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Accumulated photon echoes have been used to investigate the mechanisms of optical dephasing
in Cak, crystals activated by Nid ions. Tunable picosecond laser radiation, which permits

the selective excitation of various Ridoptical centers in thél o, *Gsg),,%G, transition, is used.

The optical phase relaxation times measured at temperatures from 9 to 50 K permit
determination of the homogeneous widths of the transitions between the low?lyjagtark

level and three excitetiGs/,,%G-, levels, and calculation of the constants of the inter-

Stark relaxation transitions in the ground and excited multiplets for the rholsiond M Nd®*

centers in Cafcrystals. An analysis of the temperature dependence of the homogeneous
linewidth of the transitions between low-lying Stark levels of the ground and excited states shows
that the mechanism of optical dephasing in the crystals investigated is described well by

direct relaxation processes with resonant inter-Stark absorption of one phonon in the ground and
excited states. AT=9 K, the homogeneous linewidif, in CaF, crystals is almost an

order of magnitude smaller thdr, in disordered Caj~YF; crystals. This difference can be
attributed to the significantly greater spectral phonon density of states in disordered crystals.
© 1998 American Institute of Physids$1063-776(98)01901-3

1. INTRODUCTION 2. INHOMOGENEOUS SPLITTING AND BROADENING OF
THE ABSORPTION LINES OF Nd** IN CaF,
The investigation of fundamental optical dephasing pro-CRYSTALS
cesses in organic and inorganic glasses and crystals activated

by trivalent rare-earth ions has been the subject of numerous The Cal:Nd®* crystals were grown by a modified
investigationd? since understanding the relaxation pro- Bridgeman method in a metered fluorine atmosphere_ln the
yabsence of oxygen-bearing compoundghe concentration
Rf NdF; was varied from 0.1 to 7 wt. %. In the cubic fluorite
structure Nd" ions can be distributed among sites of differ-
ing structure, which have different spectrd.According to
tals was investigated using accumulated photon echbes. Ref. 7, triply charged N%f lons replace doubly charged
Cc&* ions during growth in a fluorinating atmosphere, and

The structure of the optical Nd centers in Cafcrys- . . - > L
. . . . : the crystal is saturated by interstitial fluorine ions to maintain
tals was fully investigated in earlier studies. In Refs. 5-7 the . .
. . _ electroneutrality. At very low N concentrations, the
concentration method and selective laser excitation were suc;

cessfully employed to elucidate the composition of thé Nd charge .compgrjsano.n can be nonlogatan be effgcted bY
ters in C d to determine th i f the St kdls:tant interstitial F ions) and can leave the original cubic

centers in Cafand to determine the positions of the Star symmetry of the ligand field around each Ndion un-

sublevels for each type of center. In Refs. 8 and 9 the sym-

. e . changed. As the concentration of impurity Ndions and,
metry of the principal Nd" centers in Caf crystals was therefore, of the F ions compensating them rises, they are

investigated using ESR. o attracted to one another to form dipoles, and the symmetry of
Accumulated photon echoes permit direct measuremenfg |ocal environment of each Ridion changes from cubic

of the phase relaxation kinetics and determination of the hog, tetragonalan L center forms, in which the Fion occu-
mogeneous linewidt’y, of a transition, which is not dis- pnies a nearby interstitial site As the concentration is further
torted by the inhomogeneous broadening of the spdtffa  increased, the mutual attraction of the 3NeF dipoles

In the present work we investigate the temperature depeneads to the formation of dimeric (N8—F ), clusters oM
dence of the homogeneous linewidth of thllg,  centers and tetrameric (Rit-F ), clusters orN centers
—*Gs),°Gy, transition in the dimeric and trimeric N8 with rhombic symmetry. In these clusters téar four) Nd®*
cluster centers in the temperature range 9-50 K. The expefions replace twdor four) C&" ions. In this case two or four
mental plot ofl",(T) can be described within terms of direct fluorine ions occupy nearby free interstitial sites to achieve
relaxation transitions between Stark sublevels of the grountbcal charge compensation.

and excited states, with the absorption and emission of one The relative concentration of particular optical centers in
phonon. CaF,:Nd®*" crystals depends primarily on the total concen-

cesses of excited states of impurity ions in a solid is not onl
a very important scientific problem, but also a necessary co
dition for creating efficient solid-state lasers. In the presen
work the optical phase relaxation of Ridions in Cak crys-
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FIG. 1. Absorption spectra of thd andN Nd** centers in
CaF, crystals in thétl g;,— 4Gy, , 2G4, transition afT=9 K
for various concentrations of NgFwt. %: @ 0.1, b 0.3, 9
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tration of NdF, introduced into the Cafcrystal during its tion are already comparable, and teandN cluster centers
synthesis. Figure 1 presents the absorption spectra of neod§nlarge, possibly forming tetrameric, pentameric, and more
mium ions between the low-lying Stark sublevels of theaggregated clusters. The symmetry of the new clusters can be
4 90— *Gsp,2G4), transition in a Caf crystal atT=9 K. lower than that of theM and N cluster centers, and the
According to Refs. 5-7, absorption at these wavelengths costatistics of the N states in crystal fields of different sym-
responds to a transition between the grodhgh level and metry and strength lead to considerable inhomogeneous
the first three Stark sublevels of thés,,%G-, multiplets of ~ broadening of the linescomparable to glassgsamounting
the M and N centers. It is clear from the figure that the ~30 cnmi* (Fig. 1, curve d.
absorption associated witti centers dominates at an NgF Figure 2 presents the absorption spectra of the
concentration equal to 0.1%. Increasing the Ndéncentra- CaR:Nd** crystals investigated in th8l g,—*Gs/p,%°Gyp,
tion from 0.1 to 1.0 wt. % results in an increase in the con-transition between the low-lying Stark levels as the NdF
centration of the tetramerld centers in comparison with the concentration is varied from 0.1 to 1 wt. %&£ 9 K, which
dimeric M centers. When the Ndg concentration is in- were recorded with a resolution of 0.22 ch As seen from
creased significantlto more than 1 wt. % the system the figure, the absorption spectra consist of two groups of
should be treated as a crystalline solid solution. In this casbnes withA =579.4 and 579.0 nm. The minimum values of
NdF; is regarded not as an impurity, but as one of the comthe linewidth in Fig. 2 are determined by the spectral reso-
ponents of the solid solution. lution. It can be seen from the figure that varying the NdF
Solid solutions are characterized by statistical disorderconcentration from 0.1 to 1 wt. % results in variation of the
under which it becomes difficult to speak about order inspecific concentrations of th&l and N centers toward the
distant coordination spheres. A significant increase in thenore aggregate centers, while the relative splitting of the
concentration of Ndfto 7 wt. % is manifested by an in- absorption coefficients within each group of lines remains
crease in the number of centers, and passage from inhomoenstant. In the figure, each of these groups corresponds to
geneous line splitting to inhomogeneous broadening of théour lines with splitting for theV centers ranging from 0.9 to
spectra(Fig. 1, curve o, where weakly structured broad 4.3 cm! (between the outermost lineand splitting for the
bands appear instead of sets of narrow lines. In this case, th¢ centers ranging from-1.8 to 6 cmi. The lack of similar
concentrations of the various components of the solid solusplitting in the absorption spectra in other transitions sug-
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FIG. 2. Fragments of the absorption spectra of the
M andN Nd®" centers in Cafcrystals in thetl g,
—4Ggp,°G4, transition atT=9 K for various con-
centrations of NdE wt. %: g 0.1, b 0.3, 0 1.
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gests that the complex structure of each group of lines is a

consequence of the splitting of th&,,2G,, excited state CaF,: Na*
of the Nd* ion in the dimeric and tetrameric cluster centers. E, cm’
This conclusion is supported by Ref. 6, in which splitting of 17343(17362) ~————p— 3
_ . 2 . +
the low-lying levels of thé'Gs,,2Gj, multiplet of the Nd 17320(17328) 2 6%,

ions inN andM centers was observed with a magnitude of
the order of~1cm! (the first three sublevels for thil
centers and the first two for thd center$. In Ref. 10 we 17259(17268) 1
showed that the splitting of the levels can be attributed to a
coherent interaction of paired Ridions inM andN cluster
centers. Figure 3 presents energy diagrams of the Stark levels
of an N&* ion, which were obtained from the absorption
spectra of the crystals investigated. The positions of the lev-
els are consistent with the data presented in Refs. 5-7.

3. ACCUMULATED PHOTON ECHOES IN CALCIUM
FLUORIDE CRYSTALS

Accumulated photon echoé$which are based on non-
linear resonant four-wave mixing, were used to measure the
phase relaxation tim&,. The resonant excitation of Nd
ions was effected in th8l o/,— *Gs»,2G, transition using a

Rhodamine 6G dye laser that is tunable in the range 560— 150(141) 3
600 nm. The dye laser was synchronously pumped by the

second-harmonic emission\ (=532 nm) of a YAG:Nd* 36(40.5) ) Y
laser operating in an active mode-locking regime with a fre- o2
guency of 82 MHz. Compression of the pump laser pulses 0 1

using a fiber-grating compressor was employed to shorten M (N) center

the duration of the output pUI_SeS of the dye laser fromil8 FIG. 3. Energy diagrams of the low-lying Stark levels of thg, and
to 0.5 ps. Wher_] the duration of the output pulses Wasg,, 2G,, multiplets of N&#* ions in theM and N centers in a CaF
=18 ps, the width of the spectrum of the pulses wascrystal.
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Av=1cm?, and for7=0.5 ps it wasAv=40 cm . The function of the delay between the probe pulses and pump
emission of the 20—100 mW dye laser was divided into orpulses. In the experimental geometry, the echo signal decays
thogonally polarized pump beams and a probe beam in a 7:according toSx<exp(—2t;,/T,), wherety; is the delay be-
ratio. The probe pulses were delayed relative to the pumpveen the probe and pump pulses, dids the phase relax-
pulses by a time,, ranging from 0 to 3.4 ns using an optical ation time (T,=1/(7I'y)).3
delay line. The pump beam was modulated by an acousto- Figure 4 presents the dependence of the accumulated
optical modulator with a modulation frequency of 4 MHz. photon-echo signal on the delay, for a Cak, crystal con-
The pump beam and the probe beam then converged at a 1.8tining 0.3 wt. % Ndk at T=9 K and an excitation wave-
angle and were focused onto the sample. The amplitude déngth A=579.36 nm. This wavelength falls between the
the photon echo pulses was recorded in the direction of thivo strongest absorption peaks assigned to Nhecenters
probe beam using synchronous detection at the modulatioffig. 2). As we see from the figure, the kinetics of the accu-
frequency of the pump beam. mulated photon-echo signal exhibit pronounced amplitude
After excitation, the Nd" ions undergo rapid radiation- modulation. The oscillations with a period of 37 ps corre-
less relaxation through several multiplets to the metastablepond to the splitting between the absorption peaks ofthe
4F ), level. The lifetime of the metastabfé, level in the  centers (0.9 cm'), which can be seen in the absorption
crystals investigated is lonhundreds of microsecondn spectrum(Fig. 2). Oscillations at a longer period correspond
comparison with the time between pairs of exciting pulsego smaller splitting values and cannot be seen in the absorp-
(12 n9. This very relationship is responsible for accumula-tion spectrum due to the inhomogeneous broadening of the
tion of the echo signal. In the experiment, the amplitude ofines and the limited spectral resolution of the monochro-
the accumulated photon-echo signal was investigated as mator. As we showed in Ref. 10, such modulation of the
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TABLE |. Phase relaxation time§, and homogeneous linewidttid’,  table, there is a sharp increase in linewidth in the transitions

=(mT,) '] of the *lg,—"Gpp, “Gyp, transitions of Nd* ions in theM 4 the high-lying Stark sublevels. For example, the linewidth
N [ . e :

andN centers in a CaFerysta of the transition to the third Stark subleu& GHz for theM

Transition Wavelength, center$ is more than two orders of magnitude greater than

(centey T,, ps Iy, GHz nm T, K the width of the line corresponding to the transition between
1) 6300 0.05 579.43 9 the IOV\_/-_Iymg Stgrk su_bleveléO.QS GHz for theM centers.
11/ (M) 1200 0.27 579.43 18 In addition, a slight difference is observed between the val-
1-1'(N) 3500 0.09 579.09 9 ues ofl"}, for the N andM centers.

1-1"(N) 1000 0.32 579.09 18 The dependence of the decay time of the kinetics of the
1-2'(M) 110 3.0 577.29 9 4 o1 Ggjp,2G)p transition between the low-lying Stark
1—2'(N) 150 21 577.00 9 levels in a CaE:Nd®* | ; . din thi K
1-3'(M) 45 70 576 54 9 levels in a ak:Nd" crystal was investigated in this wor
1-3'(N) 30 10 575.91 9 in the temperature range 9-50 K. Figures 5 and 6 show the

experimental kinetics of the accumulated photon echoes for
the excitation ofM and N centers in a Cafcrystal (with
excitation wavelengths\ =579.09 nm andA=579.43 nm

accumulated photon-echo signal is due to fine Splittingfor the N andM centers, respectivelywith a concentration

—1 4 N 2 of NdF; equal to 0.3 wt. % aT =9 (a) and 18 K(b). Mea-
(0.1-1cm™) of the ground®ly, and excited*Gg, G5 f the dephasing fi dth | fthe h
multiplets as a result of the coherent exchange, magneti%urements of the dephasing time and the values of the homo-

dipole—dipole, and electric quadrupole—quadrupole interacJENeOUS width of _the spectrum calculated from them are pre-
tions of the N&" ions in the dimericM and tetramericN sented as a function of temperature for th@ndM centers

centers. The beat contrast in the kinetics depended on tH Cak, in Fig. 7. As is seen from the figure, the widths of

excitation wavelength and decreased with increasing temt- eN andM lines are similar over the measured temperature

perature or increasing concentration of the’Nibns. At the rangeAtatr;]d mcreast_e mo_r:otﬁnlcﬁlll))/ W'tht w(;ctrﬁa;;%(;elr(npera-
same time, no variation of the decay time of the accumulate%ﬁre'h € same |Ir_ne, '_dstﬁouf tehn(‘)‘Ie fG 26 ’
photon-echo signal was noted in the present experinféoits ¢ NOMogeneous finewidtli, or the 1o “35/2," G772

o Al . - :
concentrations of Ndfequal to 0.3 and 1.0 wt. % The tr|an3|t|on o SI& |fons n _CZE (I:rystals Ch g'og.GH;) 'Sd
decrease in the oscillation amplitude as the impurity-ion con@iMmost an order of magnitude less thEpin the disordere

N3+ - . .
centration increases might result from variation of the finecaFZ_YF3'Nd crystals €'s~0.05 GHz) that we investi

splittings in the centers that emerges as the inhomogeneoﬁ’é‘ted in Ref. 12.

linewidth increases. Variation of the splittings leads to varia-

tion of the ogcillation peripds and,_as aresult o_f_averaging, 19 MECHANISM OF OPTICAL DEPHASING IN CALCIUM

a decrease in the oscillation amplitude. In addition, as can bg, orIDE CRYSTALS

seen from Fig. 4, the high-frequency modulation depth de-

creased as the delay, increased. To ascertain the mechanism of optical dephasing in these
The echo kinetics measured in the experimerta® K~ media, we analyzed the temperature dependence of the ho-

were not exponential. The reasons for this nonexponentidnogeneous linewidtiiFig. 7) in direct relaxational transi-

behavior were discussed in Refs. 11 and 12, and might béons between Stark sublevels involving the resonant absorp-

associated with saturation effects at high laser pump powetion and emission of one phonon. In this approximation, the

as well as with the simultaneous excitation of several opticaggquation for the homogeneous linewidth,, of the *Ig),

centers having different values 3. To minimize the in- —“Gs;»,°Gy, transition between the low-lying Stark levels

fluence of saturation effects, we selected a low radiate@®f the ground and excited multipletsig. 6) can be written

pump power of~20 mW. In particular, we controlled and in the form™

monitored the excitation selectivity of the centers and the Wo WO

transitions by varying the width of the laser excitation spec- T, = 12 + 13

trum. exp(AE/kT)—1  exp(AE;3/kT)—1
The influence of the optical density can also lead to dis- s WP

tortion of the initial stage of decay of accumulated photon + Ve + vy

echoes? It is difficult to determine the optical density of exp(AE;, /kT)—1 = exp(AE;/3 /kT)—1

CaF, crystals, since the spectral width of the absorption line 1

at T=9 K (Fig. 1) is less than the spectral resolution of the o T 1)

monochromator. Taking into account all the facts just cited, !

we measured the dephasing tirfie in the final stage of whereW?,, WY, \/\/(1’2 and\l\/(1),3, are amplitude param-

decay of the accumulated photon-echo signal. In addition, teters that characterize the rates of radiationless relaxation

minimize the influence of oscillations and reduce the influ-between levels 1 and 2 and between levels 1 and 3 of the

ence of optical density, thl andN centers were excited at ground *l4, multiplet and between levels’land 2 and

the edge of the absorption band of each ce(f. 2). between levels Land 3 of the excited*Gg,,2G7), multip-
Table | listsT, and the linewidtH™,, for transitions from  let; AE;; is the energy gap between the corresponding Stark

the ground-statél o, multiplet to the low-lying Stark sublev- sublevels(Fig. 3); and T, is the relaxation time of the popu-

els of the*Gg,,%G,;, multiplet. As can be seen from the lation of the excited level. It was shown in Ref. 15 that the
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multiphonon relaxation rate ¢2T,) ! varies only slightly We confined ourselves to transitions between three low-
between liquid helium and liquid nitrogen temperatures. Follying Stark sublevels, whose transition rates can dominate
this reason, we assume that the multiphonon relaxation ratie relaxation process a<50 K. In analyzing Eq(1) we
(27T,) ! is the same for the first three Stark sublevels ofalso neglected transitions within the system of the fine-
the *Gs,,2G5,, multiplet. Thus, in Eq(1) the temperature- structure splitting of thél andN centers wittAE<1 cm 2,
dependent terms describe only processes involving the alsince the phonon density of states at energies

sorption of a phonon. hv=AE<1cm !is low. While we only consider processes
04}
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3
g FIG. 6. Kinetics of the accumulated photon-echo signal upon
g- 02t excitation of the N centers [£=579.09 nm) in a
g CaF,:Nd®**(0.3 wt. 99 crystal atT=9 K (a) andT=18 K (b).
% The solid lines correspond to exponential decay of the accumu-
w lated photon-echo signarl;,=3.5 ns(a) andT,=1.0 ns(b).
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T, GHz 3). In particular, all terms except the third (8) and the third

' and fourth in(3) can be neglected. In this approximation,
I'1» is equal tovvf,z,, since the ratio between the exponen-
tial terms in the third term iri2) for T=9 K and the energy
gaps given is 1.

Hence, using the data in Table I, we at once obtain the
radiationless relaxation constar\Aﬁ,z, =3 GHz (for the M
center$ and \/\/(1),2,=2.1 GHz (for the N center$. For this
same reason, from(3) we obtain the expression
I3 =W,,,,+W),,,. For subsequent evaluations we need
the relationship betweewg,l, and\/\/g,z,. According to the

theory of electron—phonon interactions; is proportional
0'010 30 20 60 30 to the product of the square of the matrix element of the
T,K electron—phonon interaction and the spectral phonon density
of states. In the Debye approximation, the latter is propor-
41 g1p—*Ggpp, %Gy, transition between low-lying Stark sublevels of the Flonfal to the CUbe. of the fre.quenc.y of the phonon part|C|pat_-
andN Nd®* centers(O and #, respectively in a CaF, crystal. The solid  INg in the interaction. On this basis we can estimate the ratio
curves are theoretical plots obtained withéait and with (b) consideration Wg,z,/Wg,l, =(AE,3 /A Elr3r)3, which is equal to 0.02
of Wis. and 0.06 for thevl andN centers, respectively. As a result of
the evaluations made, {i8) we can neglect the term contain-
ing W3,,, and determine the constanté),,, =T ;5 , which
involving the absorption of a single phonon when a low-are 7 and 10 GHz for thk! andN centers, respectively. The
lying Stark sublevel of thédGs,,%G;, state is excited, we ratios between the resulting values and, /W, =2.3
should take processes that entail phonon emission whe@.3) for the M (N) centers. A comparison of these ratios
high-lying Stark sublevels of this compound are excited intowith the ratio (AEg 1/ /AE,1,)3=2.7 (4.3) exhibits good
account. For example, for the-12' transition to the second agreement with the Debye approximation.

10f

0.1F

FIG. 7. Temperature dependence of the homogeneous lineWjddf the

Stark component, we can write The significant difference betweehE,;, (~35 cm})
and AE; (~150 cm'Y) for the ground-statél 5, multiplet
B 12 13 causes the second term(ib) to be negligible in comparison
oo Wi . Wi th d term (@ to be negligible i i
1277 exp(AE;,/kT)—1  expAE 5/kT)—1 with the first atT<20 K. It should be noted that the deter-
mination of\/\l‘l’2 from (1) at T=9 K is very sensitive to the
W2, eXp(AE; o /KT) - :
2'1 accuracy of the measurements. First, the maximum delay
exp(AE 5 /kT)—1 between the pump pulses and probe pulses in the experimen-
WP tal system ist;,=3.4 ns, and this complicates the determi-
2’3’ 1 nation of a damping decrement of an accumulated photon-
+ + . (2 X . Ay
expAE, i3 /kT) =1 27T, echo signal that is comparable to this time. Second, the

Here. along with terms that describe processes involvin thvalues ofT, obtained in Ref. 16 were 7.2 ns and 3.3 ns for
, g wi b€ p INVOVING e e M and N centers in a CafENd®' crystal, respectively;

absorption of a single phonon, the third term describes th?herefore a difference between two similar valiffss ex-

spontaneous and stimulated emission of one phonon in the _ _
2’ =1’ transition. The expression for the homogeneous "ne_ample, T(M)=7.2 ns andT,(M)=6.3 ns, see Table)|

~ = _1 -
width I';3 upon excitation of the third Stark componétite must be taken to calculaid’, (Fl.l .(ZWTl) ). Conse
y oy " . quently, we used the results of kinetic measurements of the
1'—3' transition, Fig. 3 has the form

decay of the accumulated photon-echo signall at18 K,
sz ng whereT,(M)=1.2 ns, to calculaté’/\lgz. The value ofl"
+ in these experiments was 0.20.30 GH2 for the M (N)
expAE,/kT)—1 exp(AE;3/kT)—1
AEL/KT) AE,/KT) centers. As a result)/?9, calculated from Eq(1) was 3.4 and

I'izy=

Wg,l, exp(AE; 5 /KT) 5.9 GHz for theM andN centers, respectively.
In Fig. 7 (curve a the solid line shows the dependence
exXp(AE; 5 /kT)—1
MAELs ) of I'(T) obtained from Eq.(1) for the M centers in a
Wg,z, exp(AE, 3 /KT) 1 CaFR,:Nd®* crystal with exact consideration of the transitions
exp(AE, 5 /KT)— 1 + 27T, 3 to the second and third Stark levels of the excited state and to

the second level of the ground state, but without considering
In Egs. (1), (2), and(3), the energy gaps and the amplitude the relaxation processes associated with phonon absorption
terms are symmetric under interchange of the level indiceshetween levels 1 and 3 of the ground stamf{g: 0). The
W;;=W;; . This greatly simplifies the solution of the prob- figure reveals a sharp increase in the difference between the
lem. Because of the exponentially small termexperimental points and the theoretical curveTat30 K.
1[expAE/KT)—1] at T=9K (kT=6.3 cn’}), Egs.(2) and  This difference may be associated with neglect of relaxation
(3) can be simplified for Stark splitting§E>30 cmi ' (Fig.  processes between levels 1 and 3 of the ground state, which
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becomes unjustified as the temperature rises. In order to takgound and excited multiplets. An analysis of temperature
these processes into account, we determm@gby assum- dependence has shown that optical dephasing in the ground
ing that the phonon density of states has a Debye distribuand excited states of the ordered crystals investigated is de-
tion. This assumption enables us to determine the relatiorscribed well by direct relaxation processes that involve reso-
ship betweenW?, and W2, as W0,=W,(AE;3/AE;»)®  nant inter-Stark absorption of one phonon. &9 K, the
(W3,=260 (270 GHz for theM (N) center$. A theoretical homogeneous linewidth',, in the disordered crystals is al-
curve that takes these parameters into account is depicted imost an order of magnitude greater than the analogous value
Fig. 7 (curve b. The experimental values clearly correspondin the ordered crystals. This difference can be accounted for
to a direct relaxational dephasing process in the temperatulgy a significantly higher spectral phonon density of states in
range considered. the disordered crystals.

Thus, the mechanism of optical dephasing in multicenter ) _
ordered crystals over the range=10—50 K is described This research was performed with support from the
well by a single-phonon resonant relaxation process. We prd3ussian Fund for Fundamental Researétioject 95-02-

viously showed that the temperature dependence of opti0194328'a'

dephasing in disordered CaFYF; crystals is also described 1R, m. Macfarlane and R. M. Shelby, Bpectroscopy of Solids Containing
by single-phonon processgs.The tenfold difference be- Rare Earth lonsA. A. Kaplyanskii and R. M. Macfarlangeds), Elsevier,

tween  the  relaxaton rate  in  disordered ,Amsterdam(1987, Vol. 21, p. 51,

. . . K. Alimov, T. T. Basiev, and S. B. MirovSelective Laser Spectros-
_ 06 Ng3+ = -
Cak—YF3(10%):Nd°" crystals withI',=0.5 GHz and in or copy (Proceedings of the Institute of General Physics of the Academy of

dered Cag:Nd** crystals {',=0.05 GHz) afT=9 K can be Sciences of the USSR, Vol.[®) Russiail, Nauka, Moscow(1987).
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