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Transfer of energy between Er®" and Tu®' or Er® and Ho®' ions in Y;Al;O,, crystals, and concen-
tration quenching of luminescence of Nd** ions in Y3Al;0,,, YsGasO,z, and LaF; crystals are studied
at temperatures between 2 and 300°K. The weakening of quenching or transfer observed in the in-
vestigated systems at helium temperatures is attributed to the decreased efficiency of excitation-
energy migration along donor ions to the quenching centers or acceptor ions. It is shown that the
mean migration probability (Wp1) at temperatures between 2 and 77°K depends on the population

of the first excited level of the donor ion ground state, Wy - e~8/2KT

where A is the distance to

this level. In the indicated temperature range, the decisive role in migration processes is played
by nonresonance interactions between donor ions. The mean lifetime of the donor ions is calculated
by taking into account the excitation-energy migration. The theoretical temperature dependence of
the lifetime is the same as the experimental one. Experiments on monochromatic excitation of
glasses containing Yb®" were performed at low temperatures and confirmed the dependence of the

nonresonance transfer on the phonon frequency.

NONRADIATIVE energy-transfer processes play an
important role in the effective laser materials contain-
ing several alloying impurities. These processes lead
also to concentration quenching of the luminescence.
The already developed theory of non-radiative energy
transfer!] pertains to the case of resonance of the ion-
donor and ion-acceptor transitions, when there is at
least partial overlap of the donor luminescence lines
and of the acceptor absorption lines. Experiments,
however, have revealed cases of effective nonradiative
energy transfer between ions even when there was no
overlap of the donor and acceptor transitions (see, for
example,[“ ). Apparently these processes occur with
phonons taking part. It is of considerable interest to
investigate experimentally the characteristic features
of nonresonant transfer: its efficiency, its dependence
on the frequency of the phonons that take part in the
transfer process, etc.

It is shown in the present paper that at low tempera-
tures, when the lines in the spectra of the rare-earth
ions in the crystals are inhomogeneously broadened,
the resonant transfer processes are ineffective. At low
temperatures, the principal role in the transfer be-
tween rare-earth ions is played by nonresonant pro-
cesses in which phonons take part. The investigation of
these processes reported in the present paper has
made it possible to establish the connection between
the nonresonant transfer probability and the frequency
of the phonon that takes part in the process. We inves-
tigated the temperature dependence of the excitation
energy transfer between Er** and Tu® ions and be-
tween Er® and Ho®' ions in yttrium-aluminum garnet
crystals (YAG) and the concentration quenching of the
luminescence of Nd** ions in crystals of YAG,
yttrium-gallium garnet (YGG), and LaF;. We have
shown earlier®! that on going from nitrogen to helium
temperatures the interactions between the rare-earth
ions in the crystals becomes greatly weakened, leading
to a deterioration of the excitation-energy transfer of
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the acceptor to the ions or to a decrease of the concen-
tration quenching. Such a weakening was attributed in!®
to the temperature dependence of the processes of
migration of the excitation energy along the donor ions
to the acceptor ions or to the quenching centers. In the
present paper we report a more detailed investigation
of the temperature dependences of the transfer in a
large number of objects and in a wider temperature
interval (2-300°K).

INVESTIGATION PROCEDURE

To obtain information concerning the energy trans-
fer in the systems YAG:Er**, Tu®* and YAG:Er®,
Ho®', we measured the lifetime 7 of the Er®* ions at
the *I,5/2 level in a series of crystals having a con-
stant content” of Er®* (1%) and a variable concentra-
tion of Tu®*" or Ho®. In the study of the concentration
quenching we measured the lifetimes of the Er®" ions
at the “I,s/ level and of Nd* at the *Fs/» level in a
number of crystals with variable concentrations of
Er® and Nd*'.

The luminescence lifetime 7 was measured at both
fixed temperatures (4.2, 77, and 300°K) and with con-
tinuous variation of the temperature from 2 to 300°K.
To this end, the crystals were placed in a massive
copper block with apertures for excitation and observa-
tion. The block was cooled with liquid-nitrogen or
liquid-helium vapor. The temperature in the 4.2—60°K
range was monitored with a carbon resistance and in
the 60—300°K with a copper-constantan thermocouple.
In the former case the resistance was recorded by a
null method, the working current through the resist-
ance not exceeding 30 uA. The accuracy with which the
sample temperature was measured by the carbon re-
sistance was 0.5°. Cooling to a temperature below

DThe impurity concentrations are indicated in at. % throughout.
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4.2°K was by pumping off the helium. The temperature
was monitored against the liquid-helium vapor pres-
sure.

The luminescence was excited by an ISSh-100 flash
lamp with a flash duration ~ 15 usec. The lumines-
cence signals of the Er®*, Tu*, and Ho®' ions were
separated by an IKS-12 prism monochromator, with a
PbS photoresistor placed behind the output slit of the
monochromator. In the investigation of crystals acti-
vated with Nd**, the luminescence light was focused
on the slit of a grating monochromator with dispersion
40 A/mm, and was recorded with an FEU-28 photo-
receiver. The signal from the photomultiplier or
photoresistor was fed to the input of an S1-19B oscil-
loscope.

The lifetime 7 of the luminescence was measured
for crystals ~1 mm thick. The lifetime measurement
accuracy was 10%.

To obtain information concerning the relative posi-
tions of the levels of the ions Er®*", Tu®, and Ho®' in
the YAG crystals, we investigated the absorption and
luminescence spectra of singly-activated crystals in
the 1.4—2.2 u region. The published data concerning
these spectra["'6 are incomplete; in particular, data
are missing on the luminescence spectrum of Er®'in
YAG crystals in the 1.6 p region. The absorption and
luminescence spectra were investigated with the aid of
a MDR-2 diffraction monochromator with a grating of
300 lines/mm and dispersion 80 A/mm. The spectra
were recorded with a resolution not worse than 2 cm™.
It is difficult to investigate the absorption spectrum of
Ho®" in the 1.8 y region (transition °I; — °I;) with the
aid of the MDR-2 instrument, owing to the strong ab-
sorption of the atmosphere. The spectrum was there-
fore recorded with the aid of a double-beam prism
spectrophotometer (SP-700) with a resolution not
worse than 10 cm™,

In addition, we measured the width of the resonance
absorption lines of the Nd** ions in various bases in
the 0.87 w region (transition *I/» — *F3/2). The meas-
urements were made at 4.2 and 77°K with the aid of a
DFS-12 diffraction spectrometer with dispersion
10 A/mm and resolution ~0.2 cm™.

EXPERIMENTAL RESULTS

1. Energy Transfer from Er®' to Tu®** and Ho® in
YAG Crystals

The investigation of YAG crystals with a single
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activator (Er®", Tu®*, or Ho>") has shown that the ions
excited at high energy levels (10,000—25,000 cm™)
experience rapid relaxation tothe metastable levels
1,372 (Er®?), *H,(Tu®*"), and °I;(Ho® ). Therefore the
energy transfer takes place mainly between these
levels.

Figure 1 shows the spectra of luminescence of Er*
ions (transition °I;3/> — “I;s/2) and absorption of Tu®'
ions (transition *Hg — *Hs) and Ho®' ions (°I3 — °I)
in YAG crystals at 77°K. We see that there is overlap
of the spectra in the Er®" — Tu® pair, but not in the
Er® - Ho* pair. The energy of the lower level of the
"113/2 of the Er*" terms in the YAG crystals was
6.549 cm™, and that of the upper level of the term
1,52 was 572 cm ', Therefore the frequency of the
shortest-wavelength line in the emission spectrum of
Er® is 5.977 cm™. The highest level of the °I; term
of the Ho®" ions in the YAG crystal has an energy
~5450 cm™. Thus, in order to effect the transfer of
the excitation energy from the Er®’ ions to the Ho®*'
jons it is necessary to emit phonons with frequency
greater than 530 cm™,

Figure 2 shows the dependence of the luminescence
lifetime of erbium in a series of crystals with constant
content of Er®* (1%) and variable concentration of Tu**
(0.2—1%). The curves offer evidence of effective non-
radiative energy transfer to the Tu®" ions; this trans-
fer depends strongly on the temperature. The transfer
proceeds effectively at 77°K and weakly at 4.2°K. For
the crystal activated with 1% Er®** and 0.2% Tu®*', we
plotted the dependence of the lifetime 7 of the Er** on
the temperature T with continuous variation of the
latter, as shown in Fig. 3. We see that 7(T) has a
non-monotonic character. At temperatures 2—4.2°K
the lifetime does not change, and then it begins to
shorten rapidly, and at 25°K it ceases to depend on the
temperature. When the temperature increases from
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FIG. 2. Dependence of the lifetime of *
the luminescence from the * 1,3/Z levelof ¥
the Er®* ions in YAG crystals on the Tu* ¢
concentration at 300°K (0), 77° K (&), 2
and 4.2° K (@) . 1
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FIG. 1. Luminescence spectrum of Er3* ions (top) and absorption
spectrum of Tu3* jons (a) and Ho®** (b) in YAG crystals; T =77° K.
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FIG. 3. Dependence of r of Er** on the temperature in the temp-
erature interval 2 — 300°K in YAG crystals activated with: O — 1%
Er*, 0.2% Tu*; ® — 1% Er**, 0.5% Ho*; O — 20% Er**.

77 to 300°K (Fig. 3), a lengthening of the lifetime is
observed, thus evidencing a deterioration of the energy
transfer to the Tu®' ions.

An equally effective transfer, strongly dependent on
the temperature, was observed also in the case of Er®”
~ Ho®" (Fig. 3). A comparison of the 7(T) plots for
both pairs (Fig. 3) shows them to be smaller. Thus,
the change of the acceptor does not modify the tempera-
ture dependences of the energy transfer.

Moreover, the processes of concentration quenching
of the luminescence of Er®" from the level 1,5/, in
YAG crystals have similar temperature dependences.
Figure 4 shows the dependence of the lifetime on the
erbium concentration at three temperatures. The
quenching proceeds effectively at 77°K and weakly at
4.2°K. The 7(T) plot for the YAG crystal with 20%
Er®" is shown in Fig. 3. We see that for all the investi-
gated systems the T7(T) plots are similar and are
probably dependent by the interaction between the Er®
ions in the YAG crystals.

2. Concentration Quenching of the Luminescence of
Nd* Ions in YAG, YGG, and LaF; Crystals

The concentration quenching was investigated in a
number of YAG crystals activated with 0.8, 1.2, 2.0,
4.2, and 7.0% Nd**. The dependence of the lifetime of
the luminescence of Nd** ions from the *Fs/; level in
these crystals on the concentration is shown in Fig. 5.
We see that at low Nd®* concentrations the lifetime
does not depend on the temperature. However, starting
with 2% concentration, the quenching weakens when the
temperature drops from 77 to 4.2°K. Thus, in the YAG
crystal with % Nd**, the lifetime T increases from
30 to 75 usec on going over from nitrogen to helium
temperature,

The concentration quenching of the luminescence of
Nd** ions in YGG and LaF; crystals also weakens when
the crystals are cooled to helium temperatures. The
dependence of the lifetime on the temperature in the
crystals YAG : % Nd*, YGG :6.6% Nd**, and LaFs:8%
Nd** was investigated with continuous variation of the
temperature from 4.2 to 77°K (Fig. 6). The shortening
of the luminescence lifetime of Nd** in these crystals
begins at different temperatures: at 7°K in LaFs;, at
12°K in YGG, and at 16°K in YAG. The character of
the curves (Fig. 6) is similar to the curves for crystals

FIG. 4. Concentration dependence
of the lifetime of the luminescence of
Er* ions from the level *L3/, in YAG
crystals at 300°K (O), 77°K (4), and
4.2°K(®).
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FIG. 5. Concentration dependence
of the lifetime of the luminescence of
Nd** ions from the *F;;, in YAG crys- gl
tals at 77°K (@) and 4.2°K (& ).
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of 7 in the following crystals : ok 1P
A — LaF; : 8% Nd3* (right hand scale):
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activated by Er®' (see Fig. 3), but the start of the

shortening of 7 is shifted towards higher temperatures.
Thus, a weakening of the energy transfer or a con-

centration quenching of the luminescence takes place

in all the investigated systems near helium tempera-

tures.

DISCUSSION OF RESULTS

As shown in the preceding section, the temperature
dependences of the energy transfer and of the concen-
tration quenching of the luminescence in YAG crystals
activated with Er®*, Er®' —Tu*, and Er®* —Ho* are
all similar (see Fig. 3) and do not depend on the ac-
ceptor. Thus, the temperature variation of the trans-
fer efficiency cannot be attributed to a change in the
overlap of the spectra with changing temperature, since
it has been shown that there is no such overlap in the
case of the Er®*—Ho®*" pair.

The temperature dependences show that the increase
of the energy transfer efficiency and the luminescence
quenching as the temperature is increased from 2 to
T7°K (Fig. 3) is connected with a temperature-depend-
ent migration of the excitation energy along the Er®*
jons to the acceptor ions or to the quenching centers.
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Since the experimentally observed luminescence atten-
uation curves of Er®* in YAG crystals, in the case of
energy transfer and concentration quenching, were
singly-exponential, the average migration probability
(WM) can be calculated from the relation
1 11
T(T)  Texp w(T)

= Wu(T) 1)
where 7(T) are the experimental dependences shown
in Fig. 3, and Teyp is the lifetime measured at
T = 4.2°K and does not depend on the temperature
(Fig. 3). The calculated probability Wy(T) is the
average migration probability of the excitation energy
over the Er®' ions, with subsequent energy transfer
to the Tu®* or Ho®" ions.

The temperature dependence of the migration proba-
bility, obtained for systems with Er®*, is shown in
Fig. 7. For three systems,

Wu(T) oo exp (—Ay / kT), 2)

where A, turned out to be equal to 12 cm™ for the
Er® — Tu* and Er® - Ho* transfer and for the con-
centration quenching of the luminescence of Er*, cor-
responding to half the distance to the first excited
level of the ground state of the Er®** ions in YAG
crystals (24 cm™).

In systems activated with Nd**, the temperature de-
pendences of 7(T) (Fig. 6) are caused also by migra-
tion over the Nd*' ions towards the quenching centers
(apparently pairs of Nd**ions). The Wy (T) depend-
ence calculated from (1) turned out to be proportional
to exp(-A,/kT), where A, corresponds approximately
to half the distance to the first excited state of the Nd**
ions in the indicated crystals. The calculated values of
A, for all the investigated systems and for the distance
to the first excited level of the term “Is;, (Nd**) and the
term *IL;s/2(Er®") are listed in the table. Thus, the im-
provement of the migration is directly connected with
the population of the first excited state in the investi-
gated systems.

At helium temperatures, the resonance lines of
transitions 3 — 1 (or 1 - 3), Fig. 8, of rare-earth ions
in crystals are inhomogeneously broadened. The widths
of these lines amount to® 1—5 cm™, and the homogene-
ous width, as shown by the EPR data, does not exceed
1072 cm™. Therefore the efficiency of the process of
resonant transfer between the like ions remains small.
The nonresonant transfer (with emission of a phonon)
within the limits of the line width of the 3 — 1 transi-
tion, for low phonon frequencies (~1 cm™), is ineffec-
tive owing to the small density p(w) of the phonon
states (in the Debye approximation, p(w) ~w?dw,
where w is the phonon frequency).

The probability Wnt of the elementary act of non-
resonant transfer between two impurity ions can be
written in the form

Wy = 2/ h) [ M|%(0), 3)

Din particular, the width of the 0.875 u resonance line of the Nd3*
(0.5%) ions in YAG crystals at 4.2°K amounts to 2.5 + 0.5 cm™ . On go-
ing over to 77°K, the width of this line remains unchanged. This indicates
that the observed witdth is determined in the investigated temperature
interval by the inhomogeneous broadening.
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with 1% Er®*, 0.2% Tu®* (O), 1% Er*?
0.5% Ho** (@), and 20% Er3* (O). r
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System l A,cm-! Ay,cm-! A/A
Y:Als0,; ¢ Erd+ : Tud+ 24 {4 12+05 0.50
Y3Als0y, : Ers+ : Ho3+ 2[4 12+0.5 0.50
Y3Al50;, : Exr3+ 24 [* 12+0.5 0.50
Y;3A10,, : Nd*+ 131 6050 0.47
Y3Gas0,2 : Nd3+ 80[¢ 38+3.0 0.47
LaFs : Nd3+ 40 [ 19+1.0 0.47
SrMoO, : Nd3+ 95 47+20 049
NaLa (MoO,). : N@3+ 92 [19] 4440 0.48

Here A is the distance to the first excited level of the ground state,
and A; is the experimentally obtained quantity.
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where M is the matrix element of the operator of
nonresonant interaction between these ions, which de-
pends weakly on w; p(w) is the density of the phonon
states. As follows from (3), the main dependence of
Wnt on w is determined by the dependence of p(w) on
the phonon frequency, and consequently Wpt is small
at low phonon frequencies. In this connection, the
migration is ineffective at helium temperatures, and
the energy transfer and luminescence quenching are
due only to the direct processes of interaction with the
acceptor or with the quenching center, which do not
depend on the temperature (see Fig. 3). With increas-
ing temperature, the efficiency of excitation migration
increases. This increase can be brought about by two
effects.

A. Increase of the homogeneous width of the level
1 (Fig. 8). With increasing temperature, the level 2
becomes populated as a result of the strong interaction
with the phonons, leading to a shortening of the lifetime
of the ions at the level 1, and consequently to an in-
crease of its homogeneous width v, Ame'A/ T
where Ap is the probability of the non-radiative
transition 2—1, and A is the distance between the
levels 1 and 2 (Fig. 8). This can lead to an improve-
ment in the overlap of the lines of neighboring ions
and to migration between them as a result of resonant
transfer.

B. When the temperature is increased, the level 2
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becomes populated (Fig. 8), and nonresonant migration
along the donor ions can take place: the ion D, goes
over from the level 3 to level 1,”, and the ion D, goes
from_level 2 to level 3, and a phonon with energy hw
=hwas' - Nwz? is created. Since the probability of
finding the ion D, in the state 2 is proportional to
e-A/KT | the probability of the elementary act of non-
resonant transfer is also proportional to this factor®.
This process does not depend on the character of the
line broadening, and its probability is much higher than
that of processes of non-resonant transfer within the
limits of the line width of the 3 — 1 transition (1—5
cm™), owing to the larger density of states p(w) of
the high-frequency phonons in expression (3).

To choose between the indicated effects, low-tem-
perature experiments were performed on crystals with
greatly differing resonance-line widths. We investigated
the crystals SrMoO, and NalLa (MoOQ, )., activated with
Nd**, in which the widths of the resonance lines, con-
nected with the *lg/» — *F3/, are equal to ~3 cm™ and
~15 cm™, respectively, at 77°K. The distances to the
first excited level of the *I,/, term were practically
the same and amounted to, in our measurements,

95 cm™ (SrMoO,) and 92 cm™ (NaLa(MoO,),)**). If
the main contribution to the improvement of the migra-
tion is made by resonance-interaction processes, then
the lifetime 7 should increase more rapidly for the
SrMoO, crystals with increasing temperature. If the
decisive role is played by the nonresonant interaction
mechanism, then the 7(T) dependences should be the
same for both crystals in the interval 4.2—77°K.

Figure 9 shows the temperature dependence of the
luminescence lifetime of the Nd** ions at the level 4F3/2
in the crystals SrMoO, and NaLa(MoOQO,).. The curves
turned out to be actually similar, and A, in both
crystals were the same within the limits of the experi-
mental error (see the table). Thus, a decisive role in
the improvement of migration with increasing temper-
ature to 77°K is played by the nonresonant processes in
which the first excited level of the ground state of the
donor ion takes part.

When the temperature is increased from 77 to 300°K,
a lengthening of the lifetime of the Er®* ions is ob-
served in YAG crystals activated with Er**—Tu* and
Er*—Ho®" (Fig. 3), thus indicating a deterioration in
the energy transfer to the Tu®** and Ho®' ions. Let us
discuss the possible causes of the weakening of the
transfer with increasing temperature.

One of them may be connected with the backward
excitation-energy transfer from the Tu®' and Ho*"
ions to the Er®’ions. To check these assumptions,
experiments were performed on monochromatic exci-
tation of Ho®" ions in YAG crystals with 1% Er®*" and
0.5% Ho® at 300°K. The excitation of the Ho>' ions at
the *ls level with energy ~8500 cm™ was produced by
an incandescent lamp, from whose spectrum an interval
~150 A was cut out with the aid of an interference
filter. There is no absorption of Er®" ions in YAG

3)D, and D, are like ions.

Y A similar temperature dependence for A > kT is possessed also by
another transfer process such as D, (3~ 2), D, (1»> 3), absorption of a
phonon hw.
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FIG. 9. Temperature dependence 2
of luminescence lifetime in the crys- w
tals StMoO, : 4% Nd* (O) and
NaLa(MoO,),: 5% Nd** (@). &+
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crystals in this section of the spectrum The lumines-
cence spectrum in the region 1.6—2.2 1 was regis-
tered with the aid of a high-transmission mono-
chromator (MDR-2).

In the presence of backward transfer from the Ho®"
ions to the Er® ions, luminescence of the Er®*ions
should be observed. We observed only an intense
luminescence of Ho in the 2.1 p region I, — °Ig
transition), and there was no luminescence of erbium
in the 1.6 u region. This experiment indicates that the
backward transfer from the Ho® ions to the Er®* is
ineffective in the investigated crystals. An examina-
tion of Fig. 3 shows that in both pairs (Er® - Tu®" and
Er® - Ho®') the 7(T) dependences of the Er®* ions in
the temperature interval 77—300°K are similar, and
do not depend on the acceptor. Consequently, the in-
crease of the lifetime of the Er®* ions with increasing
temperature cannot be attributed to the backward
transfer.

The deterioration of the excitation-energy transfer
from the Er*" to the Tu®*" and Ho* ions at high tem-
peratures may be connected with the ratio of the prob-
ability of migration over the Er®" ions to the probabil-
ity of the final act of interaction between the Er** ions
and the Tu®*" and Ho® ions. With increasing tempera-
ture, the migration probability becomes larger than
the probability of the final interaction, and the migra-
tion chains become much longer. The efficiency of the
interaction with the acceptor (Tu®*, Ho®*) can then de-
crease,

To obtain the obtained experimental temperature
dependence (2) of the probability Wy in the interval
4.2—TT°K, a theoretical calculation was made of the
average lifetime of the excited ions of the donor 73y
with allowance for the migration of the excitation en-
ergy. We considered a system of particles (donors and
acceptors) uniformly distributed in an infinite volume.
At the initial instant of time, the concentration of the
excited ions of the donor per unit volume was n(0).
We determined the time variation of the number of
excited donor ions. The number of excited particles
can be decreased by the following processes: 1) radi-
ative decay, 2) direct quenching interactions with the
acceptor, 3) quenching due to migration of the excita-
tion energy along the donor ions, with subsequent
transfer of energy to the acceptor ions. The probabil-
ity of radiative decay is independent of the tempera-
ture. We shall assume that the probability of the direct
quenching interactions is also independent of the tem-
perature. The total probability of these two processes
is equal to 1/ Texp: The quenching probability, which
is connected with the diffusion of the excitation energy
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to the acceptor ions and depends on the temperature,
will be denoted by WM(T). Then in the case of the two-
level system considered by us the equation for the time
variation of the number of excited donor ions can be
written in the form
%:—(}exjmm). 4)

Let us find an expression for WM(T). When ac-
count is taken of the diffusion of the excitation energy
of the crystal, the quenching probability is propor-
tional to the ‘‘frequency of collision’’ of the excitation
migrating along the crystal with the trap (acceptor ion).
As a trap model we chose a sphere of radius R, sur-
rounding the acceptor ion. Then the ‘‘frequency of
collision’’ calculated in analogy with!**! is given by

v = 4nRoDno(1 + Ry / YaDi), (5)

where n, is the number of traps per unit volume, t
is the time, D is the ‘‘coefficient of diffusion’’ of the
excitation energy over the donor ions.

The ‘‘diffusion coefficient’” D can be written in the
form D =12/Tpy;, where T is the average distance be-
tween the donor ions in the crystal and 1/7M = W) is
the probability of the elementary act of energy trans-
fer from one donor ion to another. When account is
taken of the nonresonant character of the interaction,
WM is proportional to the ’Ipopulation of level 2 (see
Fig. 8), i.e., WM » e™& KT Then the ‘‘diffusion coef-
ficient’’ can be represented in the form

= RWy = Doe~8RT, 6)
The sought probability Wyg(T) is then
Wu(T) = Pw. (7)

(P is the probability that the excitation energy will be
quenched by the ‘‘encounter’’ with the trap). Substitut-
ing (7) in (4) and solving (4), we obtain

n(t) = n(0) exp {— (at + 28V7)}, @)
where

a=1/Texp+ 4nPRnoD, p = 4PR@noynD. 9)

The obtained variation of the population (8) has a
non-exponential character. As shown inDZ], such a
non-exponential law can be well approximated by an
instantaneous initial drop followed by an exponential
one. The average lifetime of the excited ions of the
donor 7y is determined by®

’l.'av:(S n(t)dt>_iStn(t)dl:%(i—v—:q—i—...), (10)
] L]

where q = B/Va. Substituting @ and B in (10) and re-
taining the first two terms of the expansion, we get

o Texp ( | 2PRnoYDexp )
av ——— ———— |.
1 + 4nPRonoDvey Y1 F &nPRonoDrex
P

11)

In expression (11), Texp is the lifetime at helium tem-
perature, when the migration processes are ineffective

An analogous expression for r,, was obtained in ['?] with account
taken of the influence of the excitation-energy transfer on the average du-
ration of the excited state in the case of immobile molecules.
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for all the system considered by us.
Expression (11) can be simplified:

12)

This is valid if the term 47PRnoDrexp in (11) is small
compared with unity. Let us estimate the value of the
diffusion coefficient D = Dee~2/KT at which this re-
quirement is satisfied for the system of YGG with
Nd** (6.6 at.%). We put P = ¥, no~ 5x 10'* em™,%

and A =80 cm™. The values Texp = 80 usec at

T =4.2°K and T,y = 50 usec at T = 35°K are taken
from experiment. For R, we chose the average dis-
tance between the activator ion, equal to = 10A. Then
Do ~ 10 cm?%sec and the term 47PRonoD 7 exp can
actually be neglected compared with unity for tempera-
tures to 40°K. In the temperature interval 10—40°K,
the luminescence lifetimes of the Nd* ions, calculated
by formula (12), are in good agreement with experi-
ment.

Similar estimates, presented for other investigated
systems, show that formula (12) is valid for YAG with
Er®*—Tu®, YAG with Er’**—Ho®', and YAG with Er’®" to
temperatures 10°K, for LaF; with Nd*— to 25°K, and
for YAG with Nd**— to 50°K.

Thu/s the observed experimental dependence W
we kT follows directly from (12).

Tay= Texp(1 — 27PRnsY Dytexpe 4T,

DEPENDENCE OF THE PROBABILITY OF NON-
RESONANT TRANSFER ON THE PHONON
FREQUENCY

As indicated in the preceding section, an interpreta-
tion of the temperature dependences of the transfer and
concentration quenching in the region 2—77°K is based
on the assumption that the nonresonant transfer with
emission of phonons having a frequency on the order
of 100 cm™ is much more effective than the nonreso-
nant transfer with emission of low-frequency phonons
(1—5 cm™). Interest attaches to direct experiments
confirming this assumption.

The investigations were made on glasses activated
with rare-earth ions, which contain, owing to the ran-
dom distribution of the parameters of the crystal field
within the limits of the line width, a set of centers that
differ in energy. Monochromatic excitation within the
limits of the line contour and subsequent observation
of the luminescence signal make it possible to obtain
information on the nonresonant processes.

The monochromatic-excitation experiments were
performed on silicate glasses activated with Yd*'. At
low temperatures, the 0.974 1 resonance line of Yb,
corresponding to the transition between the lower Stark
components of the levels ®Fs/, and ?Fy/,, practically
does not overlap any other lines in the absorption and
luminescence spectra!™], making it possible to carry
out excitation within the contour of this line only. Its
width at 4.2°K is 60 cm™.

The luminescence was excited with an incandescent
lamp, from the emission spectrum of which a spectral

6)Assuming that the luminescence quenching of the Nd** jons in YAG
occurs on paired centers, the trap concentration can be determined from
statistical calculations (see, for example, [**]).
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FIG. 10. Spectrum observed upon monochro-
b matic excitation in the short-wave (a) and long-
wave (b) edges of the resonance line of Yb®* in
silicate glass at 4.2°K; ¢ — luminescence spectrum
upon monochromatic excitation in the short-wave
edge of the resonance line of Yb3* in glass (solid
line) and the summary radiation spectrum of the
Yb3®* under non-monochromatic excitation at
4.2°K and of the scattered excitation at 4.2°K
and of the scattered exciting light (dashed).

g620 I I860,
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interval of 15 cm™ was separated by means of the
high-transmission MDR-2 monochromator. The ex-
citing light was focused on a sample placed in a helium
Dewar. The luminescence light was registered with a
DFS-12 spectrometer and an FEU-22 photomultiplier.
The photomultiplier signal was fed to an amplifier and
an SD-1 synchronous detector. The spectral width of
the DFS-12 slit was 15 cm™. The excitation was
carried out successively in the short-wave and long-
wave edges of the 0.974 u resonance line of Yb, and
the luminescence spectrum was then recorded.
Figure 10 shows the luminescence spectra of
Yd3** (5%) in silicate glass on the monochromatic ex-
citation at 4.2°K. Upon excitation in the short-wave
edge of the 0.974 u line (Fig. 10a), luminescence in
the Stokes region is observed besides the resonance
luminescence and the scattered light (left-hand peak).
Upon luminescence in the long-wave edge of the line
(Fig. 10b), only the resonance luminescence and the
scattered excited light are observed, and there is no
luminescence in the anti-Stokes region. It is seen
from an examination of Fig. 10a that effective energy
transfer, together with phonon emission, takes place.
Figure 10c shows the experimentally observed
luminescence spectrum of Yb*' following monochro-
matic excitation (solid curve). The dashed line shows

the summary spectrum of the radiation of the Yb**
ions under non-monochromatic excitation and of the
scattered exciting light. The dip on the solid curve
near the peak of the scattered exciting light is con-
nected with the ineffective transfer in which low-fre-
quency phonons take part.

Thus, the results of our experiments demonstrate
the important role of the non-resonant transfer pro-
cesses, in which phonons take part at low tempera-
tures, in media activated with rare-earth impurities.

The authors are grateful to R. V. Bakradze and
G. P. Kuznetsova for supplying the single-crystal
samples, and also to V. A, Pashkov and K. K. Pukhov
for valuable remarks.
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