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The stepwise conversion of infrared (~0.97 p) radiation to near infrared (0.81 u) and visi-
ble (0.475 ) light in YF; sensitized with Yb® and activated with Tm® has been studied in de-
tail. The lifetimes and fluorescence intensities of the important manifolds (Yb 2F, /2, Tm %H,,
’I‘m3F4, and Tm 1G4), as well as the Yb-to-Tm transfer probability coefficients for the three
steps of the process, have been measured as functions of concentration. A saturation effect
previously observed in the Tm emission versus infrared excitation intensity has been shown
to result from the rate of depopulation of Tm 3H4 by the second Yb-to-Tm transfer exceeding
the Tm °H, 4 decay rate. This was used to determine the second transfer probability coefficient.
The first transfer probability coefficient was found to be 1.2x10"!7 ecm3sec™! independent of Tm -
concentration and for Yb concentration of the order of 10 at.% and greater. The second trans-
fer probability coefficient was found to be approximately 10714 ecm3sec! for Yb concentrations
of 25 at.% and greater. The third transfer probability coefficient was found to be 2.7 x10-1¢
em®sec™l., The dependence on Yb concentration of the relative efficiency of conversion to 0.475-
u light agrees well with the values calculated from a rate-equation model using the measured

lifetimes and transfer probability coefficients.

1. INTRODUCTION

The conversion of infrared (= 0.97 u) radiation
to near infrared (0.81 u) andvisible (0. 475 p)light
has been observed!™® in a number of host crystals
sensitized with Yb®* and activated with Tm®. Since
the conversion process is particularly efficient in
YF;,® a detailed study has been made to correlate
the efficiency with the characteristics of Yb and Tm
in this material. This paper presents the results
of the study.

Section II discusses the model for the conversion
process and pertinent results are derived from the
rate equations. The assumptions implicit in the
rate equations are also discussed. Section III deals
with the fluorescence lifetime and intensity mea-
surements of the important Yb and Tm levels and
Sec. IV with the Yb-to-Tm transfer probabilities.
In Sec. V, these results are used to calculate the
conversion efficiency. Reasonable agreement with
the experimental efficiency and with the variation
of efficiency with Yb concentration is obtained.

II. CONVERSION MECHANISM AND RATE EQUATIONS

The model for the conversion process which
agrees with our observed results is that proposed
by Auzel® involving stepwise excitation of Tm by
nonresonant energy transfer from Yb and multipho-
non decay in Tm. The mechanism is illustrated
schematically on the Yb and Tm energy-level dia-

grams® in Fig. 1. To the right-hand side of each
manifold is its spectroscopic label, and to the left-
hand side is a label which is more conveniently used
in the rate equations below. Step 1 is a nonresonant
transfer in which 1650 cm~! must be absorbed by
the lattice, 1’is a multiphonon decay, 2 is a non-
resonant transfer with 1000 cm-! absorbed by the
lattice, 2’ are multiphonon decays, and 3 is a non-
resonant transfer with 1400 cm~! absorbed by the
lattice. The 0.81-u emission results from the
Tm °F,~ *Hg transition and that at 0. 475 y from
Tm 'G - °H,.

The steady-state rate equations appropriate to
this model are

dryy Oyl re
dt €y Ty
~ X1 Ryatpy = XaRyatips— X3Nyalps=0 , (1)
dan n
—d}m :Xlnrznn‘% —Xalyehrz=0, (2)
2
dn n
';t‘u = XaMyahra— T_TL = Xshyahrs=0, (3)
dnpq n
at =X3"Y2”T4';ll =0, (4)

where oy is the Yb ?F,, ,~ 2F;, , cross section
averaged over the spectrum of the exciting radia-
tion, €y is the average energy of the Yb?F,, ,~ *Fs,,
transition, I is the total intensity of the exciting
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FIG. 1. Energy-leveldiagram of Yb** and Tm®* show-

ing the steps in the upconversion process.

radiation, the »n’s are number densities of ions in

the levels, the 7’s are total lifetimes of the levels,
and the x’s are the Yb-to-Tm transfer probability

coefficients. .

A number of approximations have been made in
these equations. Back transfer from Tm to Yb has
been neglected owing to the large energy differences
between initial and final states in all transfers.
Further, it has been assumed that the effect of the
first and second Yb-to-Tm transfers is simply to
populate T2 and T4, respectively, although the
transfers are actually to 73 and 76 with subsequent
multiphonon decay to 72 and T4. Therefore, there
is the possibility of other routes of decay from these
intermediate states and, in fact, some emission is
seen from 73, T5, and T6 to the ground state.
However, these emissions are much weaker than
that from 72 and 74 and, hence, it is not unreason-
able to neglect the effect of the intermediate states.
The effects of transitions from 74 and 77 to lower-
lying excited Tm states either by radiative or non-
radiative (including quenching) processes have been
neglected. They will be partially included by using
the measured lifetimes which are concentration de-
pendent. The above equations also neglect excita-
tion from 77 to higher Tm states by transfer from
Yb. Although some emission is observed from
Tm'D,, it is much weaker than that from 77 at the
excitation intensities used in these experiments.
Finally, the form of these equations implies that
the ¥’s are independent of concentrations and popu-
lations. In general this would not be expected to
be true. The reason for its validity in our experi-
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ments (as shown by our data) will be discussed in
Sec. 1IV.

In obtaining solutions of these equations the ap-
proximation will be made that the Yb and Tm ex-
cited-state populations are small compared to the
ground population so that nyy* ny and np~ ny, where
ny and ny are the densities.of Yb and Tm ions, re-
spectively. This is valid at the excitation intensi-
ties used in our experiments. :

Furthermore, the last term in Egs. (1) and (3)
will be neglected as it is only important when a
saturation effect is observed in n4. At the exci-
tation intensities we used, this is not the case.

With these approximations the total powers radi-
ated per unit volume at 0.81 and 0.475 u in terms
of the excited Yb population ny, are

2
€ Tra Xy Xolp 10
P(0.81 p)= L4 T4 A2°T¥2 (5)
( W Tra (Tr2) 1+inyz

and

_€rn X1 X2 X3 iy 1y
P(0.475 u)-;,—l: TroTra —;i-——“”)_l oo (6)

where €74 and €4, are the average photon energies,
and T4 and Trq are the radiative lifetimes for the
T4-T1 and T7- T1 transitions, respectively.

The relation between intensity and ny, can be ob-
tained from Egs. (1) (again neglecting the last term)
and (2) and is

=S [ Ll +Xnp o 1+ ——————11 n

= . - .

oyny Ty T < 1+(TraXany2) )] Yz( )
7

Equation (7) together with Eqs. (5) and (6) describe
the conversion per unit volume in terms of the ex-
citation intensity and the material parameters. To
determine the total power converted the physical
arrangement of phosphor and exciting radiation must
be known and an appropriate integration carried

out. This will be discussed somewhat further in
Sec. V.

III. LIFETIME AND INTENSITY MEASUREMENTS

The YF; phosphors were prepared by a BeF, flux
method described elsewhere’ and were analyzed
spectroscopically to verify the concentrations of the
dopants.

The fluorescence lifetimes of the states appearing
in the rate equations were measured by exciting a
powdered sample with a short pulse of radiation
from a GaAs:Si diode (Texas Instruments TIXL 12)
or from a xenon flash lamp (EG& G FX-12-0. 25)
and observing the decay of the luminescence with a
monochromator (Bausch and Lomb 33-86-25) and
lead sulphide cell or RCA 7102 photomultiplier or
EMI 9558 photomultiplier as appropriate. The ex-
citing wavelengths were isolated from the flash
lamp by means of Corning color glass and interfer-
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FIG. 2. Dependence of Yb’F;,,1/e lifetime on Yb
concentration for the series Y, ,Yb,F; (@) and
Y.9997-x Y0, Ty ggosF3 (4 ).

ence filters. The excitation source and detection
method for each level measured is shown in Table
I.

The light pulse from the xenon lamp is approxi-
mately 3 usec wide at the half-intensity points
which limits the shortest lifetimes that can be mea-
sured to a few u sec. The time constant of the
PbS cell was 1.8 msec and, hence, was easily sep-
arated from the much longer Tm °H, lifetime
(= 13.5 msec).

The decays were in general nonexponential (as is
expected when energy transfer and quenching effects
are involved®) and have been characterized by a
lifetime 7, which is the time for the intensity to
fall to 1/e of its initial value. It has been demon-
strated® that this choice results in a concentration
dependence which is very similar to that for the
emission per ion or quantum yield. Hence, 7, is
a lifetime which represents an average probability
of decay of an excited ion and it is reasonable to
use it in the rate equations.

The self-quenching of Yb and the °F, and 'G,

TABLE I. Ekcitation and detection methods used for
lifetime measurements.
Excitation
Level source Filters Detector
Yb 2F5;, GaAs :Sidiode 7102 PMT
Tm3H, GaAs:Si diode o PbS cell
Tm 3F, Xe lamp 0.706- 7102 PMT
interference
Tm‘G4 Xe lamp CS 5-57+CS3-72 9558 PMT
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manifolds of Tm was measured in the series

Y;., Yb, F; and Y,., Tm, F; and is shown in Figs. 2
and 3, respectively. The quenching of Tm %H,, °F,,
and G, by Yb was measured in the series

Yo.9007-x Y0, Ty, o903 F3 and is shown in Fig. 4, while
the quenching of Yb by Tm was measured in

Yo.5-x YPg, 2 F5 and is shown in Fig. 5.

From Fig. 2, Yb exhibits a weak self-quenching
which may be due to energy migration to defects
(impurities, vacancies, etc., which can act as
sinks for the Yb excitation energy) or to energy
transfer to the ground-state manifolds of several
neighboring Yb ions combined with phonon emission.
The observed quenching of Tm 3H, by Yb favors the
former mechanism as explained later.

The self-quenching of Tm 3F, (Fig. 3) results
from the nonresonant ion-pair relaxation process

(3F4s SHS)" (3H4, 3114)*‘N 700 Cm—l o

The 700 cm~! was estimated from the Tm energy-
level diagram.® As the maximum phonon energy
in YF, is approximately 530 cm-?,° the above is a
two-phonon process.

The self-quenching of Tm G, (Fig. 3) is only
slightly stronger than that for Tm3F,. It is expected
to be stronger since it results from the four reso-
nant ion-pair relaxation processes

(1G4, *He)~ (°F 5, *Hy) or (Hy,°Fy)

or (°F,, %H,) or (H,,%F,) .

The quenching of Tm3H, by Yb (Fig. 4) is ex-
tremely slight and may result from energy transfer
to the ground-state manifolds of several neighboring
Yb ions combined with phonon emission. This is a
more likely process here than in the self-quenching
of Yb, since the Tm®H,~ *H, energy is less than
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FIG. 3. Dependence of Tm3F, (4) and Tm !G, (@)

1/e lifetimes on Tm concentrationinthe series Y; ,Tm,Fj.



o

—

LIFETIME (msec)
111 1l llll|ll|lll||jl

1T TrrrrrTrT

10-!

'llll

L | 1

10-2 10~ !
Yb CONCENTRATION (x)
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Tm!G, M) 1/e lifetimes on Yb concentration in the
series Yo 9997, YD, TMg 000330

that for Yb2F;, , ~2Fy;,. The Tm*H, quenching is
even weaker than the Yb self-quenching, which is
strong evidence in favor of the migration to defects
mechanism for the Yb self-quenching.

The quenching of Tm 3F, by Yb (Fig. 4) is due to
the nonresonant transfer process

(Tm®F,, Yo ?Fy, )~ (Tm *Hg, Yb %F5; ») +~ 1400 cm™" .

The 1400 cm™! was estimated from the Tm °F,
emission and Yb %, /2 absorption spectra and cor-
responds to the emission of three phonons in YFj.

Two mechanisms can contribute to the quenching
of Tm G, by Yb (Fig. 4),

(Tm'G,, Yo ?Fy; ) - (Tm *H;, Y0 %F;, ,) +~ 1700 cm ™! |
(Tm'G,, Yb zF’l/ 2 Yb 2Fv/ 2)

—~ (Tm *Hg, YO ?Fy, 5, YD ?F, ) .

The first, a nonresonantion-pair relaxationprocess,
requires the emission of four phonons, and there-
fore, should be less probable than the three phonon
quenching process for Tm3%F,. The second requires
the interaction with two Yb ions and, hence, does
not become effective until a higher Yb concentra-
tion than for an ion-pair process. This explains
the observed quenching of Tm G, by Yb compared
with that of Tm *F,.

The effects of nonradiative decay and energy
transfer on the emission from the Tm?3F, and 'G,
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manifolds are shown in Figs. 6 and 7, respective-
ly. The phosphors were excited with the Bausch
and Lomb monochrometer equipped with a tungsten
light source and the resulting emission was detected
by a photomultiplier after filtering with a second
monochrometer.

The emission per Tm ion (obtained by dividing
the data for the series Y;_, Tm, F3 by the Tm con-
centration) from the 1G4 manifold has the same con-
centration dependence as the Tm G, lifetime data
in Fig. 3. The emission per Tm ion from the °F,
manifold decreases more rapidly with concentration
than the corresponding lifetime in Fig. 3. The dif-
ference is due to strong quenching of the 3F; mani-
fold by the resonant ion-pair relaxation processes

(Fs, 3H6)" (3H4, *H;) or CHs, %Hy) .

The °F, manifold is excited via the 3F2, 3 manifolds;
hence when the decay rate of 3F; by the above
quenching processes becomes comparable to the
multiphonon decay rate to 3F,, the emission from
%F, also reflects the quenching of °F;. For the
series Y;_, Yb, _g.0003 T!Mo.0003 F3, the concentration
dependence of the emission is directly comparable
with the dependence of the lifetimes of Fig. 4.

These results show that, relative to the self-
quenching of Tm, Yb is less effective in quenching
the Tm emission. This is of significance for ob-
taining efficient upconversion. As is the case for
usual luminescence, the concentration of active
ions for upconversion is optimized when the lumi-
nescence is concentration independent. This oc-
curs when the slope of the concentration-dependent
quenching curve counterbalances the slope of the
intrinsic concentration dependences of Egs. (5)
and (6).

From Figs. 6 and 7, the optimum Tm concentra-
tion, obtained from the peak of the Tm emission
curve, is ~ 0.003. Assuming saturation of the °H,
level, the optimum Yb concentration for 3F, emis-
sion occurs when the quenching rate becomes linear-
ly dependent on concentration, or at ~ 0.3. For

10~
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FIG. 5. Dependence of Yb2F;,,1/e lifetime on Tm
concentration in the series Y, g, Yby ;Tm,F;.
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G, emission, the optimum concentration is ~ 0. 35.
These results are in good agreement with the ex-
perimental values. Furthermore, we shall show in
Sec. V that good agreement between theory and ex-
periment is found over a wide range of Yb concen-
trations.

IV. TRANSFER PROBABILITIES

The first transfer probability coefficient x; can
be determined from the dependence of the Yb %Fs,,
lifetime on Tm concentration shown in Fig. 5 for
the series Yj g.4 Yby,. Tm,F;. From this data we
can also determine whether X, is independent of Tm
concentration.

Under pulsed excitation (short compared to the
total lifetime of Yb?Fs,,) the decay of the Yb?Fy,,
population, based on Eq. (1), is described by

dn n
7;%2‘ :"7!1,2 = X1Byslp . (8)

Terms in Eq. (1) which are higher order in ny,
have been neglected in Eq. (8). Equation (8) pre-
dicts an exponential decay with a lifetime

7=1/Typ+Xy00)" . (9)

Figure 5 shows the Yb?Fy,, lifetime as a function

of Tm concentration in the series Y 4., Yby, , Tm,Fj.

The experimental points have been fitted by

Eq. (9) with 7, =1.65 msec and x;=1.2%10"7 cm®
sec”!. The good agreement indicates that x; is in-
dependent of Tm concentration for this series. For
the series Yy o., Yby ; Tm, F3, the Yb?F;,, lifetime
could also be fitted by Eq. (9) with the same value
of X;. For the series Y gg9.» YPg.g01 T, F3, how-
ever, Eq. (9) did not fit the experimental Yb *Fg,,
lifetimes. This implies that energy migration
among the Yb ions is responsible for the indepen-

o YI—X me F3
@ Yix Ybx_0.001 ™o,00i F3
& Yiox Yby_0,0003 T™0.0003 F3

RELATIVE Tm 3F4 EMISSION INTENSITY

Tm+ Yb CONCENTRATION (X)

FIG. 6, Total Tm °F, to *H; emission as a function
of the combined Tm and Yb concentration when the
Tm ®Fy, ; manifolds are excited.
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FIG. 7. Total Tm!G, to °H, emission as a function of
the combined Tm and Yb concentration when the Tm !G,
manifold is directly excited.

dence of x; on Tm concentration. *°

The second transfer probability coefficient X,
was determined from a saturation effect which oc-
curs in the intensity of the Tm emission versus
0. 93-u excitation intensity. This effect was attri-
buted by Hewes and Sarver® to depletion of the Tm
ground state. Ground-state depletion, however,
is ruled out from the values of the Tm°H,, °F,,
and 1G4 lifetimes, and the Yb absorption cross sec-
tion. For ground-state depletion, the rate of emis-
sion from Tm excited states is too large by well
over an order of magnitude to be accounted for by
the rate of excitation of Yb at the intensities used
in these experiments.

The effect is in fact due to the saturation of the
Tm’H 4 population which occurs when the rate of
depletion by the second transfer exceeds the natural
decay rate 1/7,,. From the equation

Ny a= X1nyznr/[(TTz)-1+Xz”yz] (10)

obtained from Eq.- (2) together with Eq. (7), it is
seen that the saturation behavior depends on X,.
Actually, if the multiphonon decay from 74 to T2
(via T3) were included in the rate equations, X, in
Eq. (10) would be replaced by (1 —A,,7r4) X2, Where
A,» is the multiphonon decay rate from 74 to T2.
That is, the effective transfer rate would be re-
duced by the rate at which ions are excitedto T4 by
transfer decay back to 72. The contribution of A,,
to 774 was not determined experimentally but an es-
timate based on the work of Weber!* and of Riseberg
and Moos'? and the YF, phonon spectrum® gives
Therefore, the multiphonon decay from
T4 causes a minor error in the determination of ..
Figure 8 shows the variation of the Tm%H,(1.84 )
intensity with 0.93-u excitation intensity for sever-
al members of the series Yy, ggg7.» Y0, Ty, ggo3 F3.
The data was taken by painting a very thin layer of

ApTra~ ¥,
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FIG. 8. Saturation of Tm 3H, emission as a function
of 0.93-4 excitation intensity from a GaAs: Si diode for
x=0,1—curve a; x=0.25-b; x=0.5—c; x=0.75—d, and
x=0.9997—e in the series Y, g997_, YPxTmq 0003F'3.

a phosphor-glycerine mixture onto the dome of a
GaAs:Si diode to insure uniform excitation intensity
within the phosphor. The diode was driven with a
17-Hz current square wave which is sufficiently slow
so that the phosphor emission intensity depended
on the peak output of the diode. The 1.84-u emis-
sion was isolated with a germanium window and
Bausch and Lomb 33-86-25 monochromator and
detected with a lead sulphide cell and lock-in am-
plifier. At the low diode current levels the diode
output was monitored with a RCA 7102 PM tube
with filters to select the wavelength and attenuate
the radiation for operation in the linear region of
the PM tube. At the high levels, the diode current
was used to determine the diode output by a separate
measurement of output power versus diode current
using an elliptical reflector to collect the diode
radiation and a thermopile to measure the power.
This allowed the total power output of the diode to
be determined for each data point. An average in-
tensity was obtained by dividing by the surface area
of the dome.

The data in Fig. 8 have been fitted by Eq. (10)
with n y, assumed to be proportional to the intensity
1. This is not strictly true as Eq. (7) varies from

€ 1
J=—X ([ — 4 n
Oyhy (TY X17l7-> 2

at low intensities, to

S 1 )
I—oyny (TY +2X1nr) Nyp

at high intensities. The departure from proportion-
ality is small, however, as 1/7,~10% sec~! and

X1 7r =76 sec™). In determining the value of X, the
average relation
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[= =X <-—L +1.5x1nT> Ny, (11)

Coyny \ Ty
which is the relation when 1/75,= Xa%ys, Was used.
The value of 0y is 9.1X10-2 cm?. This was de-
termined by graphical integration of the product of
the absolute absorption spectrum of a small crys-
tallite of Yy, g5 Yy,15 F3 (measured on a Cary 14 with
reducing optics) and the emission spectrum of the
GaAs: Si diode. The quantity 1/7 y+1.5 X, np was
obtained from the Yb lifetime for the series
Yo.90097-x Y0, Tmy, 903 F3 shown in Fig. 2 and the value
of X, obtained previously.

The values of x, calculated from this data for the’
different Yb concentrations are shown in Table II.
For the 25% and greater Yb concentration X, is rel-
atively constant. The 10% Yb sample, however,
shows an appreciably lower value. This may ap-
pear inconsistent with the result that x,; is the same
for 10% and 20% Yb concentrations. A possible ex-
planation for this inconsistency is the larger value
of X,. The independence of the transfer probability
coefficients on Yb and Tm concentrations is due to
the energy migration in the Yb being rapid compared
to the rate of transfer. Therefore, the faster the
transfer, the more rapid the migration for this con-
dition to hold and the higher the Yb concentration
at which it does.

The dependence of X, on Tm concentration could
not be measured due to the strong self-quenching
of the Tm3F, manifold (Fig. 3) which rapidly re-
populates the Tm 0 4 manifold and reduces the ef-
fective transfer rate. Hence, it is clear that the
effective transfer coefficient will be a strong func-
tion of Tm concentration due to this effect and it
would be very difficult to separate out any intrinsic
dependence of X, on Tm concentration.

The third transfer probability coefficient x; was
determined from the ratio of the efficiencies of con-
version to 0.81- and 0.475~-u radiation in the ma-
terial Yy, g49 Ybg.35 Trg, go1 F3. The measurements
were made in a calibrated integrating sphere and
the ratio of the powers at an excitation intensity of
~4 Wem~2 was P(0.475 p)/P(0.81 p)=3.6%x10-2
Using Egs. (5) and (6) to determine the power ratio
in terms of x;, the value obtained is x;=2.7x10-1®
cm® sec!.

TABLE II. Values of Xy determined from saturation
data in Fig. 6 for Y, g997.4 Yb,Tmy,0003F s

Yb concentration (x) X2 (cm? sec™?)

0.10 9.9x10-18
0.25 8.8x 10715
0.50 10.1 x10-1%
0.75 11,6 x10-15
0.9997 10,9 x 1015
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FIG. 9. Semilogarithmic plot of the transfer proba-
bility coefficients for the three Yb-to-Tm transfers as
a function of the energy mismatch between initial and
final electronic states.

Since xy, X, and X3 represent transfers with dif-
ferent degrees of nonresonance, it is interesting to
compare their magnitudes against the energy mis-
match for each. As in the case of multiphonon de-
cay within a single ion'? it would be expected on the
basis of perturbation theory that x W" where W
is an average probability for the emission of a pho-
non in the transfer process and % is an average
number of phonons which must be emitted. Since
n< AE, the energy mismatch, log,,x would be ex-
pected to be a linear function of AE. log;oX;,
logyoXxe, and log;oXs have been plotted versus AFE in
Fig. 9 and it is interesting to note that the three
points do lie in approximately a straight line.

V. DEPENDENCE OF CONVERSION EFFICIENCY ON
Yb CONCENTRATION

Using the lifetimes and transfer probability coef-
ficients determined in Sec. III and IV, we have cal-
culated the variation of the conversion efficiency
with Yb concentration from the equations in Sec. II.
The comparison of this calculation with the mea-
sured variation serves as a check on the model as
reflected in the rate equations.

To measure the relative efficiency the radiation
from a GaAs:Si diode was focused with an elliptical
reflector onto the surface of a powdered sample in
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an optical cell and the 0.475-u luminescence was
monitored with a “spectra” brightness spot meter
(Photo Research Corp.). This method was used to
determine the relative efficiency as a function of

Yb concentration in the series Y, g997.; Yo, Ty, ggo3 F's.

In this method, the 0.93-pu intensity was too low
for the saturation of Tm *H, to occur. Therefore,
in comparing the calculated and measured relative
efficiences, the effect of the saturation denominator
in Eq. (6) can be neglected.

Equation (6), combined with Eq. (7), gives the
0.475-u power density generated at a point at which
the excitation intensity is I. In order to obtain the
total power generated, an integration appropriate
to the physical configuration of source and phosphor
must be performed. It is not possible to treat the
powdered phosphor exactly so we resort to a model
which contains the essential features.'® This is to
consider the powder to be equivalent to a uniform
layer of material of thickness d. Neglecting satura-
tion, the Yb concentration dependence of the total
0.475-u power generated is
Pr(0.475 p)e - ELTATI2 0y, 0¥ — g ormd)

[(TY)'I-HQ”T]3 (12)

where 7 is the number density of cation sites
(2.10%10%2 cm™2 for YF,), x is the fractional Yb
concentration, and it has been assumed that x; is
independent of Yb concentration.

Two limiting cases can be distinguished in Eq.
(12). If the effective thickness is such that o ynxd
«1 (optically thin), then the explicit concentration
dependence is x%. If oynxd > 1 (optically thick),
then the explicit dependence is ¥®. The best agree-
ment between theory and experiment is obtained
with the assumption that the phosphor is optically
thick for the Yb concentrations used.

The relative efficiency versus Yb concentration
was calculated using the Tm lifetimes in Fig. 4, the
Yb lifetimes in Fig. 2 for the series Yy gg97.5 Yby
Tmg, o003 F3, and the values of X, in Table II. The
resulting curve is shown in Fig. 10 together with
the experimental points. The calculated curve was
normalized to fit the experimental point at x=0. 25.
The agreement is good for the points at x=0.5,
0.75, and 0.9997. There is, however, some discrep-
ancy for x=0.1. There are several sources of
error which might account for the difference. The
experimental error in the value of ¥, for x=0.1 is
probably larger than that for the other concentrations
since only a slight degree of saturation could be
attained in this material. Nonetheless, the agree-
ment between calculation and experiment in Fig. 10
confirms the model and the approximations made in
the rate equations.

VI. SUMMARY AND CONCLUSIONS

From this work, a quantitative understanding of
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FIG. 10. Comparison between measured and calcu-
lated relative efficiency of conversion of 0.93-u radia-
tion to 0.475-u light as a function of Yb concentration.

the frequency upconversion process in YF;, sensi-
tized with Yb and activated with Tm, has been ob-
tained. The parameters (lifetimes, intensities,
and transfer probability coefficients) which deter-
mine the efficiency of the conversion process were
measured and used to calculate efficiencies from a
simple rate-equation model. The correlation be-
tween the measured and calculated efficiencies is
good.

A saturation effect in the dependence of Tm emis-
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sion on infrared excitation intensity has been ex-
plained and was used as the basis for determining
the transfer probability coefficient for the second
Yb-to-Tm transfer.

The energy difference between the initial and final
electronic states is different for each of the three
transfers involved in the conversion process and we
have compared the transfer probabilities with the
energy mismatches using the model in which the
probability depends on the average number of pho-
nons emitted in the transfer. The three experimen-
tal points support this model.

The main limitation on the efficiency of the con-
version to 0.475-u light is the quenching of the
Tm °F, and 'G, manifolds by Yb as seen in Fig. 4
from the lifetimes and in Figs. 6 and 7 from the
intensity data. This is a fundamental limitation in
the sense that the quenching results from the same
interaction between Yb and Tm ions which is respon-
sible for the excitation of the Tm ions in the first
place. Therefore, the increase in efficiency which
would result from larger Yb-to-Tm transfer prob-
abilities would be at least partially offset by the
enhanced quenching of the Tm sF4 and 1G4 manifolds.
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