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Abstract. Nd**-doped LaF3, LiYFy, CsYFy, BaY;F; and BaF> crystals were investigated. For
scintillator applications, the characteristics of the fast Nd>* 4f25d — 4f3 emission component
is of intetest. The effective 46254 — 4f3 scintillation decay time under gamma irradiation was
found to vary from 5 to 42 ns, depending on the hast lattice. Light yields were deteemined
under x-ray excitaion. The 4F25d — 4f3 output from many samples was seriously affected by
impurity absorptions. After comecting for these, an estimate was made of the maximum possible
4f25d — 4f light yield to be expected in very pure Nd**-doped crystals. In neither of the

" cases was a 4f25d — 4£3 light yield of more than about 1000 photons per MeV of x-ray energy
found, In addition to Nd*+ 4£25d ~» 4f3 emission, Nd>+ 4f® — 4f% and host emissions were
also recorded at wavelengths shorter than 550 nm. A semi-quantitative model i is given for the
Nd3+ 4£254 — 4%, 3, 4f% — 463 and host ‘emission intensities.

1 Intmciuction '

It has been shown by Yang and DeLuca [1,2] that Nd**, Er>* or Tm>* doping in several

fluoride lattices gives rise to fluorescence in the vacuum ultra-violet (VUV) region, due to
4f"~154 — 4f" transitions in these ions. This observation was made under excitation by
VUV photons or 10 keV electrons. Yang and DeL.uca suggested the possibility of VUV lasing
using these dopants. In LaF;:Nd, optically purnped lasing has been shown by Waynant [3].

Because of its emission in the VUV region, LaF3:Nd has also been considered as a
scintillator for gamma-ray detection, In combination with a (VUV-sensitive) wire cha.mber .
it may be used as a detector in positron emission tomography [4-6].

For the LaFs:Nd crystal they studied, Gruwé and Tavemier [6] found an Nd**
af 25d — 4f% light yield six times smaller than that of the short-wavelength (< 245 nm)
cross-luminescence (CL) component of BaF,, which is 1400 photons per MeV of absorbed
gamma ray energy (photons MeV~") [7]. Hence, they concluded that LaF;:Nd did not seem
t0 be a promising scintillator material. However, in this work only one LaFi:Nd crystal
was investigated.

It can be expected that the scmtlllator performance depends on the Nd concentration
and on the host lattice. In the present study we performed a systématic investigation
of LaF,, LiYF,, CsY,F;, BaY,F; and Ban crystals doped with Na*t at many dlfferent
concentrations.

0953-8084/93/448437424807.50 @ 1993 :IOP,Publishihrg Ld 8437



8438 R Visser et al

We studied the emission at wavelengths shorter than 550 nm, i.e. the wavelengths that
can be detected by 2 bialkali photocathode. We observed emission originating from Nd>+
4f25d and 4f> excited states and also different kinds of host emission: CL and self-trapped
exciton (STE) emission. The present paper is concerned 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 LaF;, BaY.Fy, and BaFs crystal boules were giown 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 LaF; crystals containing more than 10 mol% Nd?* 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
NdF;. 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 LaF;:Nd crystals were not clear, but (partly)
opaque. Otherwise their appearance was good. The BaF;:Nd crystals were all transparent.
The BaY,Fz:Nd crystal boules were largely polycrystalline, but small translucent samples
could be obtained from the lower-doped boules. Useful measurements on the higher doped
Ba¥,F;:Nd could only be done using very thin samples,

The LiYF,; and CsY:F; crystals were obtained from N M Khaidukov at the N §
Kurnakov 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. CsY,F; 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 VMS502
monochromator, an ARC 775 deuterium lamp or a W lamp and a Thorn EMI 9426 or
Philips XP2020Q photomultiplier tube. High-energy excitation of the crystals was performed
using an x-ray fube with a Cu anode, operated at 35 kV and 25 mA. The x-ray excited
emission spectra were compared 1o those from pure BaF, samples, measured under identical
experimental conditions. From this, and the known BaF, light yield of 1.1x10* photons
MeV-! [7,8], light yields were determined. Optical decay measurements were performed
with a Lambda Physik LPD-3002 dye laser pumped by an LPX-100 excimer laser. The
experimental set-up has been described in detail in [9].

Scintillation decay measurements were performed using 2 '7Cs gamma source, which
emits 662 keV photons. This measurement is based on the single-photon-counting technique
described by Bollinger and Thomas [10], 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 160-600 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,
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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 32. Using the .
absorption and emission spectra we estimated the emission that would result from very
pure Nd-doped LaF;, LiYF,, CsY2F;, BaY,Fz and BaFs. The results from. this absorption-
correction procedure are presented in section 3.3. In section 3.4, using data from literature
and from optical decay measurements (for BaF,:Nd}, we give an estimation of the quantum
efficiencies of the Nd3+ 4f25d — 4f3 and 4f® — 4f? 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 specira

Figure. 1 shows the absorption spectra of typical samples. At wavelengths longer than
240 nm the characteristic Nd>* 4f — 4 absorption lines aré observed [11]. The intense
absorption at wavelengths shorter than 190 nm is due to Nd** 4f3 — 4f25d transitions.
The absorption edge shifts to longer wavelengths in the sequence LaF,, LiYFy, Cs¥ql,
BaYng, BaF;. -

~ The absorption spectra in ﬁgure 1 of the Nd-doped LaF; and BaFs crystals show impurity
Prit 4f2 — 4f5d absorption bands near 180 and 210 nm respectively [12, 13]. Beside Nd**
‘and Pr3t absorptmn, a gradual increase of the absorptmn towards shorter wavelengths is
observed in most crystals, Such stractureless absorption was reported before in LaF; crystals
grown from not very well purified source material [14].

In absorptlon spectrum d, figure 1, of 0.45 mm thick BaY,Fg:Nd (1.2 mol%), the bands
at 157 and 178 nm are due to Nd*+ 4*:'3 —> 41254 transitions [15]. 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 P2+ or Ce*t impurities, since these ions absorb at other wavelengths [15].
An absorption structure, similar to the ~ 192 nm-band in BaY»Fz and also peaking about
14 nm above the highest-wavelength 4f> — 4£25d absorption band of Nd**, was observed
in LaF;:Nd samples of bad quality. :

32. X-my :na’uced emission spectra

- Figure 2 shows the emission spectra, obtained from the samples of figure 1, under x-ray
excitation. Except for the BaF,:Nd sample shown, the spectra are dominated by Nd**
emission. At wavelengths shorter than 300 nm, Nd®+ 4f%5d — 4f* emission is observed.
We note the gradual increase of the peak wavelength of the Nd** 4f25d — 4f> emission

. in the sequence LaFs, LiYF,, CsY,F;, BaY,F;, BaF,. This is due to the shift of the 4F25d

states to lower energies, which was also observed in the absorption spectra.

. At the low spectral resolution of figure 2, the 4f25d — 4f> emission consists of three
bands. The most intense band, which is.located at the shortest wavelength, can be assigned
to transitions from the lowest 4£25d level to the 4f% *I; levels. The other two bands are
assigned to transitions from the lowest 4f25d level to the energy levels between the 4f3
“Fa2 and the lowest 4£3 2Dsy levels [11]. The most intense band was also investigated at
- . 1.5 nm wavelength resolution (FwWHM). 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
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200 300. 400 500 samples. The spectral resolution is 1.5 nm
(FwHM). For clarity, the spectra have been

wavelength (am) multiplied by the factors shown.

at 182 nm and another at 186 nm. The height of the former band was 1.3+0.2 times that of
the latter one. These two peaks were also observed by Deviatkova et af [16] using optical
excitation into the higher-energy Nd** 4f® — 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 4f — 4f25d transition was excited, using 176 nm light.

We did not study the 4f* — 4f emission bands at 4 spectral resolution better than that

shown in figure 2. More detailed spectra can be found in {17} for LaF;, [18)] for Ba¥Y,Fs,
and [19] and {20] for BaFs.
" Emission bands not arising from Nd** were also found. In Lan, Pt emission bands at
251, 272 and 397 nm originating from the 'Sy level are observed in the emission spectrum a
in figure 2 [17, 12}. In the weakly doped LaF; crystals, we observed an appreciable amount
of host luminescence. This is shown in figure 3. Brixner er af [21] assigned this host
emission band to Vg—e recombination. We will call this host emission STE emission. At
room temperature, the S‘l‘E emission is cons;derably thermally quenched, which is evident
from figure 3.

Host emission was also found in BaYgFg After correcting for the absorption by the
sample itself, we found 2 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-induced emission spectta
{not absorption corrected) of 2,0 mm thick
LaFa:Nd (13.8 mol%) (curve a), 7.0 mm
thick Li¥YFa:Nd (0.9 mol%) (cuwrve b),
2.3 mun thick CsY2F7:Nd (3.0 mol%) (carye
¢}, 0.45 mm thick BaY2Fg:Nd (1.2 mol%)
(curve d), and 2.2 wim thick BaFyNd (1t
! ! I I l 1 ! * " mol%) {curve e). The spectral resolution is
" about 5 nm {(FWHM). For clanty, the spectra
200, 300 400 - 300 a, b, ¢ dand e have been shified by 0
20, 30, 50 and 65 photons MeV ™" nm~ b,

respectively.”

wavelength (nm}

These values are only accurate within an error of about 40 nin, The pait extcndmg from 4
to 7.5 eV has been reported on before and ascribed to CL emigsion [22].

_ In BaF;, host emission dominates the emission spectrum. Figure 2, spectrum e, bleariy
shows the presence of the CL bands near 195 and 220 nm and the broad STE emission
band centred near 300 nm [39]. Very weak Nd** 4f25d — 4f? and N@** 4f3.— 4f3
emission is present in the spectra. The emission at 192 nm in the 11 mol% doped sample
is more intense than expected if only CI, were present, which indicates that the main Nd**
4f35d — 413 emission peak is located in this wavelength reglon. Weak 4f° — 4f3 bands
at 382 and 412 nm can also be observed

3.3. Absorptz'on-carrected x-ray—induced light output

The optical absorption of many samples greatly influenced thé emission intensity, For a
" large part, the optical absorption is due to unwanted impurities, especially in the short-
wavelength range. We are interested in the number of photons emitted in the samples,
" before absorption by the sample itself. This quantity is obtained by correctmg the emission
spectra for the absorptions. Generally, at about 400 nm no correction was necessary. At
this wavelength, in clear samples the measured transmission was 2n/(n® + 1) within efror.
Here n is the refractive index (at 400 nm). The quotient is the theoretically expected



8442 R Visser et al

r T T T 1 T ]
[ () ]
10°F 3
Z i ]
g L
S
s 1W0F 3
= r .
= © -
R r
& - -
= %1 .
£ i
5 o : .
g 10 300K i
, I
i
10t f !
| | 1 1 |
200 300 400 500
wavelength (nm)
510°

O]

s

Lk

3

2

& 110® F ]
b L

‘@

5

E

2-10°

10007TEK]

Figure 3. (¢) Emission spectra for a nominally pure 0.45 mm thick LaF; sample, recorded at
different temperatures. Beside host emission, weak impurity bands are visible due to Nd**+, The

spectral resolution is 4 nm (FwHM). (6) The temperature dependence of the total light output.
The theoretical 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 72 increases. For instance, in LaF; an(n2 +1)=0.51at 2.0
am and 0.87 at 0.2 pm [23]. 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. :
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Figure 4, Absorption-corrected Na* 4£25d - 48 and 463 - 4f3 exnission bands in LaF.
The spectral resolution is 4 nm (FwHM).

The optical path length through the crystaf covered by photons from the lamp in an
absorption measurement or from the thin emitting surface layer of the crystal in an x-ray-
excited emission measurement are about the same. The reason for this is that in the emission
meastrements, the sample was placed in between the x-ray tube and the entrance slits of
the mongchromator, such that only photons emitted at right angles to the crystal surface
were detected, The same amangement was used in the absorption measurements, but now
the x-ray tube was replaced with a lamp. From this and the preceding paragragh, it follows
that the number of photons created in the crystal, ie. the absorption-corrected emission
spectrim, is simply the measured emission spectrum divided by the measured fransmission
spectrum and multiplied by the measured transmission at 400 nm. Here 2 small error is
made because the factor 2n/(r® 4- 1), which is wavelength dependent, is replaced with a
fixed value (at 400 nm). This was done because the refractive index was not known for
each crystal at ali wavelengths.

Some samples were not clear, but polycrystalline or opague. This may be due to
O contamiaation, as was pointed out by Korczak and Mikolajezak [24]. This caused
scattering of incident light, resulting in a lower measuored transmission af all wavelengths.
The measured emission intensity is not very much affected by scattering of light in the
wrystal, because the light is emitted in alf directions. Therefore, for these crystals also the

‘bove absorption comection is reasonable, since correction is necessary only for the bulk
sorption, and not for the scattering. The bulk abscrption is described by the measured
nsmaission spectium, divided by the transmission at 400 nm.

Ir general, the absorption-corrected emission spectra could be decomposed into a limited

wber of bands. The absorption-corrected Na™ 4£254 — 4f2 and 4f3 — 4f% emission

's obtained for LaF; are shown in figure 4. The absorption-corrected STE emission band
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Figure 5. Absorption-corrected emission intensities from LaFa:Ndt crystals. The x-ray-
induced intensities for wavelengths < 550 nm of the N¢* 4f25d — 4f% bands (5d) and
of the 4f% —» 4f? bands (4f), and of the LaF; host emission (STE) are shown. Downward
pointing arrows mean that the intensity may be lower than indicated. The 0.02 mol% data
pertain to a < 0.02 mol% doped sample. The curves were calculated using (19) (5d) or (9)-(13)
and the LaFy data in table 4 for s = 6 (STE and 4f). For s = 8, very similar 5TE and 4f curves
were obtained, All 54 data were multiplied by 100 for clarity.

is similar to the broad bands shown in figure 3{a): it is a structureless 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 LaF;:Nd emission spectra could be described-as a
weighted sum of the Nd** 4f25d — 4f3, N&®* 4f3 — 4f2 and STE emission bands. Such a
decomposition of the emission spectra into Nd>* 4£25d — 4f3, Nd** 4f* — 4f%, and host
emission bands was performed for each of the host lattices. Minor emission components
from unwanted trace impurities (e.g. P’ 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 LaF;, in
figure 6 for LiYFs, CsYoF7 and BaY,F; and in figure 7 for BaPF,.

In the Nd**-doped LiYF, and CsY.F; samples, we did not observe host emission.
However, in a pure CsY,F; crystal an STE-like emission band has been observed. The
maximum is located at about 300 nm and the width of the band is about 150 nm (FWHM).
Its intensity is 10020 photons MeV~" at 294 K and 10002200 photons MeV~! at 100 K.

The (absorption-corrected) emission intensity of the BaY.Fy host luminescence was
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Figure 6. X-ray induced intensity of the Nd*t 4£25d ~» 4F3 (g) and N&** 4£% - 4f* (b)
absorpuon-oorrected emission bands (for A < 550 nm) fromr N3+ -doped LlYF4, C5Y2F7 a.nd
BaY,Fg. The curves are merely guides to the eye. .
T T T '17
_ CL 44
4l STE® o |
0 . ) i ow
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ry
]03 3 R
10% ¢ ] Figure 7. X-ray induced emission intensities of
the oL, sTE, N&®T 4f3 — 43 and Nd** 4r25d —»
4f% bands in BaF:Nd (respectively denoted cL,
“STE, 4f and 5d in the figure). The data polnts at
4 x 103 mol% pertain to-a nominally undoped
S10'F 1 .BaF; sample. The open CL and STE data points are
_from [25], nomalized to the intensities cL= 1400
and STE= 9500 photoiis MeV~! in the undoped

'“1'0.2 — ‘IIO.l B 1o° o 1! BaF [71. The curves were caleulated using (9)-

: {13) and the BaF; CL and STE data for 5 = 6 in
Nd conc. (mo}%) table 4.

500-:100 photons MeV~! at Nd concentrations up to. 1 mol%. For higher Nd concentrations
the light yield decreases. In the 15 mol% doped sampie less than 200 photons MeV~!
remair. o

3.4. Estimation of the Na** 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 BaFy) 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 Nd>* 4f3 D3y and 2P3s excited states. LaFs,
LiYF4 and BaY2Fy data are from literature; BaF; data are from this work. The experimental -
emors in most data are a few per cent.

Host LaF3 [49,27) LiYFy [27] BaY2Fz [18] BaFz
0.1 mol% Nd 0.1 mol% 0.4mol% Nd (.07 mol% Nd

6K 77K 300K 6K 3001(; 6K 60K 300K 4K 66 K 300K

(¥ 72} 346 227 1.3 L3 42 45 27 42 58 14
42 13.5
T(3P3;2) 4005 2127 50 35 116 116 50 1040 1107 232
421 225

the Nd>* 425d, 4f2 *D3/3 and 413 2Py, levels. The 4f25d — 4f* and 4f> — 4f emission
bands we observed are due to transitions from these levels to lower Nd®* levels. Below we
successively discuss the 4f25d — 4f° and 4f> — 4f> quantum efficiencies.

341, 4f%5d — 4f° quantum efficiency. Yang and DeLuca [1,2] have found that the
quantum efficiency of transitions from the lowest Nd** 4f25d state in 0.1 mol% doped YF;
and LuF; 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 4f* configuration)
when optically exciting the Nd** ions into the 4£25d states. For 0.5 mol% doped LaF; and
LiYF,, the 4f% —> 4£25d related bands in the excitation spectrum of the 388 nm emission
were also very weak. This suggests that in these host lattices, the 4£25d — 4f° quantum
efficiency may be high too.

In CsY,F;, BaY;Fg and BaF,, the Nd3* 4f25d — 4f* quantum efficiency may be lower,
since in these host lattices the Nd*T 4f25d states lie about 650-1600 cm~! lower than in
LiYF,: the 4f> — 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 Iowest 4f25d and the next lower 4> level in these three crystals is smaller
than that in LaF;. Because the phonon frequencies involved are the same as or larger than
those in LaF; [26], multi-phonon radiationless decay is probably more important than in
LaF;. '

34.2. 4f° — 4f 7 quantum efficiency. The emission observed between 300 and 550 nm is
due to radiative decay from the Nd** 4f3 4D;; and 2P5; 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 T we can write

1t =1t +W ' 1)

where 1/7; 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 1/% or W) is determined by the thermal
population of the Stark levels:

—Svp oy = —A; g =2
V-zijv.nm Pi(T) = gi exp—= /Zi)grexp o )

where V; are the individual decay rates for each Stark level (ie. 1/7.; or W}), g; is the
degeneracy and A; is the energy separation from the boitom level [28]. The *Ds s, and 2Py

Stark multiplets both consist of two levels of degeneracy g1 = g5 = 2. In LaF, A; are
30-50 cm™! and in LiYF; they about 100 cm™! [11].
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Table 2, A rough estimate of the Nd* 4f% — 4f7 quantum efficiencies # for decay from the
4f% 4D3yp and %P3z states. For the meaning of AE, W (0) and W®H(0), see the text. The
errors in W) (0) were estimated from the scatter of the data points in the references cited.

- Host LaFy : LiYFs BaYsFy BaFz
- 0.1 mol% Nd 0.1 mol% Nd 0.4 mol% Nd 0.07 mol% Nd
AE (em™h®  Dyp 1915 {11] S 1752[H] . 1746 [18) 1935410
Pep 2298 [11] 2239 [11] 2403 {18] - 227050
YWD (us) Dy 701050 28] 810%™ 31,260 — - - 37-10%05 [30)
o P32~ 550.10%01 [28) - 54.10%04{31,26) — . - 920-10%5 [30]
hio» (cm™1) [26] . 360 00 - - 370 T 360 . 275 .
/W@ (us) ~ D3y’ 584300 . zIs 9 34 146
_ Py . 1136607 " 68 . 206 ' 715 3531
7(300 K) oy 002 2091 0.31 <0 014
Py 033 0.18 0.19 <0 014

® LaF3, LiYF4 and BaYFg, T < 10 K; BaF; (this work), T =294 K. ln gencral the 1emperature dependenoe is
not large {e.g LaFs *Dsz at 77 K, 1936 cm~! [11]).
® Error due 1o uncertainty in (300 K) (cf. table 1).

The non-radiative decay rates W; can be due to multi-phonon decay within one Nd**+
ion or to energy transfer to neighbouring Nd>* 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, W; can be wntten as [28]

W = W;(0) (n + 1)? i = 1/[exp(hew/kT) — 1] p=AE/ho. 3
This is an approximation of a more detailed expression for small values of the coupling
parameter L,g2 [29]. 7 is the average number of phonons with energy #iw, fiw 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
fevel. p is the effective order of the phonon emission process (we will also allow fractional

values).” For a given host material the constant W;(0) can be expressed within about an
order of magnitude by -

Wi{0) =~ Aexp(—x AE) @4

.where A and o 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 efﬁc1ency 1. ' For this, we estimated the non-

radiative decay rate W. ‘We assumed that P;(T") can be approximated by a constant.

Especially if the level splitting A, is not large and the temperature is not too low this
is a reasonable approximation (see (2)). We write

W= W(0) ¢+ 1)? : &)
where W(0) is the effective average of W;(0). W(0) was estimated in two ways. First, we
estimated W(0) according to (4), using the A and o parameters best fitting the experimental
 data [26,28, 30, 31]. The result is denoted W“’(O) in table 2. Second, W{0) was estimated

using the e values proposed by Sveshnikova et al [26] and using the decay times in table 1.
The result, W (0), is obtained from the equation

w?(© = {[z(300 K)]“‘—[r(rm)r }{[A@oo K)+1]”’”‘” [A(Tmax) + 1 ]Wﬁ‘“} |
©®

where Ty is the tempetaturc at which the decay times in table 1 are maximat (e.g. for
BaF, Tnax = 66 K).
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in table 2 we observe reascnable coincidence between W0) and W2(0). The
efficiency » at room temperature was determined from

7(300 K) = 7(300 K) /7 1/% = 1/7(Tax) — WO O) [7(Tngr) + 1254 160

where 7 is the estimated radiative decay time. A special case is observed for BaF,. Here
the estimated non-radiative decay times 1/W(0) are shorter than the total decay times
(cf. tables 1 and 2). In other words, T, is negative, which is clearly not physically correct.
If we assumed a smaller value for fiw this could be avoided. The smallest value which
still yielded a reasonable fit to the decay-time data, see figure 8, is fiw = 275 cm~"!. The
efficiencies obtained using this value are included in table 2.

{a) (®)
8 V T T T Y T 5
al
% =
= : 3
2 £
= =
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g g 2
i
] 1 i L L ol B . 0_5 o 1 L [} L
0 100 200 - 300 0 100 200 300
temperature (K) " temperature (K}

Figure 8. Experimental decay imes {the data points) for the *Dyy; and 2Ps; levels obtained
by optically exciting a BaF:Nd (0.07 mo!%) sample at 342 nm and recording the emission at
383 nm (*Dy;z —* I;1;2 transition) and 414 nm (P3;; -4 Lyyjz transition). () The decay
rate 1/7(T) from the Nd** 4f* 4D/, multiplet. The curves were calculated using the relation
1/e(T) = (/) + W) (7 + 1)P (cf. (3)). The parameters ke, W(0) and 1/7 are 200 em™1,
530571, 16632 57 (curve 1% 275 em™!, 7000 571, 10101 s~ (curve 2) and 325 cm~', 18340
57!, —1193 57! (curve 3). The energy gap is AE = 1935 cm~!. (b) As (a), but for the
232 miultiplet, The parameters fi, W(0) and 1/ are 200 cm~!, 17 5™, 883 s~! (curve 1);
275 cm™!, 320 571, 575 s~ (curve 2) and 350 em™!, 1250 s™!, ~350 s~! (curve 3). The
energy gap is AE = 2270 cm™!, :

3.5. Decay of the gamma-induced emission

Using 662 keV gamma rays from 2 '¥'Cs source, we investigated the scintillation decay. We
have jsolated the 4£25d — 4f3 emission from LaF;:Nd by performing one measurement in
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- N atmosphere (short wavelength cut-off at 160 nm) and one in air (shont-wavelength cut-
off at 180 nm}. Subsequently, the two measurements were subtracted. The 4F253 — 4f3
emission in other crystals was isolated by performing one measurement in air and another
also in air, but using a UV filter (short wavelengﬂl cut-off at 280 nm). benveen the sample
and the detector. : .

. ].(ﬁ § T ‘lll“li L] lllllllj 3 lllllill T Ili”].l T 7TV
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o o d,
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.- Figure 9. Gamma-ray- mduoed luminescente decay of LaF3:Nd. The dupmg concentrations
and crystal thicknesses are no crystal (curve a), 0 mol%, 5.0 mm{curve b), 3.1 mol%, 2.5 mm
(curves ¢ and d), 13.8 mol%, 2.0 mm (curves e and f). Curve d and f were measured in Ny
atmosphere; the other curves were measured in air. The curves € and f have been multiplied by
10¢ 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 Cherenkov light emitted
from the quartz window of the start photomultiplier and from the sample mounted on it.
The peaks at about 15 ns and 35 ns are artificial images of the emission near time zero due
to the electronics set-up. :

A compilation of the results of an analy31s of the decay measurements and a comparison
to decay times reported in the hterature is given in table 3. We will now make a few
comments on this table. : -

(1) Cherenkov events are present in alI 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, cwrve a. Ouly in the largest samples is some additional
Cherenkov 51gna1 expected Note that Cherenkov contributions are only important be]ow
2 ns.
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Figure 10. Gamma-ray-induced luminescence decay of 7.0 mm thick LiYFa:Nd (0.9 mol%)
(curves a and b} and 2.3 mm thick CsY2F7:Nd (3 mol%) (curves ¢ 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.

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

(ifi) The Nd*+ 4f25d — 4f* decay time observed under optical excitation in LiYF,:Nd
(0.5 mol%) by Payne and Wilke [36] is shorter than the scintillation decay time we observe in
the 0.9 mol% doped sample. This is indicative of a mechanism that causes Nd** excitation
at later times.

{(iv) The decay at < 2 ns in BaY,F; is not due to Cherenkov light alone. At times

< 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 BaY;F; sample is so small that
a Cherenkov intensity higher than that of figure 9, curve a, is unlikely. By subtracting
figure 11, curve b, from curve a we obtained the emission from the BaY,Fg:Nd (0.7 mol%)
sample in the wavelength region from 180 to 280 nm. It is described by two exponentials,
one with a 1/e decay fime of 0.9 & 0.1 ns, and a relatively weak one with a decay time of
16:£6 ns. In the 2~ 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 ns component to CL and the
16 ns component to Nd*+ 4f25d — 4f* luminescence. We did not obtain evidence for CL
emission with a decay time of 3 ns, as reported by Aleksandrov et al [37]. Unfortunately,
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Figure 11. Gamma-ray-induced luminescence decay of 1.0 mm thick BaY2Fg:Nd (0.7 mol%})
(curves a and b) and 2.2 mm thick BaF2:Nd (11 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 been
multiplied by 1000 for clarity. :

Table 3. Decay times of the emission observed under gamma irradiation at room temperature.
A comparison is made with data from the literature for samples with about the same Nd**
content. -

. Nd concentration r(af25d)  t(*Dz2)  t(*Pyz)  Remarks
Host (mol%) Figare {ns) =~ {us) {28}
None — 9a - — —_ - Cherenkov (< 2 ns)
LaF; 0 9 — — g STE (host)
31 9c,d 6.740.3 12 {491 93 [49] also Ce®* (7 =27 ms),
o Pt (7 = 0.72 ps)
13.8 Se,f 5.0+0.5 ~ 0.3 also Pr+
<035 <0.7 interpolated from [49]
Li¥Yyry = 09 10a,b 42+1 _ - —
~0.5 — 23 ~0.8 L — [36] :
1 - - 27 interpolated from [27]
CsYFr 3 mc.'q 1141 ~2 —_ .
BaY;Fz 0.7 iiab 66 — - also cL (0.9 ns)
BaF; 1 11c - = = cL (0.9 ns), quenched STE

our higher doped BaY,Fy:Nd crystals 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 BaY;Fs, in BaF; we observed a CL compornent. Its decay time is 0.9 ns
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{38,39]. Beyond 2 ns, the luminescence is dominated by the non-exponentially decaying,

quenched, STE luminescence. The decay looks very similar 1o that of lanthamum doped
BaF, [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 Nd°>* quantum efficiencies (section 3.4). Where
appropriate, a rémark will be made about the decay times of the Nd emission.

In many crystals, we observed overlap between host emission bands and Nd absorption
bands. This dheans that non-vadiative energy transfer from the host emission centres fo
Nd** ions is possible. For LaF3:Nd and BaF;:Nd we calculated the resulting guenching of
the host emission and excitation of Nd** emission as a function of the Nd concentration.
These calculations are presented in section 4,1. For those cases where no dverlap between
hést emissioh bands and Nd** absorption bands was observed, we tried to explain the data
i terms of direct Nd** excitation during the scintillation process. This is discussed in
section 4.2. - :

4.1. Energy transfer from host emission centres to Nd>* ions

In several energy-transfer processes from host emission centres (HCs) to Nd*t jons, the

number Nyc(f) of HCs host emission centres present in the crystal after their creation at
timeé ¢ = 0 is given by

dNgc(r)/dt = —{1 + bt /7uc) | Nuc(t) /tuc. (8)

The first term on the right-hand side describes internal radiative and non-radiative decay of
the host emission centre. If Tyc, is the radiative decay time and Tyc o is the non-radiative
decay time, then we have 1/Tuc = (1/Thc,) + (1/Tuc.ar). Thus, if H(x) is the pnmmve
function of A(x), the time-integrated emission intensity from host emission centres is given
by

e = f qp Moc®) _ mme o) f dx expl—x — H(x)]. ©)

THC,r THC,r

The Second term in (8) describes the eriergy transfer to accepting centres. We will assume
that these are Nd** ions. In the energy transfer process; the Nd® ions will be excited
into several states. Transitions from these states will take place with quantum efficiencies
différent for each state. Thus the time-integrated emission intensity from Nd** ions due to
the energy transfer from host emission centres is the product of the amount of Na*+ centres
excited multiplied by an effective quantum efficiency. g

Ind = Tee f dtk( ) Nic(®) = Nett Nuic(0) (1— f dx exp[.—x—H(xj]). (10)
0 THC ¢

THC

We note the decurrence of the same integral as in (9), which allows us to write

Ing = fest [Nizc(0) ~ Tuc Tric./ Thc (11)
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which is independent of the function A(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 mulupele—mulupole
interaction. Slightly generalizing equation (A15) from [41] gives

H(t/muc) = 3RS (zuc/ e T(1 ~ 3/s) nna (/7)™ o (12)

where nyg is the number density of Nd*t ions, s = 6, 8, or 10 for dipole—dipole, dipole—
quadrupole, and quadrupole—quadrupole interaction respectively. Ry is the distance at which
the transfer rate w(r) = (1/tstE,HRo/7) is equal to the spontaneous Tadiative decay rate
of the STE For drpole—drpole interaction, Ro is gwen by 421 '

;_,W( £ )“ f fore(B) e (B®) |
K= \7E) |, & _E4nNd B

where 7 is thie refractive index of the crystal and k = #? is the relative electric perrmmvrty

Ec is the electric field within the crystal and & that at an atom in vacuum, such that both fields

correspond to the same photon densities. ftng (E) is the absorpnon coefficient of the Nd>*

ions in the erystal. ferg(E) is the emission spectrum of the donor centre, normalized in such

a way that j;) dE fste(E) = 1. As Dexter did [42], we will approx:mate E/ Sk Sc o~ 1
For dlpole--quadrupole mteractron wé have -

: 135355 f s1e(E) .UwN:t(E)
8 i Jrdbkakah it hoh it i
.RD =~ (\/_ ) f dE Eonmg _ {14

where ot = 1.266.

" We will now investigate how well the host and Nd*+ emrss;ons in LaF; and BaF,
are deseribed in terms of the above equations. (9)(12) show that for this we have to
know the parameters Tyc/Tucs, Nuc(0) and 7y, and also the parameters Rg, s and nng,
which determine the function H{x). The Nd*t concentration nng was known. The other
parameters are shown in table 4. The curves obtained using these parameters are shown in
figures 5 and 7. Before dtscussmg these results we explam the parameters in table 4.

Table 4. Parameters determining the energy transfer from Hes to Nd®t jons. Ry was treated as
a fitting pa.rameter in ﬁgures 5 and 7. Ca.lculated Ry values are also showr.

LaFg ' : . BaF;

7 _ ) - STE @ C L SE - 7
THE/ THO.. : 0.11 - 1# 0.43 120
Niucl(0) Mev™h) - 2900 =+ 300 1400 [7] (7560%)

g .- ' =037 <08 - £020
5 6 8 .6 - 6 '
Experimental Ry (A) 114207 101208 76 86 38

Calculated RG (A} 48 259 89 51 21

* Suggestad by the weak temperature dependenee of the oL 32, 33]
® From fit of Ban Nd (>0 mol%) daia. '
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4.1.1. tye/tucy and Nyc(0). The decay rate of the STE, which has strong eleciron—~phonon
coupling, is often expressed as [43]

1/7s1e = 1/%s16, + Vo €XD(—Ea/KT) (15)
where the second termn on the right-hand side is the non-radiative decay rate: v is a constant
and E, is the activation energy. In the simplest case, the quantum efficiency is equal to

TsTE/ TsTE - We will assume this. The STE emission intensity is then given by
' Istg = NstE(0)/[1 4 7518, V0 €XP(—Ea/RT)]. (16)
For LaF;, we obtain from fitting of the STE intensity data in figure 3(b) the parameters
Nste = 2900 & 300 MeV™), 751519 = 105 &= 10 and E, = 0.065 - 0.006 eV. From this
and equation (15), the efficiency Tste/TsTer at room temperature follows (cf. table 4).

A similar analysis has been performed for the STE in BaF; [20]. Here Ngre(0) =
16000 MeV~! was found. We did not obtain a good fit using this value; fitting the BaF»:Nd
data under exclusion of the 0 moi% sample yielded Nse(0) = 7560 MeV-1, CL data were
obtained from the literature (cf. table 4) and result in a fair fit to the experimental data.

4.1.2. ness. The effective quantum efficiency nesr of the Nd*t jon was obtained from
section 3.4 and table 2. Note that host STE emission spectra only have overlap with Na*+
4f3 — 43 absorption peaks. In the present investigation the absotption peaks near 350 nm,
which lead to “Ds; and 2P3), excitation, are important. The quantum efficiency of the *D3/,
level is larger than that given in table 2, if *P3;, emission which follows after non-radiative
decay from the *Dj 3 to the 2P3, level is also taken into account. The efficiencies shown in
table 4 are the average of this ‘total’ D3, efficiency and the 2Py, efficiency from table 2:

ner = 3 [np + (1 — np)nel + Lnp (17
where np and np are the 5(300 K) entries in table 2 for the “Dsp; and the 2P3p states,
respectively. Nate that equation (17) is only approximate, since in general the weighting
factors for the average may be different from 1.

The BaF, CL emission spectrum mainly overlaps the Nd** 4f3 — 4f25d absorption,

overlap with the 4> — 4f3 absorptions being small. The 5. value in table 4 (< 0.8)
pertains to the Nd*+ 4£254 level.

4.1.3. Experimental Ry value. Using the tuc/Tuc,, Nuc(0) and n.¢ values in table 4 and
equations (9), (10) and (12), we fitted the experimental data for s = 6 and 5 = 8, The value
of the fitting parameter R, is obtained from this (see ‘experimental Ry’ in table 4).

4.14. Caicuiated Ry value. A calculation of Ry using equations (13) and (14) was also
performed (‘calculated Ry’ in table 4). For this we used the refractive indices n = 1.625
of LaF; at 350 nm [23], n = 1.54 of BaF, at 220 nm and n = 1.50 of BaF; at 310 nm
[44]. The LaF; STE emission function fsre(E) at 300 K was obtained from the absorption-
corrected STE emission (cf. section 3.3). The functions fsre(E) and for(E) for BaF, were
obtzined from [45). The absorption coefficient ung(E) was obtained from figure 1 (after
subtraction of the background) and from [13]. The same r, forg(E) and png(E) were
used to calculate the Ry values for s = 6 {equation (13)) and s = & (equation (14)). The
integration was carried out over the Nd* 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 Ry values are somewhat too smali (especially in LaFs: up to
~ 10%). Since it is not certain which equation ((13) or (14)) shouid be used (see below),
we did not correct for this.

Now we will discuss the Rp values in table 4 and compare the experimental data and
theoretical curves in figures 5 and 7.
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4.1.5. cL— Nd’* 4f25d transfer in BaF;. In table 4, we observe that the R, value
calculated for the CL—Nd*t 4£25d 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 Nd**+ 4f3 — 4£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 Nd>* ions is confirmed by the absence of such large quenching in BaF,:La [20].

A test of the theoretical Nd_.3+ 4£25d — 4f3 emission intensity is hardly possible, since
only at high Nd concentrations we could separate the CL and Nd*+ 4£25d —» 4f* emission
‘bands. The experimental data lie well below the theoretical curve, suggesting concentration
quenching of the Nd>*+ 4f25d — 4f3 emission, see figure 7.

4.1.6. STE= Nd>* 4f° transfer in LaF 3 and BaF ;. The Ry values calculated for energy

transfer from the STE, in which the Nd*¥ ion is excited into the higher 4f? 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 BaF, in any case (the decay time is short:
630 ns [40]). Hence the Ry values suggest that the character of the N&*t 4f3 — 4f3
transitions is in between electric dipole and electric quadrupole character. This is plansible,
since in the free ion, 4f% — 4f3 transitions are dipole forbidden, whereas if the ion is
placed in a crystal (not at a centre of inversion) even parity wavcfuncuons mix in, making
the transitions dipole allowed [46, 47].

. The theoretical curves for the STE and Nd emission mtensmes in LaF; fit the
experimental data only moderately well (cf. figure 5). This is ascribed to the calculated
STE intensity curve: if we had used the experimental STE data in equation (11) and realizing
that Ns7e(0) = Ts7E+/Ts1E [IsTRIn 0. then the experimental Nd*+ 4f® — 4f> emission
intensity would have been described very well up to ~ 1 mol%. At higher concentrations,
-our simple model fails to describe the drop in Na*™ 4f* — 4f? emission intensity. This
drop is caused by energy-transfer processes between Nd>* 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° — 4f3 decay times Test [49], which are proportional to each other.

Indeed, the Nd** 4f > 4f> intensity drop in figure 5 follows very well the decrease of
the effective decay time published by Jaganath er al [491.

_The theoretical description of the STE emission intensity in BaF; is reasonable for Nd
‘concentrations larger than 0.1 mol%, but as pointed out earlier, the Nste(0) value used is
- too small (cf. table 4). This suggests that the quenching of the STE emission is not only

due to Nd*+ 4f% — 4f3 excitations, but also due to some other quenching process.. This is

confirmed by the fact that quenching of the STE emission in BaF;:La is not much weaker

than that in BaF,:Nd. The absorption bands of La** are situated at a very hlgh energy, and
- therefore have no overlap with the STE emission spectrum..

The calculated Nd>* 4f3 — 4f® emission curve in figure 7 represents an upper limit,
‘since it is not excluded. that the Nd3*+ 4f3 — 4f3 effective quantum efficiency neg in BaFs
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 Nd® 4f3 — 4f? emission intensity at high Nd
concentrations, which is analogous to that in LaFs.

4.2. Direct excitation of Nd*¥ ions -

~ In the preceding section, we did not discuss the Nd*+ 4£25d — 4f* emission intensity in
LaF;. This was for the following reason. The Nd&** 4f3 — 4f25d absorption spectrum
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in LaF; is observed for wavelengths shorter than 168 nm (cf. figure 1) and has peaks at
158.4 nm and lower [SO] Cornparing this to the STE emission spectra in ﬁgure 3(a) suggests
that overlap between the Nd** 4f3 — 4f25d absorption and the STE emission spectra is
very small. Therefore, we cannot explain the Nd>* 4f25d ~» 4f® emission in terms of
energy n'ansfer from the STE. Rather, we propose a different mechanism. We will consider
this mechanism not only for LaF;, but also for the other crystals investigated.

We start with a very crude estimate of the position of the energy bands in the 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 Ep

from the relation

Ey=E} + Em (18)

where E f is the binding energy of the electron on the free ion and Ey is the point charge
Madelung energy at the lattice site. The electron binding energies E]:| are given by the
tonization potentials of the cations and the 3.448 eV electron affinity of the F~ ion [51-53].

The Madelung energies were calculated using Ewald summation according to the method
outlined in [54]. The crystal structures of LaFs, LiYF,, BaY,Fs and BaF, are found in
[55]- [59] The structure of CsY,F; is not known. Therefore, calculations were done for
CsF and YF; instead (structure: [60]). The calculated host energy bands, as well as the
Nd** ground-state 4f> Iy, level are shown in table 5. The bottom of the conduction band
is usually situated néar O eV. Note that the Ba?t and Y** levels in BaY,Fg are not very
different from their positions in BaF, and YF; respectively. This suggests that the Cs™
and Y3+ levels in CsY,F; will not be very different from their positions m CsF and YF3
respectively. The same holds for the Nd** level.

Table 5. Estimation of the energy levels .in,th'e host materials investigatéd (in electi'onvolts).
Electronic and lattice relaxations are not included.

LaFi  LiYFy  GsF YF; BaYaFg BaFz

N&* 48 %Ly, =132 — 65 — -7 -1zl -8
: T 202k
F~ 2p8 -141 - 74 =118 =139 -139 -12.9
—145 —140
—-14.6
Cs* 5p8 —_— - = -167 — -
Balt 5pf F — — —  -189 ~19.4
La*t 5p6 -227 - _— = — —_
Y3+ 4p6 — -27% - 331 -3 5 —
Lit 152 — =724 — — — -

® The Nd>* ion is at an Oy, symmetry Ba site (no compensating F-), _
b Nd3* at Ba site of Cs, symmetry (due to a charge-compensating F* ion at the next-nearest-
neighbour interstitial position).

The position of the estimated Nd*t ground state level in BaF; is probably too low
by several electronvolts. This is because in BaF,, the Nd** ion replaces Ba?*, which
has a different electric charge. As a result, the BaF; lattice will considerably relax in the
neighbourhood of the Nd>* ion. The nearest neighbours, F~ ions, are attracted towards the
Nd&** ion, so an electron at Nd®* will be less tightly bound and the Nd** levels will be
located at a higher energy.
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Now we consider what happens if the crystal i is excited by ionizing radiation. Dlrectly
after excitation, there will be a simall 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 ieleased energy being used to create holes in the shallower energy bands and electrons
in the conduction band. Auger processes replace the high-energy free electrons with a large
number of low-energy clectrons and holes. These processes stop as soon as the energy of

. the electrons and holes is no longer sufﬁment to create an extra free electron—hole pair. In
chloride lattices, Elango er ai- found that the number of electron-tole pairs present at this
stage is proportional to the energy of the absorbed high-energy photon, the mean energy
needed per electron-hole | pan' being (1.5-2.0). E [61]. For a theoretical account of this see
[62]. '

Since the band gap of the matenals presently considered is about 10 eV from the above
it seems not unreasonable to make the approximation that after the relaxation proccsses'
discussed above, holes are only present in energy bands situated below the conduction band _
(which is at > 0 eV) by an energy of v 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 excnted Nd3*t ions per MeV of absorbed energy
can be written ,

Xna = [SnNd/(3nNd + Zp,n,)] x5 x 104 MCV_]. - (19

Here, npg is agam the Nd concentration; n; is the concentratton of ions giving rise to energy
band i. p; is the number of electrons in energy band { per ion. The sum runs over the
energy bands with energy from 0 to —20 eV. Note that three is the number of Nd3+ 4f
electrons per ion and that Sx 10% i is the number of electrons that can be excited per MeV of
absorbed energy, assuming an average electron excitatiori energy of 20 eV. We will assume
- that direct excitation of an electron from an Nd** jon, thus leaving an Nd** ion, eventually
leads to Nd** 4f25d — 4f emission. Then the Nd®* 4f25d — 4f* emission mtensny is
Inaarisd = Yinasrzse Xng, Where the efﬁcwncy i Nnaerzsa < 0.8 (sectlon 3.4).

Using equation (19) and table 5, we calculated Ingas2sq in LaFs assuming that fngarzsq =
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 NdF; however, we caiculate Xyng = 7143 MeV-! , whereas ‘the observed
emission intensity is only 160 photons MeV—", This suggests that the 425d — 4f* emission
is concentration quenched. This is not unexpected, because there is some overlap between
the Nd** 4f25d — 4f* emiission spectrum and the 4£> ~» 4f? absorption spectrum. The
NdF; 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 16077 143 = 0.15 ns (cf. table 3).
Due to the small light output of our NdF; samples, we were not able to detect this. However,
the value is consistent with the observation of Aleksandrov et al [63] that the effective decay
time is less than 1 ns.

- For LiYF4:Nd (0.9 mol%) we calculate Xng =56 Me’\/"l For CsY,F7:Nd (0.3 mol%),
Xng = 19 MeV~! and for CsY,F7:Nd (3 mol%) Xng = 187 MeV-! are calculated. For
BaYng ‘Nd (0.1 mol9%), Xna = 5.6 MeV—! and for BaY,Fy:Nd (10 mol%), Xng = 556
MeV~! are calculated. In all cases the experimentally observed 4£25d — 4f3 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 CsY,F; and
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BaY,F; also exceed the calculated values, but now by a much larger factor of 15 and 30,
respectively {cf. figure 6(g)). This is probably due to energy transfer from HCs to Nd*+
ions. Especially in Ba¥Y,Fg this is expected, because the intrinsic CL emission band extends
down to 165 nm [22], whereas the Nd*+ 4f* — 4f25d absorption extends up to 185 nm.

For BaF;:Nd (11 mol%) we find Xyg == O if the Nd** ground state is really below
—20 eV and 900 MeV~! otherwise. Therefore, one might expect an Nd3* 4f25d — 4f3
light yield of several hundred photons MeV~1, which is more than observed. The reason
may be the low position of the N&** level in BaF,. If the Nd>* ground state lies below the
top of the valence band, then it is energetically favourable for an Nd*t ion to recapture an
electron from the valence band, leaving a non-excited N>t ion.

5. Conclusions
We investigated LaF;, LiYF,, CsY,F;, BaY;Fs and BaF, crystals, doped with several Nd3*+
concentrations. The optical absorption and emission spectra show similar Nd3* bands.
Emissions typical of the host material {CL and STE) were also observed. From the literature
and decay-time measurements, we deduced quantum efficiencies < 0.8 for decay from the
N+ 4£254 states and between 0.1 and 1 for the decay from the Nd&** 4f>* D3/, and 2P3 5
states. As an exception, in Bal 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 ail crystals, the host emission decreased for increasing Nd concentration, The
Nd** emission intensities initially increase, but at high Nd concentrations they decrease
again. The maximum emission intensities we observed were, in photons MeV-!:

() Na* 4250 4f3 emission: 500 (LaFs), 140 (LiYEy), 300 (CsYF), 700 (BaY.Fs)
and 20 (BaF;); and

(i) Nd*t 4f° — 4f° emission (at A < 550 nm): 1000 (LaF3), 200 (LiYFs, CsY.F,
BaY,Fg) 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 4f> ~» 4f> 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 Nd>* ions, which are brought into 4f> excited states (if the HC is the STE)
or into 4£25d states (if the host emission is CL). Apart from this, we proposed a mechanism
by which Nd** ions are excited into 4£25d states by subsequent hole and electron capture.

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

Apart from emission intensities under x-irradiation, we also determined decay times
of the scintillation under gamma irradiation. Nd&** 4f25d — 4f> emission decay times
between 5 ns (LaF3) and 42 ns (LiYF;) were recorded.

We may now consider the usefulness of the materials investigated as scintillators. We
will only consider the fast Nd** 4f25d — 4f? cmission component. In neither of the
materials the intensity of this component is larger than that of the fast component of pure
BaF; (the CL), 1400 photons MeV~! [7]. Also in neither of the materials is the decay time
shorter than the 0.9 ns decay time of the CL in BaF,. Hence, one of the Nd*+-doped materials
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is only to be preferred instead of BaF, if the detecting medium is much more sensitive to
the short wavelength of the Nd®* emission maximum than to the CL 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 BaF; CL emission, but 31% detection efficiency for the Nd**
4f25d — 4f3 emission in LaF3 [64]. For a Csl photocathode similar numbers are valid. As
a result, combined with these detectors, under optimal conditions LaF;:Nd (~ 10 mol%)
would yield an output signal, about 1.4 times larger than if BaF, were used.
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