatively weak one with a decay time of 
16&6 ns. In the 1: 0.04 mol% doped sample, the 16 ns component was diminished relative 
to the 0.7 mol% doped sampie. Therefore we assign the 0.9 11s component to CL and the 
16 ns component to Nd3+ 4fz5d -+ 4f3 luminescence. We did not obtain evidence for CL 
emission with a decay time of 3 ns, as reported by Aleksandrov er a1 [37]. Unfortunately, 
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time (ns) 
Figure 11. Gamma-ray-induced luminescence decay of 1.0 mm thick BaY2Fs:Nd (0.7 mol%) 
(curves a and b) and 2.2 mm thick BaF2:Nd (I1 mol%) (curve c). Curves are measured in air. 
For Curve b a uv filter was placed between sample and detector. The curves a and b have teen 
multiplied by IO00 for clarity. 

Table 3. Decay times of the emission observed under gamma irradiation at room temperaulre. 
A comparison is made with data from the literature for samples with about the same Nd3+ 
Mntenr 

Nd concenwion r(4f25d) reD3p) r(2P3,2) Remarks 
Host (mol%) Figure (ns) @ S )  OlS) 

None - 9a - - - Cherenkov (c 2 ns) 
LaF3 0 9b - - - sm most) 

13.8 9ef 5.0i0.5 - 0.3 also w+ 
3.1 9c.d 6.7i0.3 12 1491 93 [49] also Ce3+ (T = 27 ns), 

PI+ (r = 0.72 ps) 

c 0.5 c 0.7 interpolated from 1491 
L i s 4  0.9 1Oa.b 4 2 3 ~ 1  - - - - 0.5 - 23 - 0.8 - 

1 - - 1.1 27 interpolated from [27l 
c s Y 2 h  3 I0C.d 11*1 - 2  - 
BaY2Fs 0.7 1la.b 16*6 - - also a (0.9 ns) 
LW2 11 11.2 - - - a (0.9 nsl. auenched SE 

1361 

our higher doped BaYzF8:Nd cystals did not permit decay measurements because they were 
very thin. In these crystals, we would expect to find only a 16 ns component in the short 
time range, CL emission being less important at high concentrations. 

(v) As in BaYzFs, in BaF2 we observed a CL component. Its decay time is 0.9 ns 



8452 R Vissef et ai 

138,391. Beyond 2 ns, the luminescence is dominated by the non-exponentially decaying, 
quenched, sn luminescence. The decay looks very similar to that of lanthanum doped 
B& [40]. 

4. Discussion 

In this section, we will mainly discuss the results for the absofption-corrected light yields 
(section 3.3), making use of the estimated Nd3+ quantum efficiencies (section 3.4). where 
appropriate, a re'mark will be made about the decay times of the Nd emission. 

In many crfstals, we observed overlap between host emission bands and Nd absorption 
bands. This rheans that non-radiative energy transfer from the host emission centres to 
Nd3+ ions is possible. For LaF3:Nd and BaF2:Nd we calculated the resulting quenching of 
the host emission and excitation of Nd3+ emission as a function of the Nd concenhation. 
These calculations are presented in section 4.1. For those cases where no overlap between 
host emissian bands and Nd3+ absorption bands was observed, we tried to explain the data 
ih terms of direct Nd3+ excitation during the scintillation process. This is discussed in 
Section 4.2. 

4.1. Energy rransferfiom host emission centres to Nd3+ ions 

In several energy-transfer processes from host emission centres (Hcs) to Nd3+ ions, h e  
numbkr NHC(~) of H C ~  host emission centres present ii the cystal after their creation at 
time t = 0 is given by 

The first term on the right-hand side describes intemal radiative and non-radiative decay of 
the host emission centre. If rwc.r is the radiative decay time and rHCW is the non-radiative 
decay time, then we have I/ZHC = (1/rHC.r) + (1/=cHC.& Thus, if H ( x )  is the primitive 
function of h(x),  the time-integrated emission intensity from host emission centres is given 
by 

The iecond term in (8) describes the energy transfer to accepting centres. We will assume 
that these are Nd3+ ions. In the energy transfer process, the Nd3+ ions will be excited 
into several states. Transitions from these states will take place with quantum efficiencies 
different for each state. Thus the time-integrated emission intensity from Nd3+ ions due to 
the energy transfer from host emission cenms is the product of the amount of Nd3+ centres 
excited multiplied by an effective quanhun efficiency q e ~ :  

We note the Occurrence of the same integral as in (9). which allows us to write 
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which is independent of the function h(x) ,  i.e. it is independent of the specific character of 
the energy-transfer process. 

We will assume that the energy-transfer process proceeds via multipolmultipole 
interaction. Slightly generalizing equation (A15) from [41] gives 

where nNd is he number density of Nd3+ ions. s = 6, 8, or 10 for dipoldpole ,  dipole- 
quadrupole, and quadrupolequadrupole interaction respectively. Ro is the distance at which 
the tiansfer rate w ( r ) ~ =  (l/rsm.r)(Ralr)S is q u i d  to the spontaneous radiative decay rate 
of the SE. For dipolddipole interaction, ROis given by [42] 

where n is the refractive index of the crysta1,hd K Y n2 is the relative electric permittivity. 
Ec is the electric field within the crystal and & that at ari atom in vacuum, such that both fields 
correspond to the same photon densities. p.Nd(E) is ihe absorption coefficient of the Nd3+ 
ions in the crystal. fmE(E) is the emission spec-. of @e donorcentre, normalized in such 
a way that 1," d E  f&E) = 1. As Dexter did 1421, w e  will approximate E/&& Y 1. 

For dipole-quadrupole interaction, we have 

where a = 1.266. 
' We will now investigate how well the host and Nd3+ emissions in LaF3 and B& 

are described in terms of the abo$e equations. (9H12) show that for this we have to 
know the parheters T,,C/THC,~, NHC(O) and qew, and also the parameters Ro, s and nNdr 
which determine the function H t x ) .  The Nd3+ concentration h ~ , ,  was known. The bther 
parameters are shown in table 4. The curves obtained using these parameters are shown in 
figures 5 and 7.' Before discussing these iesults, we explain the parameters in table 4 . ~  

Table 4. Pyameiers delermining Ihe encrgy m f e r  from HCS IO Nd'' ions. RO was mated as 
a fining parameter in figures 5 and 7. Calculated Ro values are also show?. 

BaF2 

SlE CL S E  

wc/rHCr 0.11 IS  0.48 1201 
N ~ c ( 0 )  (MeV-') 2900 i 3W 1400 171 (7560b) 
?.U 2 0.37 < 0.8 < 0.20 
3 6 8 6 6 8  
Exwrimental Ro (A) 11.410.7 10.110.8 7.6 8.6 8.8 
Calculated RI (A) 4.8 25.9 8.9 5.1 27.1, 

' Suggested by k c  weak t e m p e r "  dependence of the CL (32,331. 
From B I  of BaF2:Nd (>O mol%) data. 
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4.1.1. T H C / Z H C . ~  and N ~ c ( 0 ) .  The decay rate of the sm, which has strong electron-phonon 
coupling, is often expressed as 1431 

(15) 
where the second term on the right-hand side is the non-radiative decay rate: uo is a constant 
and E, is the activation energy. In the simplest case, the quantum efficiency is equal to 
rsm/rsE.r. We will assume this. The SE emission intensity is then given by 

~ T E  = NSTE(~)/[~ + rsm.rv~ exp(-E&T)]. (16) 
For LaF3,  we obtain from fitting of the STE intensity data in figure 3(b) the parameters 
Nsm = 2900 f 300 MeV-’, uo = 105 f 10 and Ea = 0.065 f 0.006 eV. From this 
and equation (15), the efficiency rsmlrsms at room temperature follows (cf. table 4). 

A similar analysis has been peIformed for the STE in BaF2 1201. Here Nsm(0) = 
16000 MeV-’ was found. We did not obtain a good fit using this value; fitting the BaF2:Nd 
data under exclusion of the 0 mol% sample yielded N s ~ ( 0 )  = 7560 MeV-’. CL data were 
obtained from the literature (cf. table 4) and result in a fair fit to the experimental data. 

4.1.2. qeff. The effective quantum efficiency qcr of the Nd3+ ion was obtained from 
section 3.4 and table 2. Note that host STE emission spectra only have overlap with Nd3+ 
4f + 4f absorption peaks. In the present investigation the absorption peaks near 350 nm, 
which lead to 4D3p and 2P3/2 excitation, are important The quantum efficiency of the 4D3/2 
level is larger than that given in table 2, if 2P1p emission which follows after non-radiative 
decay from the 4D3p to the 2P3/2 level is also taken into account. The efficiencies shown in 
table 4 are the average of this ‘total’ 4D3/2 efficiency and the ’P3/2 efficiency from table 2 

(17) 
where q~ and qp are the ~ ( 3 0 0  K) entries in table 2 for the 4D3/2 and the 2P3p states, 
respectively. Note that equation (17) is only approximate, since in general the weighting 
factors for the average may be different from f. 

The BaF2 CL emission sp&” mainly overlaps the Nd3+ 4f + 4f %d absorption, 
overlap with the 4f3 + 4f3 absorptions being small. The value in table 4 (< 0.8) 
pertains to the Nd3+ 4f z5d level. 

4.1.3. Experimental RO value. Using the tHC/rHC,rr N~c(0)  and qcs values in table 4 and 
equations (9). (IO) and (12), we fitted the experimental data fors = 6 and s = 8. The value 
of the fitting parameter RO is obtained from this (see ‘experimental Ro’ in table 4). 

4.1.4. Calculated Ro value. A calculation of Ro using equations (13) and (14) was also 
performed (‘calculated Ro’ in table 4). For this we used the refractive indices n = 1.625 
of LaF3 at 350 nm [23]. n = 1.54 of BaF2 at 220 nm and n = 1.50 of BaFz at 310 nm 
[MI. The I a F 3  SI% emission function fm(E) at 300 K was obtained from the absorption- 
colTected s= emission (cf. section 3.3). The functions fsm(E) and fa(E) for BaF2 were 
obtained from [45]. The absorption coefficient p ~ d ( E )  was obtained from figure 1 (after 
subtraction of the background) and from [131. The same n, f s=(E)  and p ~ d ( E )  were 
used to calculate the Ro values for s = 6 (equation (13)) and s = 8 (equation (14)). The 
integrafion was carried out over the Nd3+ absorption bands at wavelengths shorter than 
400 nm. The neglect of the contribution to the integral for wavelengths longer than 400 nm 
means that the calculated Ro values are somewhat too small (especially in LaF3: up to - 10%). Since it is not certain which equation ((13) or (14)) should be used (see below), 
we did not correct for this. 

Now we will discuss the RO values in table 4 and compare the experimental data and 
theoretical curves in figures 5 and 7. 

I / m  = WSTE.~ + vo exp(-E,/kT) 

1 Sefi = 1 [BO + (1 - SD)SP] f 4SP 
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4.1.5. CL+ Nd'+ 4f25d transfer in BaFz. In table 4, we observe that the Ro value 
calculated for the CL+Nd3+ 4f25d energy-transfer process coincides reasonably well with 
the experimental value. For this energy-transfer process we assumed s = 6, because both 
the CL and the Nd3+ 4f + 4f 25d radiative emissions are dipole allowed. Also, the fit of 
the CL emission in figure 7 is fairly good. That the CL quenching is due to energy transfer 
to Nd3+ ions is confirmed by the absence of such large quenching in BaFz:La [20]. 

A test of the theoretical Nd3+ 4f '5d + 4f emission intensity is hardly possible, since 
only at high Nd concentrations we could separate the CL and Nd3+ 4f25d 4 4f3 emission 
bands. The experimental data lie well below the theoretical curve, suggesting concentration 
quenching of the Nd3+ 4f '5d -+ 4f emission, see figure 7. 

4.1.6. =E+ Nd3+ 4f3 transfer in LaF3 and BaF2. The Ro values calculated for energy 
transfer from the STE, in which the Nd3+ ion is excited into the higher 4f3 states, for s = 6 
and s = 8, are respectively smaller and larger than the experimental values (cf. table 4). 
The STE luminescence is dipole allowed, in BaFz in any case (the decay time is short: 
630 ns [40]). Hence the Ro values suggest that the character of the Nd3+ 4f3 + 4f3 
transitions is in between electric dipole and electric quadrupole character. This is plausible, 
since in the free ion, 4f3 + 4f3 transitions are dipole forbidden, whereas if the ion is 
placed in a crystal (not at a centre of inversion) even parity wavefunctions mix in, making 
the transitions dipole allowed [46,4q. 

The theoretical curves for the S ' E  and Nd emission intensities in J.aF3 fit the 
experimental data only moderately well (cf. figure 5). This is ascribed to the calculated 
S E  intensity curve: if we bad used the expenmental S E  data in equation (11) and realizing 
that Nsm(0) = ssm.dssm [Isml.,=o, then the experimental Nd3+ 4f + 4f3 emission 
intensity would have been described very well up to - 1 mol%. At higher concentrations, 
our simple model fails to describe the drop in Nd3+ 4f --f 4f emission intensity. This 
drop is caused by energy-transfer processes between Nd3+ ions, combined with non-radiative 
phonon-assisted decay to lower 4f3 states (cross relaxation). (See for instance [48] for direct 
evidence for such processes.) These processes cause a decrease of the emission intensity 
and of the effective 4f -+ 4f decay times t& [49], which are proportional to each other. 
Indeed, the Nd3+ 4f3 + 4f3 intensity drop in figure 5 follows very well the decrease of 
the effective decay time published by Jaganath et a1 [49]. 

The theoretical description of the STE emission intensity in BaFz is reasonable for Nd 
concentrations larger than 0.1 mol%, but as pointed out earlier, the Nsm(0) value used is 
too small (cf. table 4). This suggests that the quenching of the S E  emission is not only 
due to Nd3+ 4f3 + 4f3 excitations, but also due to some other quenching process. This is 
confirmed by the fact that quenching of the STE emission in BaF2:I.a is not much weaker 
than that in BaF2:Nd. The absorption bands of La3+ are situated at a very high energy, and 
therefm have no overlap with the STE emission spectrum. 

The calculated Nd3+ 4f3 + 4f3 emission curve in figure 7 represents an upper limit, 
since it is not excluded that the Nd3+ 4f + 4f effective quantum efficiency le* in BaF2 
is less than 0.20. Probably, the deviation from this value is not very large, considering 
the fact that at low Nd concentrations the calculated curve (4f in figure 7) is close to the 
experimental data We note the drop in Nd3+ 4f3 + 4f3 emission intensity at high Nd 
concentrations, which is analogous to that in LaF3. 

4.2. Direct excitation of Nd3+ ions 

In the preceding section, we did not discuss the Nd3+ 4f25d + 4f3 emission intensity in 
LaF3. This was for the following reason. The Nd3+ 4f3 + 4f25d absorption specmm 
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in LaF3 is observed,for wavelengths shorter than 168 nm (cf. figure I),.and has beaks at 
158.4 nm ahd lower [50]. Comparing this to the STE emission spectra in figure 3(a) suggests 
that overlap between the Nd3+ 4f + 4f z5d absorption and the STE emission spectra is 
very small. Therefore, we cannot explain the Nd3+ 4fz5d -+ 4f3 emission in terms of 
energy transfer from the STE. Rather, we propose a different mechanism. We will consider 
this mechanism not only for LaF3, but also for the other crystals investigated. 

We s&t with a very crude estimate of the position of the energy bads in thd crystal. 
We will neglect electronic and lattice relaxations. Consequently the results are not expected 
to be accurate within less than a few eV. We calculate the one electron binding energy E b  

from the relation 

EL, = E: i- EM (18) 

where E: is the binding energy of the electron on the free ion and EM is the point charge 
Madelung energy at the lattice site. The electron binding energies E: are given.by the 
ionization potentials of the cations and the 3.448 eV electron affinity of the F- ion [51-531. 
The Madplung energies were calculated using Ewdd summation according to the method 
outlined in 1541. The crystal structures of LaF3, LiYF4, BaYzFs and BaFz are found in 
[55]-[59]. The structure of CsY2F7 is not known. Therefore, calculations were done for 
CsF and YF3 instead (structure: [60]). The calculated host energy bands, as well as the 
Nd3+ ground-state 4f 419,2 level are shown in table 5. The bottom of the conduction band 
is usually situated near 0 eV. Note that the Baz+ and Y3+ levels in BaYiFs are not very 
different from their positions in BaFz rind YF3 respectively. This suggests that the Cs+ 
and Y3+ levels in CsYzF, will not be very different from their positions in CsF and YF3 
respectively. The same holds for the Nd3+ level. 

Table 5. Fatimation of lhe energy levels in,the host materials investigatkd (in elecionvolts). 
Electronic and lattice rel&ons,are not included. 

LaF3 LiYF4 CsF YF3 BaYzFs EaFz 
Nd3+ 4f3 419/2 -132 - 6.5 - -11.1 -12.1 -22.88 

-2o.P 
F- 2p6 -14.1 - 7.4 -11.8 -13.9 -13.9 -12.9 

-14.5 -14.0 
- 1 4.6 

csi sp6 -~ - -16.1 - - 
Ea*+ 5ps - ~- .- - -18.9 -19.4 
La3+ 5p6 -22.1 - - -~ - - .  - 
Y3+ 4p6 - -21.9 - -33.1 -33.5 - 
l.i+ 1 3  - -776 - - - - 
a The Nd3+ ion is at an 

neightour interstitial position). 

symmetry Ea site (no compensating F-). 
Nd3+ at Ba site of C3, symmetry (due to a chargecampensating F- ion at the next-nearest- 

The position of the estimated Nd3+ ground state level in BaFz is probably too low 
by several electronvolts. This is because in BaF2, the Nd3+ ion replaces Bazc, which 
has a different electric charge. As a result, the BaFz lattice will considerably relax in the 
neighbourhood of the Nd3+ ion. The nearest neighbours, F- ions, are attracted towards the 
Nd3+ ion, so an electron at Nd3+ will be less tightly bound and the Nd3+ levels will be 
located at a higher energy. 
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Now we consider what happens if &e crystal is excited by ionizing radiation. Directly 
after excitation, there will be a small number of holes in deep energy levels and electrons 
high in the conduction band. The deep holes are soon filled by electrons from higher states, 
the released energy being used to create holes in the shallower energy bands ind electrons 
in the conduction band. Auger process&replace the high-energy free electrons with a large 
n u m b  of low-energy electrons and,holes. These processes stop as soon as the energy of 
the electrons and holes is no longer sufficient to create an extra frke electrod-hole pair. h 
chloride lattices, Elango et a1 found @at the number of electron-hole pairs present at this 
stage i s  proportional to the energy of the absorbed high-energy photon, the mean energy 
needed per electron-hole pair being (1.5-2.0) Es @I]. For a theoretical account of this see 

Smce the band gap of the materials presently considered is about 10 eV, from the above 
it seems not unreasonable to make the approximation that after the relaxation processes’ 
discussed above, holes are only present in energy bands situated below the conduction, band 
(which is at 2 0 eV) by &I energy of- 20 eV. We will assume that apart from this condition, 
the probability of the occurrence of a hole in an energy band is proportional to the number 
of electrons present in that band. This means that no efficient transfer channels between the 
energy bands exist. Then the number of excited Nd3+ ions per MeV of absorbed energy 
can’be written 

[621. 

H&E, nNd is again the Nd concentration; ni is the concentration of ions giving rise to energy 
b&d i .  pi is the number of elkcnons in energy band i per ion. The sum runs &er the 
energy hands with energy from 0 to -20 eV. Note that three is the number of Nd3+ 4f 
el&!” per ion and that 5 x 104 is the number of electrons that can be excited per MeV of 
absorbed energy, assuming an average electron excitation energy of 20 eV. We will assume 
that direct excitation of an electron from. an Nd3+ ion, thus leaving an Nd4+ ion, eventually 
leads to Nd3+ 4f25d + 4f3 emission. Then the Nd3+ 4f25d + 4f3 emission intensity is 

Using equation (19) and table 5, we calculated INd4f25d in ~ a ~ 3  assuming that qNd4f25d = 
0.8. The result is shown in figure 5, the 5d curve. For low Nd concentrations, the curve 
agrees with the experimentally observed values. 

For pure NdF3 however, we calculate XNd = 7143 MeV-’, whereas the observed 
emission intensity is only 160 photons MeV-’. This suggests that the 4f25d -+ 4f3 emission 
is concentration quenched This. is not unexpecGd, because there is some overlap between 
the Nd3+ 4f25d + 4f3 emission spectrum and the 4f3 + 4f3 absorption spectrum. The 
NdF3 decay curve is therefore expected to be non-exponential. An approximate exponential 
fit would.yield an effective decay, time of about 6.7 ns x 160/7143 = 0.15 ns (cf, table 3). 
Due to the small light output of our NdF3 samples, we were not able detect this. However, 
the value is consistent with the observation of Aleksandrov et al 1631 that the effective decay 
time is less than 1 ns. 

ForLiYF4:Nd (0.9 mol%) we calculate XNd = 56 MeV-‘. For CsY*F,:Nd (0.3 mol%), 

zNWfZ5d = I)NWf’5d XNd, where the efficiency iS qNd4fZx < 0.8 (S&tiOn 3.4). 

XNd = 19 MeV-’ and for CsY2F7:Nd (3 mol%) XNd = 187 MeV-’ are calculated. For 
BaY2Fs:Nd (0.1 mol%), XNd = 5.6 MeV-’ and for BaYZF8:Nd (10 mol%), XNd = 556 
MeV-’ are calculated. In all cases the experimentally observed 4f 25d + 4f intensities 
exceed these calculated values, although for the higher doped samples the difference is not 
very large: a factor of 1.3-2.5.. The experimental values for the lowest-doped CsY2F7 and 
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BaYzF8 also exceed the calculated values, but now by a much larger factor of 15 and 30, 
respectively (cf. figure 6(a)). This is probably due to energy transfer from HCs to Nd3+ 
ions. Especially in BaYzFs this is expected, because the intrinsic CL emission band extends 
down to 165 nm 1221, whereas the Nd3+ 4f3 + 4fz5d absorption extends up to 185 nm. 

For BaFz:Nd (11 mol%) we find X N ~  = 0 if the Nd3+ ground state is really below 
-20 eV and 900 MeV-' otherwise. Therefore, one might expect an Nd3+ 4f *5d + 4f 
light yield of several hundred photons MeV-', which is more than observed. The reason 
may be the low position of the Nd3+ level in BaFz. If the Nd" ground state lies below the 
top of the valence band then it is energetically favourable for an Nd" ion to recapture an 
electron from the valence band, leaving a nonexcited Nd3+ ion. 

5. Conclusions 

We investigated LaF3, LiYF4, CsYzF7, BaYZF8 and BaFz crystals, doped with several Nd3+ 
concentrations. The optical absorption and emission spectra show similar Nd3+ bands. 
Emissions typical of the host material (CL and sm) were also observed. From the literature 
and decay-time measurements, we deduced quantum efficiencies < 0.8 for decay from the 
Nd3+ 4f '5d states and between 0.1 and 1 for the decay from the Nd3+ 4f '+ 4D3/2 and 'P3n 
states. As an exception, in BaFz the quantum efficiencies may be lower than these values. 

Under x-ray excitation, we studied the emission intensities of the Nd3+ and host emission 
bands. In all crystals, the host emission decreased for increasing Nd concentration. The 
Nd3+ emission intensities initially increase, but at high Nd concentrations they decrease 
again. The maximum emission intensities we observed were, in photons MeV-': 

(i) N&+ 4P5d+ 4f3 emission: 500 (I&), 140 (LiYF.,), 300 (CsYzF,), 700 (BaYzFs) 
and 20 (BaFz); and 

(ii) Nd3+ 4P + 4f3 emission (at I < 550 nm): 1000 (LaF3), 200 (LiYF4, CSY2F7. 
BaYzFs) and 40 (BaF,). 

These values are approximate and pertain to very pure. crystals (the values are absorption 
corrected). The maximum values were reached at Nd concentrations of 10 mol% and - 1 mol% for the 4f25d + 4f3 and the 4f3 -+ 4f3 emissions respectively. 

We have explained the emission intensities in terms of a crude energy-transfer model. 
In this model, the centres responsible for the host emission in the undoped crystal transfer 
their energy to Nd3+ ions, which are brought into 4f3 excited states (if the HC is the ST@ 
or into 4fz5d states (if the host emission is U). Apart f" this, we proposed a mechanism 
by which Nd3+ ions are excited into 4f25d states by subsequent hole and electron capture. 

The above model does not describe the drop of the Nd3+ emission intensity at high 
concentrations, which is due to concentration quenching. Apart from this, it gives a 
reasonable semiquantitative account of the experimental data, This indicates that in the 
crystals investigated, no unexpected efficient Nd3+ excitation channels exist. 

Apart from emission intensities under x-irradiation, we also determined decay times 
of the scintillation under gamma irradiation. Nd3+ 4f25d + 4f3 emission decay times 
between 5 ns (LaF3) and 42 ns (LiYF4) were recorded. 

We may now consider the usefulness of the materials investigated as scintillators. We 
will only consider the fast Nd3+ 4f25d + 4f3 emission component. In neither of the 
materials the intensity of this component is larger than that of the fast component of pure 
BaFz (the CL), 1400 photons MeV-' [7]. Also in neither of the materials is the decay time 
shorter than the 0.9 11s decay time of the CL in BaFz. Hence, one of the Nd3+-doped materials 
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is only to he preferred instead of BaFz if the detecting medium is much more sensitive to 
the short wavelength of the Nd3+ emission maximum than to the U wavelengths. This is 
the case if the scintillator emission is detected in a wire chamber by TMAE gas, which has 
8% detection efficiency for the BaFz CL emission, hut 31% detection efficiency for the Nd3+ 
4fz5d + 4f3 emission in LaF3 1641. For a CsI photocathode similar numbers are valid. As 
a result, combined with these detectors, under optimal conditions LaF3:Nd (- 10 mol%) 
would yield an output signal, ahout 1.4 times larger than if BaFz were used. 
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