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Transient responses of the dielectric permittivity: ¢, —ie, of rare-earth-doped dielectric crystals under
pulsed laser excitation were studied by the 8-mm microwave resonator technique at room temperature. The
fluorite-type crystals (Cal SrF, and Bak) which contained divalent ions of Sm, Eu, and Tm, as well as
Lu,(SiO,)O and Y;Als04, doped with trivalent Ce ions were investigated. The dielectric response to a laser
pulse contains two different types of signals: electronic and heating ones. The electronic peak, which is quite
fast (from 40 to 100 ns or mojeis the signature of electrons released into the conduction band following an
impurity photoionization. The prolonged heating signal has a sawtooth form on which oscillations are imposed.
It is due to modulation of the dielectric constant by a sudden temperature rise and subsequent elastic vibrations
of the sample caused by the energy absorbed from the laser pulse. In different crystals the electronic peak was
caused by the transient response of eithere,, or a mixture of the two. The modulation of the dielectric loss
factor e, corresponds to conventional photoconductivity, i.e., the photoexcitation of mobile electrons. The
modulation of the dielectric constant corresponds to the photoexcitation of “bound” electrons, probably
captured by traps. The threshold energies of photons at which the photoionization of rare-earth ions may occur,
were determined for CaESn?™ (3.3 eV) and Lw,(Si0,)0:Ce™ (3.1 eV). In fluorite-type crystals doped with
st or Tm?* ions, the significant reduction of a lifetime of electrons in a conduction band was revealed with
an increase in energy of laser pulses. In,SHu crystal the record-high signals of “photoconductivity” were
observed upon excitation by VIS light in the optical region of “transparency” of this crystal. The microwave
resonant technique may be used for detail studying the photoionization dynamics of rare-earth ions and finding
the location of their energy levels with respect to the host conduction band in doped insulators.
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[. INTRODUCTION ing difficult to suppress or minimize. Furthermore, for acti-
vator ions at the beginning of the rare-earth series, which
It is well known that high-energy excitatior(svith UV, contain a small number offdelectrons, a quite high concen-
VUV, x, or eveny rays of rare-earth(RE) ions embedded in tration is necessary to carry out the measureriénn the
a wide-band-gap crystalline material can lead to ionization obther hand, the energy gdf,. between the rare-earth ion
impurities and delocalization of electrons. So, to control ex-ground level and the bottom of the conduction band may be
citation and emission mechanisms in luminescent materialsbtainedvia photocurrent measurements. However, in rare-
(for mercury-free fluorescent tubes, plasma display panelsgarth doped insulating materials, the weakness of photocur-
VUV detectors in wafer steppers, fast scintillators, tunablerents to be detectedypically between 10*2— 106 A/cm?)
UV or VUV lasers, eto, it is necessary to study the quantum and polarization problems due to the use of blocking contacts
efficiency of the RE ion photoionization process, the lifetimemake measurements very delicife.
and mobility of photoexcited electrons, as well as the loca- For the detailed study of the rare-earth ion photoioniza-
tion of the RE energy levels within the forbidden band gap.tion and determininds. in RE-doped insulators, a micro-
Various experimental approaches have been applied in th@ave resonator technique might be used. This “contactless”
past to measure the energy gap either between the valentechnique should be able to detect the dielectric response of
band and the rare-earth ion ground stafgj, or between a rare-earth doped crystal inserted in a resonant microwave
the rare-earth ion ground state and the conduction bandavity and irradiated by photons of sufficient energy to in-
(Ego) of crystals. FoiE, 4 evaluation, conventional x-ray or duce the rare-earth photoionization. The first results of pho-
UV photoelectron spectroscogXPS or UPS, respectively  toconductivity measurements with this microwave method in
which are based on kinetic energy measurement of emittedielectric crystals were recently reported in Ref. 5. Previ-
photoelectrons, can be uskA.resonant photoemission tech- ously, microwave measurements of photoconductivity were
nique, combined with a refined and improved electrostatiperformed for crystals possessing semiconducting
point-charge model, was recently proved to be a more powpropertieS° For dielectric crystals, however, observable
erful tool; however, it needs a tunable VUV excitation sourcesignals are supposed to be considerably smaller than those
such as synchrotron radiatiéfithe main obstacle in apply- for semiconductors. So, in this case it is necessary to apply
ing these techniques is the large positive charge generated frighly sensitive hardware developed for EPR experiméhts.
the crystal by removing electrons, these charging effects be- In this work we applied such hardware for recording the
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transient responses of the rare-earth-doped dielectric crystal Let us estimate the capacity of the microwave method for
permittivity under pulsed laser excitation of the RE ion photoconductivity measurements upon pulsed laser excita-
41"~ 15d states. The resonator method of measurements wittion of dielectric crystals. 1 is the quantum efficiency of
microwaves ofA~8 mm was used. We investigated Sm-, an incident photon to generate a photoelectron and if such a
Eu-, and Tm-doped fluorite-type crystals for which “photo- free electron in the crystal conduction band has a mohility
active” 4f"~15d absorption bands are located in the nearthe sensitivity of the technique can be estimated by the
infrared, visible or near ultraviolet spectral rarfgehich are  evaluation of O ) min, the minimum value for which pho-
easily accessible with tunable lasers. We also investigatetbconductivity is still detectable. Pulsed laser irradiation with
two  scintillator  crystals:  Lu(SiO,)O:C€" and average poweP,, repetition rate-, and pulse widthrs,
Y3Als0,,:CE" in which the Cé&" ion photoionization shorter than the lifetimer,, of the photoexcited electrons
threshold was previously evaluated at 3.1 @®eéfs. 11-12  into the conduction band, causes an average number of elec-
and 3.8 eVt respectively, by conventional photoconductivity trons in the conduction band during the laser pulse equal to
measurements.

In Sec. Il, the sensitivity of a microwave-resonator
method is estimated and compared with that of a conven-
tional photoconductivity method of measurement in a “con-
denser with blocking electrodes.” Section Il is devoted to a
detailed description of the experimental technique. In Secgvherehv is the energy of each photon of the laser beam.
IV and V, experimental results are presented and discussed/hen the transient signal is accumulated and averaged after
Finally, Sec. VI contains brief conclusions of the work. In N laser pulses, from the expressioa=neu/Vs for
the paper, equations are expressed in the (cgstimeter- COﬂdUCtiVity,15 in which n is the number of electrons in the

I:)Ias
Fhy’ 2

gram-secondGaussian system. sample of volume/g ande is the electron charge, the mini-
mum detectable change in the conductivity is
Il. SENSITIVITY OF MICROWAVE RESONATOR m P
TECHNIQUE las
Q (AU')minZV_S me(e)ﬂ)min- (3

To estimate the sensitivity of a microwave-resonator
method applied to photoconductivity measurements in di- - -
electric crystals we can utilize the theory of EPR and easilysr?’tcom%m":g _tEq_s(l) and (3), the minimum detectable
rewrite it for the case of microwave absorption due to dielecPhotoconductivity 1s
tric losses. We will restrict ourselves to the case of a reflex

cavity and a linear microwave detectdr.® It follows that Fhy Ve, [kgTndf
the sensitivity limit of the microwave technique to detect a (O ) min= 0 P (4)
change in the dielectric loss factey of the sample is ePlaS\/N T 0
5 KoTodf| 12 For its numerical estimation, we use the central frequency of
(A82)min:i BN ) , (1) the cavityf,=35 GHz and we assumg,=10 ' s. For laser
7Qu\  Po pulses of wavelength 355 nm,~10 8's, P,=10 mW,

andF =10 Hz and taking for the other parameters the same
wherekg is Boltzman’s constant, is the noise temperature values as before, we ge®) yin=4X10"8 cm?V~1s 1 af-
of the microwave detectoQ,, is the unloaded quality factor ter N=10 laser pulses, i.e., fdl s of signal accumulation.
of the reflex resonator, which takes into account the microNote, that with an increase in accumulation time, the sensi-
wave power losses within the resonator with the sample anglity will grow as ~ N.
not the power leakage out of the cavity into the waveguide, et us estimate the most effective conventional method
Py is the microwave power dissipated in the resonator, angor studying photoconductivity of the same dielectric crystals
df is the bandwidth of the electronic circuit of the signal “in condenser with blocking electrodes®*®~18|n those
recording channek;, is the dielectric constant of the sample. experiments, a voltagd is applied to the condenser plates
nis the filling factor, which is equal to the ratio of the energy and the “leakage” current through them is measured, upon
of the electrical component of the microwave field in theillumination of the crystal inside the condenser by photons of
sample to that in the whole volume of the resonatpvalue  energyhv. If P, is the luminous power reaching the crystal
may be calculated for a given sample inside the resoflatorand if 7, is the lifetime of photoexcited electrons into the

By an order of magnitudey is aboute; Vs/Vc, whereVs  conduction band, the average number of electrons promoted
and V¢ are the volumes of the sample and the resonatointo the conduction band is

correspondingly?® £ ,=6.63 for Cak, (Ref. 14 and the cal-
culated value ofy is about 0.4 for a “standard” sample of

fluorite crystal of d~2.5mm diameter anch~2.5 mm ET 0 (5)
height, used in this work Assuming the parameter values hy "€

Q,=2000, df=100 MHz, Py=20 mW, andTy=1000 K,

we obtain Aey)min~10"". and the conductivity is

165217-2



MICROWAVE STUDY OF PHOTOCONDUCTIVITY ...

PHYSICAL REVIEW B9, 165217 (2004

TABLE |. Experimental parameters of the studied crystals.

RE RE?* green light § =532 nm) UV light . =355 nm)
h content content

Sample cm) (mol.%) (mol.ow? k(ecml) ST(V)2 SV k(eml)  ST(v)2 SM(V)? SEYSH
LSO:ce™" 1.0 0.1f 0 <0.03 0 0.04 32 2.0 0.1 1/0
YAG:Ce®" 0.25 0.89 0 0.037 0.2 0 5.0 0.8 0.25
Cak:Eu 0.215 0.01 0.009 12 0.5 0.5 1/0
Srk:Eu 0.235 0.8 0.04 <0.05 3.0 0 ~60 0.4 0.3
CaR:Sm(No. 1) 0.25 0.19 0.02 2.3 0 0.6 2.1 0.3 0.6 0.5/0.5
CaF,:Sm (No. 2 0.25 0.15% 0.006 0.68 0 0.2 1.4 0.2 0.1
SrF:Sm(No. 1) 0.15 0.2% 0.04 6.6 0.6 <0.1 6.3 1.5 <0.1 0/1
SrF:Sm(No. 2 0.155 0.17 0.01 1.9 0.04 0.25 1.6 0.25 0.15
SrF:Sm(No. 3 0.225 ~0.1° 0.004 0.80 0.02 0.15 0.82 0.2 0.1
Cak:Tm 0.25 0.5 0.002 0.34 0.04 0.04 0.52 0.25 0.04
SrF,:Tm 0.25 ~0.5° 0.005 0.69 0.02 0.2 0.42 0.15 0.1
BaF,:Tm 0.25 ~0.5° 0.0005 0.15 0.05 0.1 0.30 0.7 0.15

aSignal amplitudes measured under laser pulses of 1 mJ energy.
PConcentration in the batch.

‘Concentration measured by chemical analysis.

dConcentration evaluated by absorption measurements.

P, eu Assuming the accumulation of a signal during 1 sec
=1, 70y (6)  (df=1Hz), the P=10 mW power of a continuous laser
S and the same values of other parameters as above, we
With hc the distance between the condenser plates, the minﬂbta'_rg Tel(_(?MzTinBJ-o etV l_ ~and  Ou)min
mum detectable current is then ~10 _ cn? V_ s . Th_us, the sensitivity of a microwave
technique using a continuous laser is of about two orders of
magnitude less than that for a pulsed laser of the same mean
power. The increase in a signal-to-noise ratio by a factor
~10* due to reduction in a frequency band of the detecting
circuit at stationary microwave measurements does not make
In the case of a continuous light source, the sensitivity of thgy for its decreasing by a factor,* because of a short
measurement is directly proportional tq;. ASsumMinge |ifetime of the photoexcited carriers in the conduction band.
=10"" s and using the experimental numerical values Ofrhe short and powerful pulse of light from a pulsed laser
Refs. 4 and 5, i.elm,=10'° A, Pj/hv~10" photons/s,  forms a “package” of electrons in the conduction band of a
U~10’V, andh.>1mm, we find that the photosensitivity crystal, while much less intense light from a continuous laser
parameter is equal ¥ e (O 1) nn=6x10"" cm*V " and  creates the electrons continuously, but their time-independent

(Ou)mn=6x10" Y emP V- ts _ _ concentration is less by a factor ef ;' than during the
Thus, the microwave technique under discussion, has gneration of the pulsed laser.

sensitivity by about two orders of magnitude less than that of
the conventional method of measurement in a “condenser
with blocking electrodes.” However, the study of transient
dielectric response of a crystal on pulses of laser light allows
one to observe the development of the photoconductivity ! '
process in time. In addition, the sensitivity of microwave doped with EU' Sm, an+d Tm ons, as well+ as
measurements can be increased by the prolonged accumuHJZ(S'oél)?:Cé (LSO:Cé ) and Y3A|5(,)12:C‘93 _
tion of a signal with a digital oscilloscope from the large (YAG:Ce™") crystals with concentrations of RE ions varying
numberN of pulses of a laser working in a periodic regime. from 0.01 to 0.9 mol. %see Table)l As-grown fluorite-type

It should be noted that the microwave technique forC'yStals contained only trivalent Sm and Tm ions, and Eu
studying “stationary” photoconductivity upon illumination 10NS both in divalent an_d trl\_/alent_ state. 'I_'o get a fraction of
of a crystal by light of continuous laser could not competeth® samarium and thulium ions in the divalent state, ghese
with the conventional method. Indeed the Correspondingguor'de crystals were subjected to additive coloraﬁ%r?(.)
equation for the stationary microwave measurement is nly Cak:Tm was colored byy irradiation from a C8

source?® However, most of the RE ions in fluoride crystals
o ) hv Ve, [kaTndf . remained trivalent, except for CafEu, see Table I. All crys-
( M)min_epTel 7Q, Po ' (®)
165217-3
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IIl. EXPERIMENTAL

In this work we studied Ca, Sr, and Ba fluoride crystals

tal samples were cut and polished with random crystallo-
graphic orientation to cylindrical shape df2.5 mm diam-
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Oscilloscope " Nd:YAG laser was used for fixed green£532 nm) or UV

(A=355nm) light generation. Spectral dependencies were
obtained with an excime(308 nm pumped dye laser for
wavelength generation between 350 and 410 nm and a

diode

Oscilloscope | I—b Mlicer [ gﬂamseer - itbenator i Coupler

SegareLan], | coupler a pulsed Nd:YAG pumped OPO laser for wavelength genera-
Detector tion between 460 and 670 nm. The frequency-doubled output

¥ beam from a pulsed Nd:YAG pumped tunable dye laser was

Circulator b also used for measuring spectr_al dependencies in the 275-
' - therator b 420 nm wavelength range. In this case, BBO and KDP crys-

tals were used for frequency doubling and it was necessary to

Tl realign the laser beam reaching the sample for each measure-

Waveguide with ment.

turing plunger ahd The irradiation by laser pulses of a sample inserted in the
Reflex Resanatar resonator cavity resulted in a disbalance of the measuring

arm and the occurrence of a transient signal reaching the
detectors. The output signal from the mixer was amplified by
FIG. 1. Simplified block diagram of the experimental set@; a broadband amplifier with the high-frequency passband of
reference arm(b) measuring arm. The resonator is shown with a100 MHz and then visualized and averaged through a digital
sample inside. Oscilloscope | is used for monitoring the balance opscilloscope synchronized with the excitation laser. Usually,
the measuring channel. Oscilloscope Il is used for recording thgog pulses were taken for each measurement. The low-

with the zample

transient signal. frequency passband of the amplifier was 1 MHz, resulting in
some distortion of the waveform of “slow” signals. So, for
eter and various height from 0.8 to 10 mm. recording such signals, another amplifier with a bandpass of

The simplified block diagram of the experimental set-up0.005-20 MHz was used. The experimental data discussed
is shown in Fig. 1. It was built on the basis of a homodynein Secs. IV and V are normalized to the same ga®00 for
microwave bridge used in EPR spectrometers. The microboth amplifiers. To eliminate the “dragging” pulse signals in
wave source was & 50 mW Gunn oscillator with fixed op- time, we employed a resonator with a rather low unloaded
erating frequency which could be manually adjusted in thequality factorQ,,, of about 2000. The transient time of elec-
range 35.3—35.7 GHz. The microwave power from this Gunriromagnetic field in the resonator was e~ Q,/7fo(1
oscillator devides between a reference &anand a measur- + ) ~9ns.
ing arm (b). In the reference arm, after an attenuator and a The signal in the measuring arm is formed upon reflection
phase shifter, the microwave power goes to the referencef microwaves from the reflex resonator with a sample. The
input of a mixer diode. The mixer is a phase-sensitive lineacomplex reflection coefficient for the electrical component of
detectort® for recording weak signals reaching its signal in- the microwave field is given B
put from the measuring arm in phase with the microwaves at
the reference input. The output voltage of a mixer is propor- o
tional to the amplitude of the electrical component of the __ Eet(f) zg—z, 1-B8 . 4BQ, f—fy,
incident microwave at its signal input. The measuring arm Rren(f)=——=—""—~ +i 5

S oo E. gtz 1+B  (1+B)° fp
has a cylindrical reflex resonator operating in th&g,q inc
mode. The inner diameter of the resonator cavity is ©)
~12 mm. Its height can be adjusted from 5 to 10 mm by the o -
pistons screwed in the top and bottom lids of the resonatowhereE,.s and E;,. are the complex amplitudes of the elec-
The crystal samples were fixed inside a thin-walled teflontric field of the reflected and incident waves, respectivaly,
tube which was put inside the resonator cavity through a holeindz, are the complex characteristic impedances of the reso-
in the upper piston of the resonator. nator and the waveguide, agds the coupling coefficient of

At first, the measuring arm of the microwave setup wasthe resonator with the waveguide. The approximate equality
balanced. The frequency of the Gunn oscillator was fixed t®n the right side of Eq(9) holds for our measurements,
the central frequency of the resonafgr. The match of the which were carried out near the resonance frequency
resonator with the waveguide was regulated with a tuning~f,. When the resonator is matched to the waveguide
plunger at the end of the waveguide. Approximately com-g=1 and there is no reflected wave at the resonance fre-
plete matching (_)f the resonator to the wavegujele;1 (see . quencyE,.q(f=fo)=0. Depending on the phase adjustment
below), was achieved, so that the microwave power reachingy the phase shifter in the reference arm, it was possible to
the signal input of the mixer was nearly zero. This balanc&qniinuously readjust the setup to record the real or imagi-
was monitored by a square-law detector which was feq 5y parts of a reflected wave and to get the microwave

through a coupler in the measuring arm. Then, the sample§ignajs in either absorption, dispersion, or mixed mode.
were irradiated by pulses of laser light through a hole in the Using the relation

bottom piston of the resonator.
Four different lasers with 10 Hz repetition rate and 15 ns
pulse width were used. A frequency doubled or tripled SB18Q,=BIQy, (10
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we can find the signal in absorption mode near match, which jo0 %0 20 0 20 4 €
corresponds to a change in tRefactor of the resonator by ’
5QU —_—
2
E J— &Rifl(f:fO’ﬂ'Qu) 5QU g 05_
SabsN|Einc| Y B Q, %
_ 28 5, @y
——|Einc|m- (11 @ ool
l o0
The signal in dispersion mode corresponds to a change in the U)ﬂ
central frequency of the resonator bY: r&:@
05 , : : ’
- aRiﬂ(f,[g’,Qu) . 4BQ,sf 60 40 20 O 20 40 60
Sais™ | Einc ——— ¢ 6f=i[Eind| REEN 12 f-f (MHz)

The amplitude of the recorded signal grows with an in- FI_G_. 2. (g) Calculated frequ_enc_:y dependence of the reflection
crease in the microwave power dissipated in the resonato_q;pefflmentheﬂ of the reflex cavity in the frequency range close to
Therefore all the accessible power from Gunn oscillator wadlS resonance frequendy, for parameter values ofy=35 GHz,
utilized in the experiments. However, most of the sample&uz_woot andﬂ=0._4. ®, (© C_alcula_ted frequency dependencies
studied had dielectric losses and were warmed in the strong_ signals in absorptiofb) and dispersioic) mode when measured
microwave field inside the resonator. The laser irradiation o ith & square-law microwave detector.
the samples also caused their heating. When the samples
were warmed, their dielectric constant was varied and, as a gP (f ):(’Bapreﬂ(f’ﬁ'Qu) +0Q IPrei(,8,Qu) | 6Qu
consequence, the central frequency of the resonator with the ~° B ! dQy Qu
sample was shifted. Accordingly, it was necessary to adjust (14)
the frequency of Gunn oscn_lato_r. The settling time of asor the “pure” absorption mode and
sample temperature after switching on both the microwave
power, and the laser operating in a periodic regime was about o P ()

1 min. The frequency drift of the resonator with the sample Suis( )= —¢—of (15
during the experiment made it impossible the preliminary

tuning of the setup to measure the signals exactly in absorger the “pure” dispersion mode. The typical view of these
tion (or dispersion mode with the mixer. However, the “in- two functions are presented in Fig. 2. Usually, the experi-
tense enough” transient signals were recorded and their almental signal was the mixture of the two. Its study makes it
sorptive and dispersive parts evaluated with the square-lawossible to extract the amplitude values of the signal in the
detector in the measuring arm of the setup, see Fig. 1. For @absorption and dispersion modes and to determine the corre-
square-law detector the output voltage is proportional to thesponding values 0Q, and 6f to an accuracy of- 20%. In
power of microwave at its input. For the microwave power,our case the recorded signal is the result of a change in the
the frequency dependence of the reflection coefficient of theielectric permittivitye=¢;,—ie, of the sample irradiated

cavity is given by° by laser pulses inside the resonator. Having made the appro-
priate calculation$,using the experimental values 6f and

b Pren(f) 4513 5Q, we may determine the corresponding changes in the
Rren(f)= Pinc =1- (1+B)%f2+4(f—£5)2Q2" dielectric constanf\e; and the dielectric loss factdxe, of

(19 the sample under laser irradiation.

) o The experimental data on signal amplitudes presented and
where Piyc and Preq are the microwave power incident discussed in the next sections correspond to the definite
and reflected from the resonator. For measurements _W'tbhanges in the dielectric permittivity of the samples. By an
the square-law detector, we used the weak couplingsrder of magnitude, the amplitud®,=1 V of the signal in
B=0.3-0.5. The study oR.(f) dependence allows us to apsorption mode corresponds to the change itQttiactor of
find experimental values g6 and Q,, using the relations the resonator byQ,/Q,~ —0.01, and the amplitud&y;
Rien(f=fo)=[(1=B)/(1+p)]? and Q,=(1+p) (fo/A), =1V of the signal in dispersion mode corresponds to the
where A is the full-width at half maximum of th&®P(f)  shift of the central frequency of the resonator By~
dependence, see Fig. 2. The laser irradiation of the sample 0.1 MHz. For “standard” cylindrical samples of doped
inside the cavity might result in a change in both the resonarfluorite-type crystals of 2.5 mm diameter and 2.5 mm height
frequency of the cavity byf (dispersion modeand theQ placed in the center of the resonator, signals in absorption
factor by 6Q,, (absorption modg If these effects persist long and dispersion mode of 1 V amplitude correspond to the
enough after a laser pulsm the case ofro= 7, 7ed, the  changes in real and imaginary parts of the permittivike ¢
frequency dependence of the recorded signal with the squarand Ae,, respectively by an order of magnitude of about
law detector is given by 104,
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2 2
CaF,:Sm™ iy CaF,:Sm™
— 03] A-05 mJ N
; EXC=355 M g.025 mJ s 054
g 0.0 C-01 mJ T—é 041a
s o)) 0.3
n (B 0.2
o 01 S
[%2] L 0.1
O © 0.0
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— 05] A.=532nm A-1 mJ
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FIG. 3. Transient dielectric responses of ga&m (No. 1) crys- FIG. 4. Transient dielectric response of GaEm(No. 1) crystal

tal on laser pulses df) UV (A =355 nm) light and(b) green & on laser pulses of green €532 nm) light of ~1 mJ energy for
=532 nm) light of different energyta) A— 0.5 mJ, B—0.25 mJ two different time intervals from the beginning of the laser pulse:

andC—0.1mJ;(b) A—1mJ,B—0.3mJ, andC—0.1 mJ. (@ t=0 to 9 us and(b) t=0 to 0.45 ms.

IV. EXPERIMENTAL RESULTS in the dispersion mode and that the electronic peaks may be
. . . . seen in any mode depending on the crystal.
Figures 3 and 4, on different time-scales, show oscillo- |, CaF,:Sm (No. 1) the electronic signals have compa-

scopi.c traces of signals registered with thg mixer_forrable intensities in both absorption and dispersion modes.
CaF,:Sm (No. 1) crystal, see Table I, upon excitation with e intensity dependence versus laser power is sublinear

the frequency doubled or tripled Nd:YAG laser pulses. BOth(SeI~|x wherex<1). This results in predominance of the

laser beamggreen @ =532nm) and UV §=355nm)] lectronic signal, relatively to the heating signal, at small
were collinear and equalized in intensity, and the phase (ﬁght intensities, see Fig.(8). The study of Caf: Sm(No. 1)

m|9ror\]/yaves in the referefnce arm was noly kc]hange_d Whe@rystal upon excitation by tunable pumped dye laser revealed
switching measurements from green to UV light. Itis Impor- o ¢4ct that the electronic signal in this crystal exists only

tant to note, that this sample has approximately the same jer light excitations with wavelength< 380 nm.
transmission~50% for both UV and green light, thereby the

distribution of light energy absorbed in the crystal, was ap-

proximately identical for these laser beams. In both cases, SI’F2

the same prolonged oscillations of the signal with a period of 0154 A =532nm
about 0.6usec were observed. The oscillations of the signal t
are accompanied by beatings, probably, due to superposition
of two or more simple harmonic modes with close frequen-
cies and rather long decay time,1 msec, see Fig. 4. These
oscillations are imposed on a sawtooth base signal which
“lumps” at a laser pulse and slowly decays, but for a much
longer time of 100 ms, just to the next laser pulse.

There is only one difference between the oscilloscopic
traces of Figs. @) and 3b). Upon excitation by UV light, an
additional “peak” was observed at “starting” time~ 0. Fur- -0.05+
ther on, we will refer to such peaks as the “electronic” sig-
nals, and the sawtooth base signals, accompanied by oscilla- _
tions as the “heating” signals(Detailed discussion of the time (us)

nature of both signals is given in Sec).Whe heating signals FIG. 5. Transient heating signals of doped Scfystals of the
appeared to be linearly dependent on the interisiif laser  same diameted=2.5 mm but different heights after laser pulses
light and were observed in all crystals studied. The oscillaof green §=532nm) light. (8 SrF:Tm, h=2.5mm; (b)

tion parameters of the heating signal depend on the hosiF,:Sm (No. 2, h=1.55 mm; (c) SrF,:Tm, h=0.85 mm. The
crystal and on the size and the shape of the sample, se@nals are distorted due to the amplifier with the low bandpass
Fig. 5. The study shows that the heating signals are only sedrequency of~1 MHz.

0.10

0.054

Osc. Signal (arb. units)
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2 =}
1.01 SrF_:Sm™ SrF,:.Sm* A ,L*tﬁ/.
= _ 100_ »". ,%' )
2 s Aexc = 355 nm a-20 mJ < Aeye= 355 nm /‘OQ :l 279
=2 0. = ;> e
= b-05 mJ - A
4 c-041 mJ 5 -
& 061 d-002 mJ 107
= e-0.004 mJ o
S o4l f -0.001 mJ S
k=) g-0.0002mJ 5
n @
S 024 \ w1072 ® Peak
8 A B At=0.1 ps
A At=0.3 ps
0.0 . . . . 7 4 : : : .
0.0 0.2 0.4 0.6 0.8 10 10° 10 10"  10°
time (us) Pulse Energy (mdJ)
FIG. 6. (a) Normalized transient electronic signals of Srém FIG. 8. Experimental(dots, interpolating (solid lineg, and

(No. 1) crystal after laser pulses of UVAE 355 nm) light of dif-  extrapolating lineadot line) and square-root-lawdash line de-
ferent energy:(@ —2mJ, (b)) —0.5mJ, (c) —0.11mJ, (d)  pendences of the intensity of electronic signal versus the energy of
—0.02mJ,(e) —0.004 mJ,(f) —0.001 mJ, andg) —0.0002mJ.  |aser pulses of UV =355 nm) light for Sri:Sm(No. 1) crystal.
The arrow shows the heating signal seen only on the clave (@) Peak intensities/M,A) intensities measured with delay ()
0.1 usec and A) 0.3 usec after a laser pulse.

A strong electronic signal was observed in the most con-
centrated SrFSm (0.21 mol. % crystal upon excitation signal measured with delay of Oisec or 0.3usec after the
with either UV or green light. The heating sign@hich is  laser pulse, see Fig.) 8ncreases with the intensity of the
much weakerappears only at the highest intensities of laseraser light. The dependence of the electronic signal ampli-
light. In this crystal the electronic signal is seen only in dis-tude on the wavelength of laser light in the range from 460 to
persion mode. It should be noted that the electronic peak ha&70 nm is presented in Fig. 9.
a considerable width, up to about Qu8ec and more at weak The well-defined sublinear dependence of the electronic
light intensities. Figure 6 shows that it narrows to about 50signal amplitude versus the laser light intensity was observed
ns at high light intensities, while Fig. 7 shows that its wingsfor all Sm- or Tm-doped fluorite-type crystals studied.
expand up to about 20@sec and more after the laser pulse. In contrast, for CajZEu, a superlinear dependence,
The dependence of the electronic signal amplitude on th&®~|15 was found. In addition, the electronic peak was
energy of the light pulses is approximately linear for seen only in absorption mode. Therefore, by readjusting the
extremely weak light, but has a square-root dependencghase-shifter in the reference arm of the setup, it was pos-
(S~ 1) at high light intensities, see Fig. 8. Due to the sible to single out either the heating signal or the electronic
narrowing of the electronic peak, the ratio of the intensitiespeak. In Fig. 10, the oscilloscopic traces observed either in
of the electronic signal at its maximum and at its wirtgg ~ dispersion or absorption mode are shown for 2 mJ
and high(1 mJ energies of UV laser pulses.

Unexpectedly strong electronic signals were observed

0.05- S F S 2+ c s
S 0.04] rFom upon excitation of Srf=Eu (0.5% crystal by pulses of green
(—g 0.03] Aeye =355 Nm
o 450 500 550 600 650 700 750
& 002 [ — 0
. 1.4]
@ 0014 = 13]
O Lol £ 1.2] 20
. T S 1.1]
0 2 . 4 6 8 S 10] -
time (us) & ol 0 <
> T 0.8] 5
= oo/ S 0.7] 8
S % 061 60 E
(=) b= c
» b S o 5
S 5 0.4] (=
<)
2 WWW 2 03] 80
O 0.00M MMWWWW "u 0.2
- - : : - 0.1]
0.0 0.2 0.4 0.8 0.8 0.0l . . . . . 100
time (ms) 450 500 550 600 650 700 750
WavelLength (nm)
FIG. 7. Transient electronic signals of StSm (No. 1) crystal
on laser pulses of UVN= 355 nm) light of~0.001 mJ energy for FIG. 9. Wavelength dependence of the amplitude of electronic
two different time intervals from the beginning of the laser pulse:signal (dotg and transmission spectrufsolid line) of SrF,:Sm
(@ t=0 to 8 us and(b) t=0 to 0.8 ms. (No. 1) crystal.
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2 - .
CaFEu™ 181, SrF,:Eu
~ 1.6
[42]
/’”EXC = 355 nm g 14_
0.5 g 1.24
= 1.0
0.4 \ ~ L Dispersion g J
a'/ '\ FaN Absorption (%’ 08
/>: /’, “‘\ l'l ‘\\ - (_J 06_
Rl R U A g 041
= | v ‘ ’ S 02]
S 0.24 4 v ' i |
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J.’S"{b IS ) Wavelength (nm)
0.0- — :
FIG. 12. (a) Wavelength dependence of the amplitude of tran-

0.0 02 04 06 _0'8 10 12 14 16 18 sient electronic signal for SgFEuU(0.5 mol. %) crystal(b) Interpo-
time (us) lation of the experimental dependence.

FIG. 10. Transient dielectric response of GaEu crystal on . . o ) ) .
laser pulses of UV X =355 nm) light of(a) 1 mJ and(b) 0.2 mJ  Signal is nearly missing, see F'Q-_(m This electronic peak
energy. The phase of microwaves in the reference arm was tuned & about 100 ns in width reveals itself only in the absorption

dispersion(dash ling and absorptiorisolid line) modes. mode. Its shape does not vary and its amplitude declines
linearly with decreasing energy of the UV pulses by two

light in the range of its optical transparency, where absorp®rders of magnitude from 1 to 0.01 mJ. A study of its spec-
tion coefficientk< 0.05 cn !, see Fig. 11. The effect is ob- tral dependence in the range from 532 to 275 nm has shown

served in a wide spectral range from=460 nm up to 620 that the electronic signal appears upon illumination of the
nm (Fig. 12 and tends to saturate as the light intensity in-CryStal by light of any wavelength n the range of its absorp-
creasegFig. 13. The time response of the signals in disper-{ion spectrunfx <410 nm(3.1 eV)], ™ with an intensity that
sion and absorption modes following a laser pulse appeard@Produces quite well the photoconductivity spectrum ob-
to be different, see Fig. 11. The signal registered in dispertiined by conventional techniqde.Upon irradiation by
sion mode rises and reaches its maximum value during th@'€en light & =532 nm), only a very weak heating signal is

laser pulse. The signal in absorption mode grows much mor@PServed at the highest light inte.résities. _
slowly. The dispersion signal completely decays in about Wave forms recorded for YAG: e crystal are shown in

0.5 ms, i.e., approximately an order of magnitude faster thaf19S- 14b) and 14c). The microwave phase in the reference
the absorption signal doé§ ms. arm was tuned to the maximum intensity of the signals.

Upon excitation of LSO:C¥ crystal by laser pulses of Here, the heating signals were observed only under 355 nm

UV light, the electronic peak is clearly seen, but the heatind@Ser excitation. _ _
The experimental data for all crystals investigated by ex-

citation with the second and third harmonics of Nd:YAG

» 1.0 .
2 08 laser are presented in Table I. The data on the content of RE
3> 0.84
g
8 0.6 .
2 SrF,Eu
5 044
?,); 0.2 Ay =532 nm Ay =532 1M
© 00l i . i : ,
0.0 0.2 0.4 0.6 0.8 1.0
. — 14

) 1.04 time (us) %

£ 0.8] 5

5 [
g o6y} - Dispersion 2
= —— Absorption b £ 014

c 04 153
=2 3
7]
§ 0.2
0.0 et e e v
0 T 3 B 2 d 5o o :
time (ms) Pulse Energy (mJ)
FIG. 11. Transient dielectric responses of SiEu (0.5 mol. %9 FIG. 13. Srk:Eu(0.5 mol. %) crystal(a) Amplitude of the

crystal on laser pulses of greem£532 nm) light measured in transient electronic signal versus energy of laser pulses of green
absorption(solid line) and dispersion(dash ling modes for two (A =532 nm) light(dots. (b) Interpolation of the experimental de-
different time intervals from the beginning of the laser pule®: pendence(solid ling). (c) Extrapolating linear dependencdash
t=0 to 1 us and(b) t=0 to 4 ms. line).
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LSO:Ce* Eq. (16) is carried out, and the electrons, that were released
101 (@) 4., =355 nm into the conduction band, recombine with trivalent RE ions
| of Sm, Eu, and Tm
08 YAG:Ce™
0.64 (b) ;"Exc=532 nm RE3++e=>RE2+ (173)
() A, =355nm

EXC

or with tetravalent Ce ion

o
o
)

Ceé't+e=Cer. (17b

Osc. Signal (V)
=

o
o
v

. " : : Thus, the initial charging state of impurities is restored.
0.0 0.5 1.0 15 The most clear results were obtained with the LSG*Ce
time (ms) crystal, see Fig. 14). The electronic peak linearly depends
on the intensity of the UV laser pulses. It is a “pure” signal
(b,0 YAG:CE' crystals on laser pulses ofa)(c) UV (A _of mic_rov_vave absor+pti0n. Thl_Js, photoionization of t_hé”te_
=355 nm) andb) green ¢ =532 nm) light of energy ofa) 0.5 mJ impurity |n.LSO:Cé results in the occurrence of d|elect_r|(_:
and(b),(c) 1 mJ. The phase of microwaves in the reference arm Waéo‘?‘s_es Wh'Ch can be explained by electronic C_OndUCt'V_'ty
tuned to the maximum amplitude of the signals. The “negative@rsing in the crystal due to laser pulses. The estimated life-

kick” at 0.25 usec is due to the distortion of the signal caused bytime of electrons in the conduction band of LSO g
bandpass limit§1—100 MH2 of the amplifier. ~100 ns. The electronic signal appears upon illumination of

LSO:Cé" by light of any wavelength in the range of the
ions, on the evaluation of RE concentration as well as the 4f—5d absorption spectrum of e ions. Its wavelength
absorption coefficientsk, for exciting light with wave- dependence is in perfect agreement with the room-
lengths of 532 and 355 nm are also given. The amplitudes demperature photoconductivity spectrum obtained earlier by
electronic S® and heatingS™ signals were collected from the conventional method of photocurrent measurertfent.
various measurements and, if necessary, were recalculated to !N €aF2:Eu, the observed electronic peak is also a “pure”

an incident energy of 1 mJ per pulse. Estimates of the ratigignal of microwave absorption. The estimated lifetime of

SgLJS‘S!S for some crystals are also presented in Table | toelectrons in the conduction band of GaEu is 7,~40 ns.

show the fractions of electronic signals observed in the ab—NOW' the 355 nm wavelength of the laser corresponds ap-

. . 6 .
sorption and the dispersion modes, as revealed by square-| an)gmt;%t?h:ehienfeennsti?; (;‘; tt?w?e Zﬁiibtro rﬁé sgaib\;s;r;pljlsolr;ser
tector studie§it was defined thasg, + S =1). It shoul ; . ) >
detecto esit was define Bapst Sqis= 1). It should tensity shows tha8® increases as'®. As the probability

be noted that the amplitude of the recorded signals depen % itati f tem by a t ; q d
strongly on the position of the sample in the resonator and o excitation of a system by a two-S'ep process depends on
focusing practice of the laser beam at the surface of th e light intensity as the power laW, wherex Cagﬁéﬁry
sample. In addition, the investigated crystals had differen rom 1. to 2 depending on the parameters of the sy >
dielectric losses and were of different optical quality. All superlmear depe_ndence, apparent_ly, .ShO.WS th%tv_vo q‘%a”ta of
these explains a significant errar50%, in determination of uv "‘?’ht are r.equwed for the phot0|on|_zat|on of uions in.
absolute values o8 and S given in Table I. Can.Eu. _Thls can be called an ex_clted-s_tat_e photo_lon!za-
tion. The first absorbed quantum excites this divalent ion into
the 4f°5d(ey) manifold of the £°5d configuration and then
V. DISCUSSION OF RESULTS the second quantum may bring an electron into the conduc-
A. Electronic signal tion band. It is not surprising that, under 355 rig5 eV)

. , irradiation, two quanta are needed for the photoionization of
The narrow electronic peaks observed on the oscilloscopg 2+ jons in Cak:Eu because conventional photocurrent

as transient dielectric responses of rare-earth-doped Crystaifeasurements indicated that the photoconductivity threshold
on irradiation by pulses of laser ligfgee Figs. &), 6, 7, 10, s |ocated at 3.8 eM326 nm in this crystal* Moreover,

and 14 obviously correspond to the RE activator ion photo- gfficient excited-state absorption from the lowest localized
ionization and to the presence of released electrons in thgfégy states of E&T in CaFy:Eu has been found by means

conduction band of the host following absorption of light ;¢ e pump-probe technique and interpreted as transition
into the 4f"~15d electronic states of the involved RE ions. from these 465d(eg) states to the conduction bafd.

Thus, the rising front of these electronic peaks is duze6 to the The dielectric responses of YAG:&e crystal on pulses
photoionization process which proceeds as foll§#&: of UV light are rather similar to those observed for doped

fluorite-type crystals, see Fig. (@}. There is a strong elec-
tronic signal and a heating signal accompanied by its char-
acteristic oscillations with a period of about Quéec. The
lifetime of an electron in the conduction band proved to be
Cét +ho=Ce* +e, (16p  ~100ns. An unexpected thing was the observation of an
electronic signal upon excitation by pulses of green light at
for the trivalent Ce ion. Decay of the electronic signal startsthe long-wavelength edge of th€4-5d absorption transi-
on completion of the laser pulse, when the reverse process tn of Ce" ions?® see Fig. 14b). At such excitation the

FIG. 14. Transient dielectric responses (@f LSO:C€" and

RE2Y +ho=RE" +¢, (163

for divalent ions of Sm, Eu and Tm, and
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heating signal is nearly missing, because of very weak ablight, see Fig. 8, is characteristic of noncrystalliisemicon-
sorption of green light, see Table I. Thus, the photoionizatiorducting materials®® There, the recombination mechanism of
efficiency under green light excitation appeared to be muctexcess(photoexcited carriers changes from monomolecular
higher than that of UV light by an order of magnitude. As in to bimolecular with an increase in their photogeneration rate.
the case of CaFEW?", such electronic signal is also suppos- In our case, however, the nonlinear phenomena observed,
edly due to a two-step photoionization. Indeed, the proposegrobably, testify to the fact that electrons, released into the
energy level diagram for Gé in YAG:Ce indicates that the conduction band as a result of photoionization of RE impu-
absorption of two quanta of gre¢B32 nm light may bring  rity in accordance with Eq(16g are not free, but appear to
Cée* electron up into the conduction baf. be bound, captured by traps with their energy levels being
The electronic peak is clearly present in the dielectric rewell below the “mobility edge.®® From the traps they can
sponses of CaFSm crystals on pulses of UV light, but ab- be thermally evaporated back into the conduction band. It is
sent when laser pulses of green light of the same energy aféasonable to assume, that the bound electrons do not partici-
applied, compare Figs.(8 and 3b). Our study has shown pate in the recombination process of H@7a, and their
that the photoexcitation of electrons in the conduction bandhermal excitation to the conduction band requires some time
of CaF,:Sm can only be realized by light with<380 nm. ~ which depends on the depth of the trageep or shallow
Thus obtained, the threshold energy of the photoionizatiord he lifetime of carriers bound on traps, probably, also deter-
process for Sf' ions in Cak, 3.3 eV, significantly exceeds Mines the decay time of the electronic signal after the pulses
the edge of the ##—4f55d absorption band which is lo- Of laser light. With increasing the energy of laser pulses, the
cated at 1.8 e¥. The threshold value found here does nottotal concentration of electrons released into the conduction
confirm the photoconductivity spectrum presented in Ref. 4band is also increasing and the deep traps are gradually
but is close enough to the theoretical vali36 eV) calcu- filled. From the shallow traps, the electrons are easily free-
lated in the same paper. In aer Crysta]s the photoion_ ing, recombining fast with the trivalent RE ions in accor-
ization of Sn¥* ions is possible upon light excitation in the dance with Eq(173.
whole range of 4°—4f55d absorption spectrum of these These suppositions about bound electrons also allow us to
ions. However, Fig. 9 shows that the efficiency of this pro-explain the fact that in fluorite-type crystals the electronic
cess grows with an increase in the excitation energy from th&ignal usually has appreciable contribution of dispersion
long-wave edge of the absorption barki=700 nm). The mode. The most interesting case is S&T" (No. 1) crys-
photoexcitation of electrons into the conduction band bytal. where the dielectric response is only observed in the
green light is possible in all fluorite-type crystals, doped withdispersion mode. Here, the photoexcitation of electrons into
Tm?* ions (see Table)l It can be stated, that the process of the conduction band results only in an increase of polariz-
photoionization of both SAT and Tn?" ions requires only ability of the crystal_, b_ut not in photoconducnwty. The elec-
one quantum of light for its realization. This follows from {rons appear to be limited in their movement space, probably,
the linear dependence of the electronic signal amplitude vefc@ptured by traps. From the value of an electronic dispersion
sus the excitation intensity for extremely weak light flows, Signal (S§is=1.5 V recorded upon illumination by pulses of
see Fig. 8. UV laser light with energy of 1 mJ it is possible to get a
The unexpected result of our study is the sublinear deperower estimate of the increas®ay,,,q Of the sample polar-
dence of the amplitude of the electronic peak and its noticeizability due to these bound electrons:
able narrowing with an increase in energy of laser pulses for
all investigated fluorite-type crystals activated bySnand
Tm?* ions. Let us examine the results obtained for £&n
crystal, see Fig. @). The amplitude of heating signals is
proportional to the energy of light absorbed by the crystalif we assume tha®, the quantum efficiency of photoioniza-
and because of that, linearly increases with an increase ition process, is equal to unitisee Sec. )l It should be
energy of laser pulses. On the contrary, the amplitude of thaeoted, that because of sublinear dependence of the electronic
electronic peak is saturated by increasing intensity of lightsignal on the intensity of the excitation light, see Fig. 8, the
The nonlinear phenomena are also clearly seen ip:Sri  estimate has to be, in fact, by one or two orders of magnitude
(No. 1), see Fig. 8. Moreover, for this crystal the lifetime of higher than that given by E¢18). On the basis of this esti-
electrons in the conduction band appears to increase signifinate and the fact that, certainky, <1, it is possible to ex-
cantly, from 50 to 200 ns and mo(see Fig. § by decreasing pect, that the radius of the orbit of an electron bound to a trap
the intensity of laser light from 2 to 2104 mJ. These covers a few lattice constants.
phenomena cannot be explained by saturation of absorption Such electron traps could be formed by extended defects
in these crystals or their heating by powerful laser pulsesin a crystal lattice. It is also possible that the traps are formed
Indeed, the sample warming at the highest intensity of laseby clusters or cluster “grains” which exist in fluorite-type
light did not exceed 20 K, see Sec. V B. And depopulation ofcrystals doped with RE ions in concentration of 0.1 mol. %
the ground state of RE ions after laser pulses did not exceeat more3*2 These impurity clusters, appear to contain
10% of the total concentration of the involved RE ions. Atonly trivalent and not “photoactive” divalent RE ions which
this stage, it is interesting to note that the change in thare supposed to form the simple cubic centers statistically
dependence of the photoconductivity on the light intensitydistributed in the fluorite crystal lattice’>*3It is interesting
from linear to square-root law with increasing intensity of to note that electronic traps appear to be absent, and photo-

g1+2
Aaboum?Aslvs/wlTnpploZ‘* cn, (18
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excited electrons to be free, if there are no clusters, as ont®e some definite value at the start of each successing laser
can assume for CaFdoped with Eu ions in low concentra- pulse. On the whole, the observable heating signal has a
tion of 0.01 mol.%. Note that the electronic signal in the sawtooth shape with a period equal to that of the chain of
latter crystal is seen only in the absorption mode, see Table laser pulseg10 Hz), on which the oscillations caused by

In SrF,:Eu (0.5 mol. % irradiated by pulses of green elastic vibrations of the crystal after each laser pulse are
light in the optical “transparency” range of the crystal, a imposed. Measurements show that the heating signals are
strong electronic signal is present in the dispersion mode, sexeen only in the dispersion mode. This fact is in accord with
Fig. 11(a) and Table I. The appropriate estimates of polariz-the above suggestions about the special role which the di-
ability of the photoexcited bound electron in this case give alectric constant and its temperature dependence play in for-
“gigantic” value of A apune 10 1° cn®. Upon termination  mation of the heating signal.
of a laser pulse, the signal in the dispersion mode starts to It is interesting to note, that an “instant” heating of a
decay and that in the absorption mode is continuing to in-'standard” fluorite-type crystal which absorbed the energy
crease, see Fig. (4. Such behavior of the signal in the E=1 mJ of a single laser pulse does not exceed
absorption mode, possibly, testifies to releasing of initially
bound photoexcited electrons. It follows from Fig(llthat,
less than 1 ms after the laser pulse, the bound electrons dis- AT=
appear and only the free ones remain for a longer time of
about a few ms. The effect exists in a wide spectral range o which My is the molecular weight of the crystaly is its
excitation light and saturates with an increase in intensity otlensity, anctp its heat capacity. From the value & found
light, see Figs. 12 and 13. All these facts, are probably eviand the temperature dependence of the dielectric corfstant,
dence of complex color centers existing in SfEu (0.5 it follows that the expected value of the amplitude of the
mol. %) crystal in extremely small concentration. The ob- sawtooth heating signal is equal &f~0.3V, in accor-
served signal in the dispersion mode, probably, correspondsance with the experimental data of Table | by an order of
to excitation of these centers into a metastable state by las@fagnitude. The experimental estimates of the time of estab-
light, and the signal in the absorption mode to the subsequefishment of the sample temperature, see Sec. IlI, lead to the
(therma) ionization of the centers and formation of the mo- conclusion that the average temperature of the crystal irradi-
bile charged particlegelectrong. This process is convertible ated by a periodic chain of laser pulses raises much more, up
and its cycle lasts about 4 ms. Such complex color centers ity 20 K.
fluorite-type crystals doped with europium ions were un- |et us look at elastic vibrations of a crystal in details. The
known before. However, rare-earth-associated color centegsquation for elastic vibrations s
that show large photochromic effects were found in CaF
doped with La, Ce, Gd, or T¥ Thus far, one could not d?p Pu. 9% . oPw
exclude the possible formation of similar aggregates in sz = (€117 C12~ 2Cas) WH&—yzH?R
SrkEu.

+(Cq1pt+2cyg)grad divo—cysrotrotp, (20

—_

S

<0.03 K, 19
psVsCp (19

B. Heating signal whereg=ui+vj+wk is the displacement vector armd,

It is natural to ascribe the saw-tooth sigiitilat arises at C12, and cy4 are the elastic constants. If the condition of
the moment of action of a laser light and that is accompanie@lastic isotropyc;—c1,=2¢44 (Ref. 15 is satisfied, one
by oscillations persisting a long time after the termination oflongitudinal stretching wave and two transverse shear waves
a laser pulse, see Figs. 4 andté the process of dissipation should spread in the crystal. The speed of the waves does not
of laser energy absorbed in the voluidg of a crystal. In-  depend on a propagation direction.
deed, during the short laser pulse, the absorbed light energy In our experiments the elastic waves were excited by
causes a “thermal impact’—“instant” warming up of the Pulses of laser light in cylindrical samples having rather
crystal. However, the corresponding thermal expansion of gnoderate absorption coefficient values. This fact allows us to
sample develops with the propagation velocity of elasticdssume nearly uniform instant warming of a sample in all its
waves, i.e., it goes relatively slowly and persists after the/olume during the laser pulse. Under condition of elastic
laser pulse. The stored light energy causes crystal vibratiori§otropy, mainly the longitudinal waves should be excited in
accompanied by a change in its form and local changes in itéis case. For longitudinal waves gt 0. After the replace-
dielectric constant. These periodic oscillations of the paramment 5= —grade,** Eq. (20) transforms into the well
eters of the crystal placed in the microwave resonator inducknown wave equati
the oscillating heating signals in the measuring arm.

Since the dielectric constant of a substance is a function
of temperature, the “instant” warming of a sample during ps gz ~ (C12t 2Ca)Ag.
the action of a laser pulse results in a steplike change in its
dielectric constant, which may be observed as the correFor the cylindrical samples studied, the most interesting vi-
sponding steplike signal in dielectric response of the samplération modes are the three with the lowest frequencies.
recorded in dispersion mode. In a stationary regime of a (a Vibrations ofL g, type, axial stretching modestretch-
periodic chain of laser pulses, the dielectric constant returngg along the axis of a cylindrical sampléThe wave equa-

d2
(21)
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TABLE II. Anisotropy factor and velocities of elastic waves in waves was also possible. The increase in number of active

fluorite-type crystals.

Cak Srk, BaF,
2C44/(C11—C1p),2 (101 dynes/crd) 0562  0.778  1.211
Je11/po.2 (10° cm/s) 7.177 5459  4.085
VCaal po,® (10° cmi/s) 3.249 2747  2.273
V(C1at+2¢40)/po,? (10° cmis) 5920 5.048  4.300

5.9-0.1° 4.7+0.2 3.9+0.3
53+0.%F

vy, (10 cm/s)

8 lastic constants are from Ref. 33.

vibration modes, seems to be capable of explaining the exis-
tence of two or several elastic waves with close frequencies
that form beats in the oscillatory heating signals, see Fig. 4
and 5. The shear waves have also to be considered because
of the fact that in cubic fluorite-type crystals the anisotropy
factor A=2c,4/(C11—C19) IS nNot unity, as it should be for
elastic isotropy, see Table Il. In this case, the division of
elastic waves into longitudinal and transverse modes is only
possible for propagation along the main crystallographic
axes of the crystdP For example, for elastic waves propa-
gating in the[100] direction, the velocity of the shear and
longitudinal waves is equal tovt=+Cslpy and v

bCalculated values from the experimental data of this work for the— VC11/po, respectively. The experimental velocity values

samples witth=1.5—-2.5 mm.

obtained in our work are between these two extremes, see

“Calculated values from the experimental data of this work for theTaple II. Thus, the elastic vibratiorisbserved in our fluorite

sample withh=0.8 mm.

tion solution is ¢g~sin(w/h)z]. The amplitude of the
sample vibrations i$~ cog(w/h)z] (Z/z) and the period is
T01: 2h/l)|_ .

(b) Vibrations ofL 4o type, radial stretching modstretch-
ing along the radius of a cylindrical sampl&@he wave equa-
tion solution isgg~Jg(K.r). The amplitude of vibrations is
p=p(r)~Ji(ker) (F/r) and the period is Tqg
=(mw/1.841) @d/v,) .

(c) Vibrations ofL; type, “breathing” mode. The wave
equation solution is¢q1~Jgo(ker)sin(a/h)z]. The amp-
litude of vibrations is p~ —kcJi(kcr)sin(w/h)z] (fr)

+ (w/h) Jo(kr)cog(w/h)z](Z2) and the period is Tqq
=(d/v,)/\(1.841/7)%+ (d/2h)?. Here,v, is the velocity of
a longitudinal wavek, (d/2) =1.841 is the first root of the
equation ¢l/dx) J;(x)=0, Jy andJ, are Bessel functions of
the first kind, 0<z=<h, and Osr=<d/2.

The oscillations of heating signals, observed in all the

samples of a random crystallographic orientatiorere of
mixed (longitudinal-transvergemodes. For their exact de-
scription, obviously, it is necessary to find an exact solution
of Eq. (20).

VI. CONCLUSIONS

An experimental technique based on the detection of the
dielectric response of a rare-earth doped insulator placed into
a microwave resonator and irradiated by pulses of laser light
is offered to measure the rare-earth photoionization thresh-
olds in doped dielectric crystals. This technique does not
present higher sensitivity than the conventional method of
photoconductivity measurements “employing a condenser
with blocking electrodes.” However, it makes it possible to
record the transients in the dielectric permittivity of doped
crystals during and after the excitation light pulses and, thus,
to study the photoconductivity process dynamics.

In dielectric fluorite-type crystals doped with divalent

fluorite-type crystals studied can be ascribed to the dominangns of Sm, Eu, and Tm, and also in oxide LSO and YAG
contribution ofL ; “breathing” mode. The experimental pe- crystals doped with trivalent Ce ions, sufficiently strong sig-

riod values of the strongest oscillations are equalTtg
=0.56+0.01us for several doped CaFsamples ofh
~2.5 mm height. The periodl,, is equal to 0.780.02 and
0.55+0.02us for Srk, samples ofh~2.5 and 1.55 mm,
respectively, and 0.880.04us for the Bak sample ofh

nals of electronic “photoconductivity” were observed upon
photoexcitation of the rare-earth activator int6'4! 5d ab-
sorption bands. The electronic “photoconductivity” signal
was usually observed on a background of an oscillating heat-
ing signal. The lifetime of photoexcited electrons in the con-

~2.5mm. These values do not depend on the type of Riduction band of the dielectric crystals studied appears to vary

activator ions in the crystals. In a thin disc of $rffm of

from 40 up to 100 ns or more. In different crystals, the

h~0.8 mm, two different vibrational modes with different photoionization of RE impurity can provide both free and

periods were observed. We identify these as lthe mode
with T1;=0.28+0.02us and thelL;; mode withT,,=0.85

bound electrons. In the former case, the corresponding
change in the dielectric loss factep, and in the latter the

+0.02us. These data made it possible to estimate thehange in the dielectric constast of the sample induces an

propagation velocities of longitudinal waves in the GaF

electronic signal. The bound states of photoexcited electrons

SrF,, and Bak crystals studied. They are listed in Table Il in fluorite-type crystals are obviously formed by electrons
together with other parameters taken and calculated frorsaptured by traps. The sublinear growth of the amplitude of

Ref. 33. With an accuracy of 10% the estimated velocity
values are in agreement with the theoretical values of

=/(C1ot 2Ca4)/ po defined by Eq(21), see Table II.

an electronic signal and decrease of the lifetime of photoex-
cited electrons with an increase in the intensity of laser
pulses could be explained by filling deep traps. From shallow

It should be noted, that because of the specific focusingraps, the electrons are easily thermally evaporated into the
details of the laser beam on the sample surface and the abenduction band and, after recombination with the cubic

sorption of laser light inside the samples, warming undeRE®* centers, restore an initial charge state of RE impurities.
pulses of laser light was not uniform throughout the volume It is interesting to note that electronic traps appear to be
of the samples. Therefore, the excitation of shear elastiabsent, so that photoexcited electrons remain free, provided
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there are no defect clusters. This is the case for,@mped Powerful laser pulses used in the experiments make it
with a low concentratiori0.01 mol. % of Eu ions. The pho- possible to observe photoionization of doped dielectric crys-
toconductivity of free electrons was also observed intals via a two-step absorption process. Such excited-state
LSO:Ceé" crystal. The study of spectral dependences ofphotoionization was observed in GaEw" and, possibly,
electronic signals allows us to find the threshold values ofn YAG:Ce** crystals.

the photoionization energy of RE ions. Such measurements
were fulfilled for Cak:Sn?" and LSO:C&" crystals indi-
cating threshold values at 3.3 and 3.1 eV, respectively.

The change of dielectric permittivity per absorbed photon
was found in Srg:Eu under laser pulses of VIS light in the
“transparency” optical spectrum range of the crystal. The We acknowledge the CNR&enter National de la Re-
phenomenon is possibly due to photoactive color centers asherche Scientifiqyein France for the financial support
sociated with Eu ions, which exist there in rather small congiven to S.A.K. in the LPCML(Laboratoire de Physico-
centration and have been unknown before. Chimie des Matgaux Luminescenis
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