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Luminescence properties of CalW@®@ave been investigated using complementary one- and two-photon
excitation techniques. Analysis of the thermal changes in the luminescence spectra indicates that the observed
high-energy shift of the CaWQemission maximum is mainly caused by a change of position of the intrinsic
blue band. The thermal broadening and shift of this band can be interpreted satisfactorily in terms of a model
of the luminescence center interacting with the vibrating crystalline environment. The characteristic parameters
of the phonon system obtained from the experiment agree with those from earlier independent studies. Intense
laser stimulation of CaWgin the spectral regiorc505 nm ¢>2.45 eV) results in emission with spectral and
kinetics features that are characteristic of the radiative decay of éw&yanion complex in this crystal. The
kinetics of luminescence decay under two-photon excitation changes with increasing excitation density due to
exchange interaction of the elementary excitations. From a comparative analysis of the optical properties of
CaWQ, obtained in the course of two-photon and one-photon spectroscopic stabigsrption, reflection,
one- and two-photon excitation spegtrais concluded that the energy gap of the crystal ist923 eV.
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. INTRODUCTION ing lattice parameters of CaWO a=5.2429 A andc
=11.3737 A. The Ca and W sites haSg point symmetry.
Calcium tungstate is a well-known single crystalline scin-The Ca cations are eightfold coordinated by oxygen in the
tillation det?ctor of ioniZing radiation, first used in the yearsform of eight_vertex po|yhedra made up of e|ongated and
following Rontgen’s discovery of x-raysBecause of its ex- compressed tetrahedra. The W@roups have the shape of
cellent luminescence properties CaWkas found practical nearly regular tetrahedra, slightly compressed alongShe

if“p‘?”ance in many optical qpplications asa phOSPhOf’ SCiNgyis. The oxygen sites have only a trivial point symmetry
tillation counter, laser material, etc. Therefore during more, 4 o crystal has an inversion center.

than a century calcium tungstate has been investigated thor- CawQ, is an intrinsic scintillator with high light yield,

o_ughly; startlng with the early yvork of Kger who re- high quenching temperature and a broad structureless emis-
viewed the luminescence properties of the tungstate family, a.

considerable amount of data on the spectroscopy of Caw lon ba.nd'cen'tered at420 nm. It. Is gene.r.ally accepted that
has been collected by many investigator¥. The planned the emission is due to electronic transitions qf 'Fhe charge-
use of PbWQ as a scintillator in detection systems of the ransfer type between oxygen and tungstate within the anion
Large Hadron Collidéf has revived interest in tungstate ma- complex Wd ™, interpreted in the excited state as a self-
terials and comparative experimental and theoretical studiei§apped molecular excitohf'*~**In addition to the main
of CaWQ, have provided up-to-date information about its blue band, green luminescence can be detected with a rela-
electronic  structuré®  excitation and  relaxation tive intensity that is dependent on the type of excitation
processe$>~*®and optical and luminescence propertigs’  (UV-, X- or y-emission, particlesand sample quality. This
A new field of application emerged some years ago wheremission is attributed to extrinsic luminescence due to struc-
the concept of cryogenic scintillation detectors was imple-ture defects of the crystal lattice, such as W6hottky
mented for use in the search for interaction events caused hefects?! Grasseet al*? also suggested that apart from the
Dark Matter. The calcium tungstate scintillator is consideredNVO; group, the M3* impurity (i.e., Mo(f[ group can
as a most suitable target material because of its capability toontribute to the green emission.
discriminate between electron and nuclear recoils by simul- Investigations of luminescence kinetics of Caytave
taneous detection of scintillation photons and phort8@sid  been reported in a number of papéPfd.2>?*Beard et al?
optimization of its scintillation properties is becoming a pri- useda-particle excitation in the temperature range from 10
mary focus of material and luminescence reseafch. K to 375 K and observed first-order kinetics with a decay
Single crystals of CaWpwith scheelite structure crystal- constant of 5us at room temperature that increases mono-
lize in tetragonal space grou@ﬁh; it has two molecular tonically with decrease in temperature. Treadaway and
units in the primitive cell. The result of single-crystalline Powell and later Blasse and Bokke¥sgxamined the be-
x-ray-diffraction study by Hazeat al?° provides the follow-  havior of luminescence decay under UV excitation and found
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a pronounced increaspy an order of magnitudein the  sample F, a fragment cleaved from a crystal ingot obtained
decay constant for temperatures below 20 K. The measurddom Dr. Y. Usuki (Furukawa Company, JapanBoth
decay time was roughly twice the value obtained by Beardsamples were grown by the Czochralski technique from the
et al* and this was explained by different types of excitationraw materials of 99.99% purity.

used”. Born et al® obtained a shorter decay time with elec- Two experimental configurations were used in the TPE
tron beam excitation compared with that measured under UNUminescence studies. One experiment was carried out using
excitation. Overall these results are consistent with the chaffixed excitation wavelength comprising the third harmonic
acteristics of luminescence kinetics of Cayénd the dif- (355 nm output of a Q-switched YAG lasefContinium
ferences in the decay constants observed can be attributed Minilite 11; pulse duration 5 ns; repetition rate 10 Hz; power
differences in excitation conditions. The effect of excitationdensity 20—40 mW c?). For excitation in the spectral re-
density on luminescence decay has recently been analyzefon 450—600 nm a tunable laser source was (pathmet-

for lead tungstate by Itoket al?® and clarification of this ric oscillator comprising a Quanta Ray MOPO 710, pumped
issue for calcium tungstate is of interest. by a Q-switched YAG laser; pulse half-width 3—4 ns; repeti-

Two-photon spectroscopy can provide new informationtion rate 10 Hz; power density 2—12 mW cR). A detailed
concerning the nature of emission processes as it allows olalescription of the two experimental systems can be found in
servation of states that are inaccessible by traditional oneRefs. 25 and 31, respectively.
photon spectroscopy.For crystals with inversion symmetry Given the task of comparing the data obtained in the TPE
both techniques are complementary owing to the selectioluminescence study with the results of other experiments, the
rules that are very different: even parity transitions are alemission and excitation spectra of the CayWiere mea-
lowed for two-photon spectra while odd-parity transitions aresured in a wide spectral range using a 40-cm vacuum mono-
permitted in one-photon spectralnvestigation of the two- chromator of the Seya-Namioka type in combination with a
photon induced process provides basic information about thB, lamp (200 W). The band pass was adjusted to about 2 nm.
nature of the excitonic states and band properties near thEhe specimen was mounted on the copper holder of a closed
band-gap edge of the crystal that can be compared with thossycle He cryostat operating in the temperature range 8—300
obtained under one-photon high-energy excitation. From &. Luminescence was detected at a right angle to the exciting
practical perspective two-photon excited luminescence has @V-light by means of a Nikon G250 monochromator and a
critical advantage of allowing direct examination of lumines-Hamamatsu R4220 photomultiplier. The band pass of the
cence from the interior of a bulk sample, permitting the ho-analyzing monochromator was 5 nm. The luminescence
mogeneity of the light yield from massive single-crystalline spectra were corrected for the dispersiari €orrection and
scintillators to be assessé&d. for the spectral response of the detection system.

Bearing in mind the importance of such information for  The reflection spectra presented in this study were mea-
material science of scintillation detectors and because of theured for sample F using a spectroscopic facility at UVSOR
lack of pertinent studies for calcium tungstates we initiatedfor the experimental details see Ref)32
comparative investigations of the luminescence properties of

CawQ, induqed by one and two—photon exci.tati(()ﬁPE). IIl. RESULTS AND DISCUSSION
processes. Given recent progress in computational studies of _
the electronic band structure of CaWwOand other A. Temperature dependence of CaWQ luminescence

tungstate¥?*°it is believed that such experiments can be  The Juminescence spectra of the Ca\@ystal samples
consistently interpreted in the frame of the theory of elec¢ gng F, excited by UV photons in the energy range 4.3—6.5
tronic band structure of crystals providing in turn quantita-ev/ shown in Figs. 1 and 2, respectively, explicitly demon-
tive pa(ameters that are indispensable for the analysis of thgrate the effect of excitation energy on the emission spec-
theoretical results. _ ~trum. Under excitation with the low-energy photons mostly
In this paper we report on the luminescence studies Ofhe extrinsic green emission band is observed, while the
CaWQ, performed using high power pulsed laser sources fofntrinsic blue band dominates at higher excitation energies
TPE of the luminescence and rudimentary spectroscopig>s5 ev). This effect is reflected in the luminescence light
techniques for one-photon excitation. Following an examinayie|d spectra of the crystal&igs. 3a) and 3b)]. The exci-
t?on of the Iu_minescence properties of calcium tungstate, paigtion spectrum of the green component exhibits a band-like
ticularly their temperature dependence, the TPE luminesgingularity located in the edge region of the excitation spec-
cence is compared with other spectroscopic properties Giym of the blue component, which gives evidence of the
CaWQ,. These results are discussed within the current Ungefect center emission. The relative intensity of the former
derstanding of the energy-band structure of the material. Fipand in the excitation spectrum is sample dependent and can
nally the main features of the kinetics of TPE luminescencgrovide an estimate of the content of such defects. It is no-
are examined. ticeable that the dependence of changes in the emission spec-
tra on the excitation energy in the region of the edge absorp-
tion is observed in Pbwirystalg®>3334and it appears to be
a common feature of the luminescence of tungstate crystals
Two samples were examined) sample C, a polished with a scheelite structure. The position of the green and blue
(optical quality section cut from a scintillation detector emission bands also differs for the samples tested. As seen in
manufactured by SRC “Carat?Lviv, Ukraine) and (ii) Figs. 1 and 2, the emission bands measure® & have

II. EXPERIMENTAL TECHNIQUE
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FIG. 1. Normalized luminescence spectra of Ca)véample C, FIG. 3. Luminescence excitation spectra monitored at 2.95 eV
measured aT=8 K (a) and 300 K(b) under excitation with 4.49 o cawq, [(a) sample Ci(b) sample F. Spectra are measured at
(dashed lingand 5.16 eMsolid line) photons. T=8 K (1) and 300 K(2). The excitation spectrum &=8 K is

resolved into two components: the intringdashed ling and ex-
extrinsic and intrinsic peaks located at 2255 eV and  trinsic (dotted ling emission.
2.80(2.90 eV in sample @F), respectively.

Temperature increase leads to a high-energy shift ander at 4.6 eV that is associated mainly with the excitation of
broadening of the emission bands; at 300 K the maxima othe extrinsic green emission. As the sample temperature in-
the extrinsic and intrinsic emission bands are at @7 creases the onset of the excitation spectrum associated with
and 2.902.995 eV in sample @F), respectively. The above the intrinsic emission shifts to lower energies and overlaps
observations suggest that the shift of the extrinsic greethis defect band. This results in simultaneous excitation of
emission band with increased temperature is the consequenttee defect and intrinsic emissions. The onset of intrinsic blue
of an overlap of the excitation edge of the intrinsic emissionemission occurs for excitation energies above 4.7 eV.
with the nearby absorption band of the defect centers. This The main effect of temperature increase on the lumines-
suppresses their excitation and results in the spectral redisence spectra of CaWQa decrease in the emission intensity
tribution of the emitted light in favor of blue emissidgeee  and spectrum broadenir§igs. 4a) and 4b)], is a typical
also Ref. 13 Thermal changes in the luminescence excita-characteristic of luminescence materials with intrinsic
tion spectra of the crystals observed in the edge region sumissiorn®> Under excitation with 6.2 eV photons, the inte-
port this interpretatiofiFigs. 3a) and 3b)]. At a temperature grated emission intensity remains almost unchanged at low
of 8 K, the luminescence excitation spectra exhibit a shoultemperatures and decreases significantly as the temperature
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FIG. 2. Normalized luminescence spectra of Ca)l&€ample F, FIG. 4. Temperature dependences of the emission spectra of
measured alT=8 K (a) and 300 K(b) under excitation with 4.59 CaWQ, excited at 6.20 eV(a) sample C(b) sample . The num-
(dashed lingand 5.16 eMsolid line) photons. bers adjacent to the curves represent temperature in K.
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intensity (circles, intensity due to intrinsi¢squares and extrinsic
(triangles emission bands of CaWQO Empty and solid symbols
represent samples C and F, respectively. Luminescence is measuredg|g. 6. Temperature dependence of intrinsic emission bands of
under 6.20 eV photoexcitation. CaWQ,; (a) full width at half maximum andb) peak position of

the intrinsic emission band as a function of temperature. Empty and
is raised. The temperature at which this significant changeolid symbols represent samples C and F, respectively. Solid lines
sets in is sample dependent; for sample C it starts above 2Ghow the best fitting to the Eqgl) and(2). Luminescence is mea-
K and for sample F above 250 K respectively. sured under 6.20 eV photoexcitation.

A further feature to note is the high-energy shift of the

emission peak with increased temperature when excitation igsient, within experimental error limits, with that observed
performed well above the luminescence excitation edge. Fi sxperimentally for both sample8.10 and 0.05 e)/

éraew4 (Ijuer;]niﬁgzgsgecsé'lghlfrewglI-sreecogiglrfai\itb(l?\s s(;gf]rlﬁ_tgrgf oF we suppose that the above-mentioned composite structure
fect a?é based on the.com \(;Isi?e nz:tﬁre ofIC W,(Dwinles- of the intrinsic band provides support for the explanation of
P a the minor sample-dependent variation of the peak position of

cence. The intensity ratio and position of the intrinditue) ) . . .
and extrinsic(green components have been assumed to bé[h's band. According to the mod8lits appearance is gov-

temperature dependent, causing the fraction of green emig—med in a complex way by the number of parame{@ain-

sion to decrease with increasing temperature and resulting ite!l€" coupling, ligand field, spin-orbit couplingand it is

a concomitant blue shift of the detected luminescence spe@SSumed that these parameters can be sample dependent.
trum. To test this model, we performed an analysis of thel his would result_ in _dlfferent intensities of the separate
luminescence spectra using multi-Gaussian decompositionP€aks and hence in different shapes of the resultant intrinsic
The presence of two Gaussian bands in the emission spe@mission band.
trum of CawQ has been generally assunfetf:!’:2122 As is seen in Fig. 5, the green emission band makes a
should further be mentioned that Baetial. have shown in minor contribution to the total emissidtess than one-thing
recent studie§ that the intrinsic blue luminescence of and the expected effect on the shape of the luminescence
PbWQ, has an internal structuréhree bandsdue to the spectra is minor. Consequently the predicted change with
Jahn-Teller effect. Since there are no apparent experimenttgmperature of the emission intensity and peak position of
indications of such internal structure of the blue emission irthe single-Gaussian blue band closely follows that observed
CaWwQ, the two-Gaussian decomposition was considered t@xperimentally for the luminescence spectra of Ca\k@s-
be sufficient for the analysis of the luminescence spectrdals. We conclude that under photoexcitation of Ca)\(S-
However this does not eliminate the idea in itself; it coulding energies well above the luminescence excitation edge,
give a hint for understanding the sample-dependent changée defect emission does not significantly influence the ob-
of the intrinsic emission band. served temperature dependence of the luminescence. More-
The results of this decomposition analysis are consistemver, the observed features are predetermined by recombina-
for both samples, as summarized in Figs. 5 and 6. Figure Bon processes associated with the intrinditue) emission
shows that the absolute intensity of both emissions decreasband.
with temperature and, critically, changes in the integrated To explain the observed temperature shift of Ca\W®
intensity of the blue emission with temperature replicate theninescence we adopted the model of a luminescence center
temperature dependence of the integrated light yield obin a vibrating crystalline environment that would provide the
served. The position of the blue emission band peak almostasis for a quantitative approathRecent studies of the
coincides with the maximum of the luminescence spectruntemperature-induced effects in the luminescence of
[Fig. 6(b)], both of which undergo a gradual high-energy ZnS:Mr?* showed that such an approach can adequately ex-
shift with increase in temperature. The magnitude of the shifplain the observed high-energy shift of the broad band emis-
(0.11 and 0.04 eV for samples C and F respectivisycon-  sion of M ions3® Using this theoretical approach, the ex-

Temperature (K)
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pression for the temperature dependence of the half-width of 12l g s
the emission band is given as follows: = i S
£ 1o} B o 1
W(T)=Wycoth 2 w/2kT), (1) £ o8} I |
- [ 10
where W, is the width of the bandtad K and A w is the ’5 0.6 Exctaton densty (mwie)
energy of the lattice vibrations that interact with the elec- 2 o4l
tronic transitions. The position change of the emission band
with temperature can be written &s: 02r )
L. W
g IKT 005 20 25 30 35 40 45 50
E(T)=E,+CT* fo x3dx/(e*—1), 2 Energy (eV)

FIG. 7. Normalized luminescence spectra of CajWeasured
whereE, is the energy of the transitions at 0 Kwp is the  using different excitation af =300 K. Circles, TPE luminescence
characteristic energy of acoustic phonons in the Debyéonly the part of spectrum above the stimulation energy 2.58 eV,
model (cutoff energy and C is a constant. These equations indicated by arrow, was measujedolid line, photoluminescence
were employed in a numerical fit to the experimental dataunder excitation with 5.16 eV photons. The inset shows the inten-
assuming that each emission band is associated with one tyg#y of the TPE luminescence in CaWy@s a function of the density
of luminescence center. of the incident light. The straight lines represents a fit to the experi-

The result shown in Fig. (8 (solid line) can be fited ~Mmental data points using a power ld~ 1§, with k=2.
(two parameter least squayée Eg.(1) on thermal broaden-
ing of the intrinsic emission band, yielding phonon energies
of 453 meV and 42-2 meV for samples C and F, respec- that obtained under high-energy excitation. This observation
tively. These values agree reasonably well within the uncersuggests that the emission is associated with cascade stimu-
tainties of the fitting procedure, and they are also consisteri@tion of intrinsic luminescence of CaWOLuminescence
with the energy(44 me\) of the v, internal vibration mode measurements are known to be a convenient method for the
of the WQ, tetrahedra in Caw*° detection of TPE phenomena in solffsAccording to

Fitting of Eq.(2) to the experimental data was performed second-order perturbation theory the quadratic dependence
using the minimization by gradient meth¢dlIGRAD algo-  Of the emission intensity on the power density of the incident
rithm) to minimize the sum of the least squared erfshe  light signifies a TPE proce$$.Consequently the logarithm
Boltzmann distribution was numerically integrated using anof the CawQ blue luminescence intensity is proportional to
extended version of the trapezoidal réfeThe best fit§Fig.  the square of the power density of the incident lighig. 7,
6(b), solid line] were obtained with values of the phonon inserd, and this quadratic dependence provides direct evi-
cutoff energy iwp) of 26+9 meV and 1811 meV for  dence that the emission is associated with a nonlinear two-
samples F and C respectively. The comparatively large errdphoton stimulation process.
is caused by high scatter and uncertainty associated with the The excitation spectrum of TPE luminescenég. 8)
evaluation of the energy position of the intrinsic emissionwas measured at two temperatures; at 300 K the spectrum
band. Nonetheless, the numerical parameters are consistéithibits an onset in the region of 505 ni2.45 eV} and a
with the value for the phonon cutoff energy of 22 meV ob- peak at 465 nn{2.65 eV). Both the onset and peak shift to
tained from measurements of the elastic constant ofhorter wavelengths with decrease in temperature, and this
CaWQ,.*? Overall these results indicate that the phonon in-blue” shift is consistent with a thermal change in the energy
teraction with the emitting W@ center is the dominating band structure of the crystal, viz., broadening of the band
factor responsible for the line shift and temperature broaderdap- _ o
ing of the CawQ luminescence. We would like to point out A search of the literature indicates that only a couple of
that knowledge of the parameters of the phonon system is dfv0-photon studies have been conducted with tungstates.

importance for the development of cryogenic scintillation de-
1.2

tectors and the present finding shows the possibility of mak-
ing an assessment of these parameters from the results ob- F 1o}
tained by luminescence investigation. 5
£ 081 J
@
B. Two-photon excited luminescence of CaW@ io.e -
)]
Intense laser excitation having a power density § 0.4t .
>2 mWecm 2 in a spectral range significantly below the §02
luminescence excitation edgé.4 eV) stimulates blue lumi- ET
nescence in CaWf Emission spectra for sample C were 0.9

23 24 25 26 27 28 29

recorded under excitation with 2.58 eV photgiase) and Energy (eV)

photons from a UV sourcéFig. 7). The positions of the
emission bands coincide, though the laser-induced lumines- FIG. 8. Excitation spectra of TPE luminescence of CayM@a-
cence spectrum exhibits noticeable narrowing compared witbured afT =300 (solid circles and 77 K(empty circles.
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12 - - - - the magnitude of the high-energy shift of the first reflection
peak relative to the absorption edge: it is estimated to be
0.4-0.5 eV in CdWQ@ and PbWQ while being 1.6 eV in
CaWQ,. This discrepancy persists also for the band-gap en-
ergy, and the general ordering & is: CaWQ>PbWQ,
>CdWGQ,. Finally, while the onset of the TPE process
(Table ) correlates with the band gap energy in CdywO
there is a marked differendalmost 2 eV in their positions
for Caw@Q,. This requires more detailed discussion concern-
ing E,.

Togclarify this apparent inconsistency an analysis of the
energy-band structure of CaW@ required. It is commonly

FIG. 9. Optical characteristics of the CaW@rystal measured assumed that the CaW@bsorption edge is determined by
at T=300 K. Line, excitation spectra of the photoluminescence€lectric dipole-allowed *A;—*T, transitions. The 'A;
monitored at 2.9 eV: dashed and dotted lines, refled@®® and 10 —°T, or T, absorption transitions of lower energy are not
K, respectively; circles, absorption; and circles with line, excitation observed in the excitation spectra due to strong spin selection
spectrum of TPE luminescence. The abscissa value for the latter akéolation. Recent computations of the electronic band struc-
twice the photon energy of the stimulation light. Vertical dashedture of CawWQ (based on first principlesndicate that the
lines indicate the spectral position of the onsets discussed in thg)p of the valence band and the bottom of the conduction
text. band are predominantly defined by thp 2tates of oxygen

and the W 5l states, respectively. Also, the calciumd

Unpublished results of measurements of two-photon absorstates have noticeable density approximately 2 eV above the
tion spectra were used by Abrahahal® to estimate the bottom of the conduction band, and the valence-band
energy band gap in CdWQand Itohet al?® examined the maxima and conduction-band minima are located atlthe
luminescence kinetics of PbWQunder two-photon excita- point. These calculations were performed using the one-
tion. In Fig. 9 we present a comparison of the results of TPEelectron approximation and did not account for exciton ef-
luminescence experiments with those obtained by onefects. Nevertheless, an excitonic model of the luminescence
photon spectroscopy of CaW@uminescence excitation, re- has been widely used to interpret the emission and excitation
flection and absorption spectr&rom this figure, it is imme- features of CaW@ and the first reflection peak of CawO
diately evident that the excitation spectrum of TPEat~6 eV is usually interpreted as an exciton transition. The
luminescence is located above the absorption edge and thegtter is based on measurements of the excitation spectra of
onset of the luminescence excitation spe¢tr@ e\). How-  phosphorescenteand thermoluminescend?, yielding a
ever, the excitation spectrum is significantly below the 6.0threshold formation energy of free carriers-06.5 eV and 7
eV peak in the reflection spectrum which is usually inter-eV respectively. The average value-6.8 eV) has been
preted as an exciton transitiBi? It is also of interest to adopted as the band-gap energy for the Caw@stal*?
compare these results with the experimental data obtained In the above works™it has been suggested that the onset
for other tungstates, namely, CdWy@nd PbWQ (see Table of excitation corresponds to the edge of Ca states since a
), from which it is evident that the position of the absorption hole residing on the tungstate group is paired with an elec-
edge consistently coincides with the onset of the luminestron in the Ca state. It should be noted that the phosphores-
cence excitation spectra. One can recognize a difference itence is due to the recombination of spatially separated

Intensity (arb. units)

Energy (eV)

TABLE |. Optical parameters of CAWQ PbWQ, and CawQ (data are given fof =300 K unless
otherwise indicated

ParametefeV) CdWQ, PbWQ, CawQ,
TPE onset E1pp) 4.5+0.2 (Ref. 29 4.9
Luminescence excitation onseg,(;,) 3.7 (Ref. 59 4.05(Ref. 39 4.4
3.9 (Ref. 59 3.7 (Ref. 15 4.4 (Ref. 15
Absorption edge E ;o) 3.8 (Ref. 56 3.9 (Ref. 59 4.4
3.8 (Ref. 58 4.3 (Ref. 59
Reflection peak £, ;) 4.3 (Ref. 60 4.3 (Ref. 61 6.0
4.3 (Ref. 55 4.29 (Ref. 32 6.0 (Ref. 17
Band-gap energyHy) 4.3 (Ref. 29 4.6 (Ref. 17 5.2+0.3
4.5 (Ref. 17 4.7 (Ref. 13 6.8 (Ref. 12
6.0 (Ref. 17)
#Present study.
b HeT.
°LNT.
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charged particles and includes a long-lasting stage of migra-
tion to the emission centers. Since the model of tungstate
luminescence assumes the emission center to be a closed-
shell oxyanion complex Wﬁj that can host only positive
charge the above suggestion appears to be reasonably sound.
Taking into account thatl states of calcium exhibit notice-
able density about 2-3 eV above the conduction-band
minimat? it is likely that published values dE, are signifi- M

0.1¢

Intensity (arb. units)

cantly overestimated.
Based on the foregoing arguments we suggest that the 6.0 0.01
eV peak reflects the joint density of the p 2and W W
states. This would support the interpretation that the exciton
transition of CaWQ is located at energies less than 6.0 eV  FIG. 10. Decay kinetics of the TPE luminescence of CawO
and that its oscillator strength is too small to be observedneasured aff=300 K under excitation with 2.58 eV photons
even at low temperaturdsee Fig. 9. Additionally it should ~ (sample C, dotsand 3.49 eV photongsample F, ling
be noted that the first reflection peak in Cay® unusually
broad and exhibits an extended low-energy tail, in contrast
with the results of PbWQ(see Fig. 4 in Ref. 32 5.5 eV. The emission resulting from excitation in the’Bi
Given the results of the measurements of TPE spectra, @bsorption band4.4 eV) is due to radiative decay of a
should be possible to reconcile the spectroscopic results otwO3~ complex perturbed by B ion whereas excitation at
tained by revising the value of the energy gap of CalWWO 5.5 eV results in emission that is characteristic of intrinsic
Because of inversion symmetry of the crystalline lattice, theemission of Caw@ caused by radiative decay of excitons
direct band-to-band absorption transitions must be parity forself-trapped at regular WZ?Q oxyanion complexes. The de-
bidden for the two-photon absorption of Caw@t thel'  cay kinetics of the latter are complex, indicating that both
point®’ From a classical perspective the TPE spectrumypes of emission centers are excited. The energy range
should start in the energy region just below the energy gap dibove 5 eV was identified as a fundamental absorption re-

the crystai® since a strong electron-phonon coupling resultsgion of calcium tungstate that is in line with our interpreta-
in a shift of the two-photon excitation edge towards lowertjon.

energy’® Assuming that the difference between the onset of
the TPE spectrum anliy is about 0.3 eV, we suggest an
estimate for the value of the energy gap of CayMO be
~5.2 eV. The value of 0.3 eV is derived from the typical ~As mentioned above, the measurements of the decay ki-
difference in the spectral position of the energy gap and th@etics of TPE luminescence were performed using experi-
TPE spectrum onset in halide crystd1$>4¢ Such a shift, mental apparatus in two laboratories with different excitation
unless quantified, introduces substantial uncertainty in théonditions: sample C was excited with 2.58 eV photons
analysis and it may therefore be more prudent to specify &power density 2—12 mW cnf) generated by an optical
range between 4.9 eV and 5.5 eV for the energy gap oparametric oscillator while a third harmonic of a YAG laser
CaWO,. Despite this large uncertainty, the main point we (Eex=3.49 eV, power density 20—40 mW cif) was used
wish to make is that, on the basis of the interpretation of thdor excitation of sample F. Despite these differences, the de-
experimental and theoretical results discussed above, the ey kinetics of both samples are simil&ig. 10, exhibiting
ergy gap of calcium tungstate appears to be at a significantl§ singular exponential decay with decay constants8.1
lower value than the previously accepted value of 6.8 eV. =0.5us and 7.6:0.2 us at 300 K for samples C and F
Let us finally consider how this finding agrees with the respectively. These values are greater than that observed un-
data on the energy structure of CaWa@Vith the new value ~der particle excitation (5s at 300 K by Beardet al;* on
of band gap taken as 5.2 eV the absorption band overlap- the other hand Koepket al*® resolved two decay compo-
ping the first reflection peak can be interpreted as a diredients having time constants of Qu& and 9.2us at room
transition at the point starting from the valence band with temperature using an excimer lasar{308 nm) as excita-
predominantly O P-states and terminating at WdSstates.  tion source, where the long lived component dominated the
The higher energy structure, appearing above 7 eV, is likelgmission.
to be due to transitions from the valence band to the upper The measured luminescence decay time decreases signifi-
part of the conduction band dominated by Ca-S8ates. A  cantly with increasing temperatut€ig. 11) in the elevated
comparison of the calculated density of the states with théemperature region, while in the low-temperature region the
reflection spectra of Cawf(see Fig. 16 in Ref. J2also  changes are less pronounced. The decay kinetics retain a
gives a fairly reasonable qualitative correlation when thesingle-exponential character with decrease in temperature,
threshold of the former aligns with this new value&f. and at 8 K the decay constant for sample F is 15.1
In the context of this discussion it is worth noting the =0.2 us. Given the model of the WP molecular complex
results of a recent study of bismuth-doped Ca)NRef. 47  as the emitting center in CaWdimplying that the lower
where the decay kinetics were found to undergo a significanfT, and 3T,— A, spin-forbidden transitions account for the
change when the excitation energy was varied from 4.4 tintrinsic luminescendethe temperature dependence of the

0 10 20 30 40 50 60
Time (ps)

C. Luminescence decay time under two-photon excitation
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the exchange interaction between elementary excitations in-

R — troduces a competing nonradiative decay proc&ss.Simi-

10F “tay, : lar to that suggested by Itoét al?® for lead tungstate the
g AR most probable mechanism of the exchange interaction under
2 high-excitation density is Auger-decay of two excitons self-
2 1l . _ trapped on adjacent V\ﬁO oxyanion groups, which would
& . result in the nonradiative relaxation of one self-trapped exci-

ton and the decomposition of another.

0.1

(I) 1(I)0 2(I)0 3(;'0 4(I]0 5(I)0
Temperature (K) IV. CONCLUSIONS

FIG. 11. Temperature dependence of the decay time of the TPE | this study comparative investigations of the lumines-
luminescence of Canngasured under excitation with 2.58 eV ..o properties of calcium tungstate crystals have been per-
22058/“;(;?&% C, solid circlgsand 3.49 eV photongsample F, formed using one- and two-photon excitation techniques. A

detailed analysis of the temperature dependence of the lumi-

nescence spectra obtained under UV excitation shows that
kinetics of the luminescence can be interpreted in terms of ghe observed high-energy shift of the Ca@nission arises
conventional three-level model of the emission center inaimost entirely from the position change of the intrinsic blue
tungstates®?*Since our examinations do not extend below 8band, and not from the relative change in the intensity of the
K, in this study we did not endeavor to carry out modeling ofintrinsic and extrinsic bands, as suggested previously. The
the luminescence dynamics that is very sensitive to the valughermal changes in the intrinsic emission band of CaVs(@
of decay constant in the milli-kelvin range; we refer to theinterpreted in terms of a model of electron-phonon interac-
model elaborated thoroughly by Muet al'® and more re- tion with the luminescence center. The luminescence kinetics
cently by Nikl et al** of calcium tungstate examined under two-photon excitation

At 77 K the measured luminescence lifetime of sample Cwere found to be fully consistent in terms of characteristics
was found to be 17:80.7 us. This value is essentially the and decay constants with those observed in other lumines-
same as that reported by Grasserl® who used UV exci- Cence experiments where high-energy excitation is used.
tation, and comparable to that-(L5 us) measured under This study has also demonstrated that the magnitude of the
pulse x-ray excitation at 100 . It is noticeably that decay excitation density in the TPE luminescence experiment influ-

time of sample C is consistently larger than that measured fof"CeS the kinetics of the luminescence decay, and this is due

sample F at all measurement temperatures, as seen in Fig. ¢ an exchange interaction of elementary excitations simi-

The dependence of the Caly@minescence kinetics on arly to the eﬁgct_Known for one-photon excitation.
e . T o The most significant result of the study is the outcome of
excitation density is shown in Fig. 12. The emission decay.

. : . . ... ’a comparative analysis of the spectral characteristics of
fume d_ecreases gradually with an increase n the exc_|tat|o&awo4 obtained by investigation of the energy states that
|nte.ns_|ty. Therefore we suppose that the @ﬁerence in th% e inaccessible by traditional spectroscopy. From the results
emission decay c.onstant obseryed is most I|_kelly to.be causefiained we conciude that the previously used value of en-
py the difference in power density of the excitation light qsedergy gap of CaW@has been substantially overestimated and
in_the tWPZ experiments (sample C, power density yocommend that a value &,=5.2+0.3 eV is adopted. This
~5 mWem <, whereas a factor of 48 higher was used for,5ye is consistent with the main experimental results and
sample . The effect of the excitation density on the lumi- 5154 with the calculated scheme of energy band structure of
nescence decay kinetics can be explained by assuming th@fe crystal. Finally, we suggest that the TPE luminescence
technique has the advantage of allowing analysis of lumines-
19.0 —————————— cence produced within the interior of large single-crystalline

sl ] objects, whereas other luminescence methods can usually
1 only probe a thin surface layer and consequently the lumi-
g 180 ‘\ nescence measurements are strongly affected by surface ef-
- [ fects. This capability is particularly important when consid-
5"5 {E 1 ering the stringent requirements for quality inspection of
8 17.0 L . cryogenic scintillating detectors that are to be used in search
° e . for rare events.
16.5 E
16'00 2 4 6 8 10 12 14 16
Excitation intensity (mW/cm?) ACKNOWLEDGMENTS
FIG. 12. Decay time of TPE luminescence of Cay\é3 a func- This work was supported in part by PPARC Grant No.
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