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Deactivation effects of the lowest excited states of Er 3* and Ho3*
introduced by Nd 37 ions in LiYF 4 crystals
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The deactivation effects of the lowest excited states 8f Bnd H&'* introduced in Er-or Ho-LiYEg

(YLF) crystals, codoped with Nd ions, were observed by the activator’s fluorescence decays. In the
case of EnNd:YLF, thél 3,—l 15, and*l11,— %l 15, transitions at 1.5 and 2,#m, respectively,

were analyzed. Thél,—°lg and ®l4—°I, transitions at 2.1 and 2.9m, respectively, were
investigated for the Ho:Nd:YLF system. Laser excitations generated by a tunable optical parametric
oscillator were used in this investigation. The use of a resonant laser excitation to induce the
fluorescence allowed accurate measurements of the donor fluorescence decay by a time-resolved
infrared spectroscopic system with a time resolution ofgs5As a result, a general criterion for the
migration mechanism, involved in the donor to acceptor energy transfer, was proposed and depends
on a parameteR. This parameter was defined as the ratio between the transfer rate obtained from
the best fit of the fluorescence decay and the theoretical transfer rate predicted by the diffusion
model. It was observed that the donor to acceptor transfer is always dominated by a diffusion
migration R~1) if the donor is in the second excited state, despite a great variation of the
Cpp/Cpa ratio (from ~1 to 371). Nevertheless, a discrete energy migration was found to dominate

in the[Ho, Er]— Nd energy transfer when the first excited state of the activator is involved. In this
case, the experimental value of the transfer rate is smaller than expected according to the hopping
model. Introducing a finite trapping efficiency of an exciton migration in the hopping model, all the
observed experimental results were explained. The presence of Nd ions, in addition to decreasing
the lifetime of the first excited state of Erand HG" in YLF, also depopulates the second excited
state(partially), depending on the Nd concentration used. 2@02 American Institute of Physics.

[DOI: 10.1063/1.1421208

I. INTRODUCTION level in YLF> It was concluded that Nd introduces the
smallest depopulation of the upper laser level, in comparison
There is a continuous interest in the improvement ofyith the effects introduced by Pb and EG*. Encouraged
erbium (or holmium LiYF, (YLF) laser efficiencies near py this result, we began to investigate the effect caused in
3 um concerning the enhancement of the pumping frequencg 3+ and H3* fluorescence by the presence of Nd ions. A
to values greater that 15 Hz. The upper limit of the operatioryiscussion of the differences encountered in the deactivation
frequency expected for the 2u erbium lase(Er:'YLF) is  mechanisms of the lower and the upper laser levels &f Er
intrinsically limited by the longest lifetime of the lower-laser gnd H3* as a function of the Efor Ho) and Nd concentra-
level in comparison with the lifetime of the upper-laser level.tions was done in this article. Figure 1 shows a schematic
The lifetime of the?| 13/2 of Er*' is three times Ionger than energy level diagram representing (IHD—NG) and(Er_Nd)
that observed for thél,, state. In the case of Ho, the  interacting systems in the YLF crystal. Holmium and erbium
lower-laser level {I ;) is five times longer than that observed will pe designed as activatdor donor$ because they are
for the upper-laser leveP(g). This intrinsic emission prop- responsible for the laser emission, while the ion responsible
erties of Er(or Ho):YLF allows a self-terminated laser emis- for the depopulation of the activator levels will be called
sion (at ~3 um) with the increase of the pumping frequency. deactivator or acceptors—that is the role of Nd ions in this
This effect justifies the investigation of the deactivation ef-article. In this figure, it is indicated that all the nonradiative
fect caused in the first excited state of Holor EFY) by pathways were involved in HeNd and ErNd energy
Nd®* ions in YLF crystals codoped with Nd. These lasertransfer. In the energy transfer from Hog) — Nd(*l 13, oc-
systems are very promising for the development of the"8  curs an emission of two or three phonons by the donor, due
infrared lasers for medical and dentistry applicatibrs. to the existence of an energy mismatch between the elec-
Our preliminary work has demonstrated that®Ndons  tronic transitions involved. On the other hand, the
can be used to deactivate the first excited state &f Bnd Er(*113)—Nd(*l 15 energy transfer is resonant.
Ho®" at the expense of some depopulation of the upper laser  To investigate the mechanism of migration involved in
these energy transfers, the experimental transfer Kateb-
dAuthor to whom correspondence should be addressed; electronic mait.ained from best fitting of the donor luminescence decay
Igomes@net.ipen.br were compared to the theoretical transfer rates predicted for
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sample thicknesgor optical length in the vertical position.

10 H Nd o .
- 0 Laser excitations were done perpendicular to the sample
-1 L3 thickness and the luminescence was observed to be perpen-
,T’" . 1 2.9 um dicularly to the excitations. The geometry used in the experi-
E X ments allowed the absorption and luminescence measure-
— b A . . . S
S s | %l A&:rvatlon ments of thg opncal tran5|t|9ns h{;\vmg equal dIS'FrIbL.JtIOIZFOf
N AR 4 and polarization contributiongwithout the polarization ef-
mo . » — ‘mp fect). The lifetimes of excited Hb and EF" were measured
7] 1.2 ym S 4 using a pulsed laser excitatidd n9 from a tunable optical
s \ 172 parametric oscillator pumped by the second harmonic of a
_0: | 1_8 — £= 4 Q-switched Nd-YAG laser from Quantel. Laser excitations at
2 0.98 and 1.5um were used to excite th8,,,, and *l 3,
states of Et", respectively, and laser excitations at 1.15 and
4 Er Nd 1.95 d ite tHd and®| f HB"
10 " 95 um were used to excite thég and”l; states o ,
— 4 respectively.
1 2.75 pm ; . :
] i The time-dependent luminescence of the activator was
ﬂa : 4113/2 b deactivation detected by a InSl77 K) infrared detectofJudson model
5 "::\A_ 4 J10D with a fast preamplifiefresponse time of 0.xs) and
S 5| \ 152 analyzed using a signal-processing box-car averggar
4
- ] | 4402.
m \\ 4 13/2
] 098 ym
- —
— 4 - Lin Ill. RESULTS
0'— 1572 [ ) . .
T == = Iy, A. Determination of the energy transfer

microparameters
FIG. 1. Schematic diagram of the energy levels ofHoER", and N&*

ions in YLF showing the nonradiative processes involving the energy trans- ~ The microparameter&Cp andCp,) involved in the en-
fers to N&*. Solid arrow indicates the deactivation process of the firstergy transfer from the first and the second excited states of

excited state of the activator and dashed line indicates the energy transf . .
from the second excited state of the activator t6"Nd ?ﬁe donors(or act|\{ator$ to the accepto(or deactivators
were calculated using

R6
donor (D) — acceptorf) transfer assisted either by diffusion CDDZE,
or hopping migration. The fitting parameters can be obtained 7o
using the Yokota—Tanimoto and Burshtein expres$iéns R6DA

fit the decay curve of donor luminescence. It was observed CDAZT—.
that all the energy transfers involved in-ENd and He—~Nd 0
systems have the assistance of the donor migration. where 7y is the total lifetime of the donor state without the

The methodology proposed in this article, to determinepresence of the acceptor. The critical radRis, and Rpa
the true migration mechanism involved in tBe—A energy ~ were calculated using the overlap integral method based on
transfer, is general and can be applied to any other crystaihe calculation of the emissiofdonon and the absorption
This method allows the determination of the best combinafacceptoy cross-section superposition. The extended
tion between the activator and deactivator concentrations teverlap-integral methddwas used to calculatBp, in the
minimize (or to avoid the bottleneck effect existing in this case of a nonresonafor phonon-assistgcenergy transfer.
four level system produced by the longer lifetime of the The following expressions were used:
lower laser level(~12 mg in comparison with the upper
level (~4 m9. Furthermore, the proposed model extends théesonant
applicability of the hopping migration model for many others low

i . 6 6CTO dp D D

systems_ haw_ng larger yalue GIDD/_CDA ratio (fr_om 1to RDD:W_UFJJ Tomid M) Tapd M) dX
701). With this model, it was possible to predict the total (2m)"n gp
lifetime of the upper and the lower laser level as a functionphonon-assisted
of the activator and deactivator concentrations.

R6 6C7'0 g:gw i f D )\+) A \)d\
= g . o
Il. EXPERIMENTAL PROCEDURE DA™ (2m)*n* g o emid M) Tabd
The samples used in this work were single- and double- N
doped crystals. Single-doped crystals were{(H%9:YLF, X Z P(+N_k>P|Z Pe |,
Er(1%):YLF, and Nd1.2%):YLF. Double-doped crystals k=0
were: Ef1.7%):Nd(1.2%):YLF and  whereN is the total number of phonons involved in the pro-

Ho(1.5%9:Nd(1.299:YLF. All samples were properly ori- cess, N—Kk) is the number of phonons emittédr created
ented with thec axis placed in a plane perpendicular to by the donor, and is the number of phonons absorbext
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TABLE |. The microparameters calculated for the nonradiative energy

transfer from the first and second excited state of Hand EF* to Nd**

ions in YLF crystal.Cpp and Cp, constants were obtained by using the
method of the extended overlap integral for resonant and nonresonant en-

ergy transfers.

(D—A) N@#)
Energy transfer (% phonong

CDA
(cm®/s)

CDD
(cm®/s)

RDA
R)

Microparameters of deactivation of the first excited states of"Hmd EF*

Ho(®1;)— 2,3 (8.3+1.2)x10°# (5.8+0.9)x10 % 10.4
Nd(*113/) (58%, 42%
Er(*l 13— 0,1 (1.5+0.2)X 1040 (4.1+0.6)x10 % 10.9
Nd(*l 150 (73%, 27%

Microparameters of deactivation of second excited state df kod EF*

Ho(®lg)— 2 (4.70.7)X10° % (1.7+0.3)x10°% 49
Nd(*1 13,0 (100%9
Er(*l 110 — 1 (1.30.2)X10°%° (2.4+0.4)x10°% 9.0
Nd(*l 139 (100%

annihilated by the acceptorh, denotes the wavelength
translation of the emission cross-section spectrum Boy

=[N#w] %, due to the multiphonon emission by the donor.
P{N_k) is the probability of multiphonon emission by the

donor stateP, is the probability of the acceptor to absdeb
phonons andP, is the probability of the acceptor to entit

phonons in the process. The electron—phonon coupling co

stant Sy has been estimated to be0.31 and the mean-
phonon energy that couples with the phonon sideband
fiw~331cmt for EFT and HG™ in YLF crystals® Table |
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FIG. 3. (@ The spectral cross-section superposition between“thg,

— %13, emission sidebandwo-phonon absorptignof EF* at ~2.4 um

ﬁ§olid ling) and the absorptiofi o;,—*1 15, of Nd** (dark solid ling. (b) The
overlap of®l s—®I; emission sideban@wo-phonon absorptigrof Ho®" at

2.5 um (solid ling) and the*l g,—*1,5/, absorption of Nd* (dark solid ling.

I$he emission bands of &r at 2.7 um and of HG" at 2.9 um were also
exhibited.

shows the microscopic parameters obtained from this calcu-

lation.

Figure 2a) shows the spectral cross-section superposi“ne) and the fundamental absorption band“b§,— 1 s/,

tion between thél 15—l 15/, emission band of Ef (solid
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FIG. 2. (8 The spectral cross-section superposition between“thg,
— %115, emission of E¥" at 1.55um (solid line) and the fundamental ab-
sorption of N&* (*l9,— %115 (b) The overlap between tHé,— 51 5 emis-
sion of HG'" at 2 um (solid ling) and thel o;,—*1 15, fundamental absorp-
tion of N&®" (dark solid line.

transition of Nd*. Figure 2b) shows the spectral cross-
section superposition between tHe— °l 3 emission band of
Ho®* (solid line) and the?*l g;,— *l 15, fundamental absorp-
tion of Nd®* due to a nonresonant energy transfer involving
two (58%) and threg42%) phonons emission by the donor.
Figure 3a) exhibits the spectral cross-section overlaps be-
tween the?l ;1,,— %l 15, emission band of Ef (solid line)
and the*l o;,— 1 13/, fundamental absorption of Nd involv-

ing one and two phonons absorption by*Er Figure 3b)
shows the spectral cross-section superposition between the
5ls—"°1; emission band of HY (solid line) and the*lg,

— %15, fundamental absorption of N, due to two
phonons absorption by Hé.

B. Analysis of the donor fluorescence decay

Donor fluorescence decay in the presence of the acceptor
was analyzed using current models found in the literature,
which consider the excitation migration between donors. For
many materials with high enough activator concentration
(=1 mol%), one verifies that the excitation energy can be
transferred from one activator to another several times before
the occurrence of the final transfer to an acceptor. In this kind
of multistep transfer process, the excitation energy can be
described as a quasiparticle migrating on a lattice of activa-
tors, and the mathematical description of the process is the
same as the one used for the exciton migration. This case
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involves a localized exciton with electron and hole, both lo-
cated on the same ion and moving together as a Frenkel 1.0 4 Ho (°l,) — Nd
exciton®

The dynamic of the total energy transfer process is char-
acterized by two distinct contributions: the migration of en-
ergy among activator ions and the energy trapping at deacti-
vator sites. When the donor migration can be treated like the
exciton diffusion model, one can use the multistep random
walk model to solve th® — A energy transfer problem and
find the transfer rate term associated with the donor migra-
tion. If a large number of diffusion steps can be done before
the excitation can be trapped by the acceptor and then be- 1.0~ @ Ho("l,) —~ Nd
come extinct, one can obtain the time dependence of activa- i
tor fluorescence by solving the diffusion equation of the
system'® No general solution to this equation has been ob-
tained. However, th® — A energy transfer rat&y involv-
ing diffusion can be calculated from the multistep energy
transfer, treating the diffusion between donors like a random 0-
walk. In this model it is assumed that any excitation created T T S
at time t=0, within the trapping radiu®;, has an infinite
trapping rate¢® Any diffusing excitation by an electric
dipole—dipole interaction between donors on a cubic latticeFIG. 4. The fluorescence decay of Haat 2.9 and 2.Jum from the®| ; and
has a trapping radius defined as the distance at which th5é7 states, respectively, in YLF crystal at 300 K. This fluorescence was,

. respectively, excited by a laser pulse of 10 mJ at 1.15 and Am®5Curve
D—A transfer rate is equal to the rate bf—D transfer. (a) was used for H®.7%):YLF and curve(b) for Ho(1.5%9:Nd(1.299:YLF

This givesR;=0.676Cpa /D). The diffusion coefficient crystal. Curve(c) was obtained from the best fits of the fluorescence decay
(cn?/s) is given by D= (4mcp/3)*® Cpp and the energy of Ho(ls,51;) in the presence of Nd ions, using the Burshtein model
transfer rate, which is associated with diffusion and trappingdashed ling

derived from the random walk treatment, is given Ky
=4mDR5c, . This can be related to the microscopic param-
eters of the interaction by

I {a.u.)

0.5

Time (ms)

the rate of donor—acceptor transfer is equal to the hopping
rate, the overall energy transfer rate becothes

Kg=21 ca cp(Cp Cpa)™™ (1) K}, =20cACp(CppCpp) V2. )
In this equationcp andc, are the donor and acceptor con-  gyrshteirf has obtained a solution for the donor fluores-
centrations in cm® andCpp, (or Cpa) is given in cnfls. cence decay when the energy transfer involves the excitation

Yokota—Tanimot8 have obtained a solution of the donor migration through donor states in a stochastic hopping pro-

fluorescence decay for the limited case of a weak diffusionsess(valid for the cases wher€pp>Cp,). This solution is
perturbing a strong donor—acceptor interaction, which isgiven by

given by
1(t)=1g exp(—t/ o— y\t—Kt),

+10.8%+ 15.5/2\ 34
I(t)=1lq ex;{ — TL— y\/f( ! 110+8374§) Y ) ) where y(s™*?) andK(s™') are the fitting parameters.
0 ' Figure 4 shows the fluorescence decay curves ofithe
7o [ 123 and®l, states of H8" in Ho:YLF and in Ho:Nd:YLF crys-
y=D§r< ) , tals. Figure 5 shows the fluorescence decay curves of the
DA 4111, and*l 15, states of Et in Er:YLF and in Er:Nd:YLF.
1(4mcy|\ All these fluorescence measurements were done at 300 K. In
= E(T) DD both Figs. 4 and 5, curvé) represents the decay of donor
fluorescence without the presence of Nd, cuiyerepresents
47302 s 1 the decay of donor fluorescence modified by the presence of
Y= TCARDA\/_T—! Nd, and curve(c) represents the best fitting of the fluores-

0 cence decay. It was observed that the fluorescence decay of
where y andy are the fitting parameters. One should notedonor states of H5 and EF* in single doped YLF are ex-
that y(s %) is the transfer parameter without excitation mi- ponentials with a time constant. The measured values of
gration and that the transfer rake involving diffusion is 7, were: 2 ms ¢lg); 20 ms @1,); 3.9 ms {110, and 12 ms
indirectly obtained fromy andD. (*l13). These values are fairly close to the total lifetime

Another approach is the hopping model, which can befound in the literature for these excited states given as 3.1,
applied to describe the incoherent excitation migration bed5.2, 3.9, and 11 ms, respectivéfy.
tween donor states using the average hopping time.e., The best fittings of the fluorescence decay of donor
the excitation will be scattered at each step in the randonstates were performed using the Burshtein model because the
walk. If a trapping radius is defined as the distance at whichmathematical expression is very simple and the fitted param-

70
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FIG. 5. The fluorescence decay tf;;,, and *l 5, state of E¥', respec-
tively, at 2.75 and 1.Gum in YLF crystal at 300 K. This fluorescence was
excited by a laser pulse of 10 mJ at 0.98 andn%, respectively. Curvéa)

was obtained for the Et%):YLF and

model (dashed ling

eterK is the transfer rate of the system, ilé—K(exp). It is
always very useful to compare the fit parametér[or
K (exp)] with the theoretical values calculated using Eds.

curve (b)
Er(1.799:Nd(1.2%9:YLF crystal. Curve(c) was obtained from the best fits
of fluorescence decay of Erin Er:Nd:YLF crystal, using the Burshtein

Jagosich et al.

fer constantK obtained from the Yokota—Tanimoto expres-
sion, calculated using the parameyesind the diffusion con-
stantD (cné/s).

The analysis of the donor fluorescence decay showed
that the Er (or Ho}~» Nd energy transfer is always assisted by
donor migration. Because of this fact, the fluorescence decay
of the donor could not be fit by the Inokuti—Hirayama
solution® which is used for the energy transfer without ex-
citation migration. The challenge of this investigation is to
find a way to determine the real mechanism of migration
involved in each energy-transfer process: diffusion or hop-
ping migration? In principle, one can always use the Yokota—
Tanimoto or Burshtein expressions to fit the donor fluores-
cence decay for an energy transfer assisted by donor
migration, although, best fits can always be performed and
the comparison among the best results does not constitute an
appropriated way to indicate the real migration mechanism
involved in the donor—acceptor energy transfer. In most of
the cases, best fittings give similar results making the choice
for the real transfer mechanism dubious.

Our analysis of the fluorescence decay of the first ex-
cited states of B and HG" in the presence of Nid ions
showed that the energy transfer rt@btained from the best
fit is smaller than the transfer rakg, predicted by the hop-
ping model. It was observed tha/K,~0.77 for the
Er(*1130)—Nd transfer andK/K,~0.14 in the case of
Ho(®l;)— Nd. Considering this result, it is clear that the ex-
citation migration through thél, state of H3* cannot be
described by the current hopping model and that some modi-
fication is needed. This modification will be introduced in
Sec. IV considering that any migrating exciton must have a
finite probability rate of being captured by the accepgtwrto

and (2) expected for a donor—acceptor transfer assisted bgscape from being trappetvhen crossing the critical vol-
diffusion K4 and hopping migratiofK,,, respectively. Table ume centered on the acceptor site. It will be demonstrated

Il shows the values of the transfer parametgrand K ob-

that the exciton trapping efficiency is dependent on the

tained from the best fittings of the donor fluorescence decaZpp/Cpa ratio. This efficiency is sufficient to correct the
using the Burshtein expression. Table Il also gives the trangheoretical value oK}, (expected by the hopping modek-

TABLE II. The experimental values of parameterandK obtained from best fit using Burshtein and Yokota
Tanimoto solutions. Charact& is given for a wide survey of energy transfer processes including the systems
found in the literature for the YLF crystal. Deviations in the calculated parameters were estimated by error
propagation obtained in the absorption and fluorescence measurements.

Experimental

Theory

overlap Burshtein
D—A R Kq(s™h YT?
Energy transfer (exp (theor) Cop/Cpa v (s¥d yE?  K(sTH  K(sTY
Ho(®lg) —Nd 1.8+0.3 300+ 51 37185 27402 55-1.3 532:39 404-30
Ho(®;)—Nd 0.021+0.003 8622+1315 701149 11.4-0.8 6.6-0.6 18613 —
Er(*l 1) —Nd 1.2+0.2 178+30 1.8-0.4 14.6-1.1 20.2-0.3 2187 396-13
Er(*l 139 —Nd 0.30+0.04  1563+224 275  154+1.1 10.8-0.2 5034  354+3
Tm(H,)—Tb 1.66 354 1.4 “e fe 588
Tm(F,)—Tb 1.50 1188 0.8 e “e S 1789
Tm(®H,)—Eu 0.92 177 5.9 163
Tm(®F,)—Eu 0.62 524 5.6 S S 324
Yb(?Fgp)—Tm 0.36 3250 16.3 “e fe 1267

aYT means Yokota Tanimoto model.
bData were obtained from Ref. 14.
‘Data obtained from Ref. 15, using the rate equation model.
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sulting in an effective transfer rate more compatible with the

experimental value obtained for several interacting systems FLTm)-To °H, (Tm)-Tb *l, (Ho)-Nd

having Cpp/Cpa)>1. I -/o //“Iwz(sr)-Nd o
On the other hand, it was seen that the transfer rate obg. 1 ., 2 H, Tm)-Eu R, (diffusion)

tained from the best fit of the fluorescence decay of the secyy | ==

ond excited state of Bf (or Ho>") showed values close to B .

the transfer rat&y predicted by Eq(1) in the Nd codoped & | Fe(OTm &g ﬂé_‘_’f‘_’_"_‘_""g)

4. (En-Nd

1372

YLF. Nevertheless, the criterion to find the real excitation {5
migration mechanism that governs the donor—acceptor en

01
ergy transfer is still lacking and it will be introduced in Sec. YLF
V. R=K/K,
81, (Ho)-Nd
IV. DISCUSSION
H 0.01 1 | . P |
Let us establish that the character of an energy transfe 3 o 100 +o00

assisted by donor migration is given by the param&er C,,/C
This parameter is defined as the ratio between the experi- D
mental transfer rate&k obtained from the best fit of the giG 6. The calculated charactBras a function ofCp.p/Co. ratio for an
donor—fluorescence decay and the transfer Kat@redicted  energy transfer assisted by excitation migration using the diffusion model

DA

by the diffusion model Ry=1 (horizontal solid ling or by the hopping modeR;, (dashed ling
R(exp) for donors in the first excited state were represented by solid squares
K and open circles for the second excited state. The characters of

R=k, (8)  TM(H, %F)—Tb (Ref. 14, Tm(H,;°F,)—Eu (Ref. 14, and

Yb(?F5,)—Tm (Ref. 19 transfers were calculated using the transfer con-
By definition. R gives the character of the real donor— stants found in the literature. The solid line shows the predicted behavior of
4 . ’ g . . R(eff).
migration mechanism involved in the energy-transfer process( g

and it is independent of donor and acceptor concentrations.

This criterion consists of calculating the charad®eof an  circles were used for the case of the second excited state of
interacting system using =K(exp) in Eq.(3), and a com-  donors. The horizontal line R=1) exhibited in Fig. 6 rep-
parison with the character expected by the energy transfgesents the behavior of the characRy expected for any
assisted by diffusion R=1) or hopping migration R  energy transfer assisted by diffusion described by coherent
=Ky /Kg). One should note thaR~1 is consistent with a exciton migration(or the diffusion modél On the other
long mean-free-path type of random walk or diffusion modelhand, the dashed line in Fig. 6 shows the behavior of the
in the energy transfer process. Substitutiiggiven by Eq.  characterR,, with the increase of th&pp/Cp, ratio for

(1) and Ky, [Eq. (2)] in Eq. (3), one gets the charact®,  many energy transfer systems having a discrete or incoherent
expected for an energy transfer following the current hopexciton migration as currently described by the hopping

ping model.R;, is given by model. Several important observations can be derived from
K, [20\(Cpa\ Y the experimental results exhibited in Fig. 6. First, it is seen
TR (2—1) (C_) (4)  that the second excited state of the donor always transfers its
d DD

energy to an acceptor involving the excitation migration
It is seen thaR,;, is smaller than unity iCpp>Cpa . through donor states as described in the diffusion model. In

Several studies of energy transfer have been recently rehis case, the observed characters of the energy transfers
ported in the literature, as Tm3f,; *H,)—Thb,* Tm  were independent of th€p5/Cp, ratio, as expected. This
(®F4; ®H,)—Eu and Yb@Fs,)—Tm! in YLF crystals, observation contradicts the statement found in the literature,
where the migration mechanism is always present. Using theshich states that a discreter incoherent migration mecha-
experimental transfer rat€(exp) we calculated the character nism as the excitation hopping, dominates the energy transfer
R for several distinct interacting systems, in order to find thefor the cases wher€pp>Cpa .1*® This statement is true
physical relation betweeR and theCpp/Cppa ratio in YLF  only for the cases where the donor is in the first excited state.
crystals. Using a great variation @p,/Cpa ratio (from  In this case, the energy transfer can follow the current hop-
~0.8 to 701 it was observed that the current hopping mi- ping migration only for the systems havin@f5/Cpa) <5.
gration fails to describe the transfer process with the increasBy increasing this ratio, the characterdecreases and devi-
of the Cpp/Cpp ratio. ates from the theoretical behavior &,. The Er(l;s,)

The values ofR are given in Fig. 6 and were obtained —Nd and Hofl;)—Nd energy transfers showed this unex-
for many interacting systems including the Hi&Nd and Er  pected effect.
—Nd investigated in this article and some others calculated This observation questions the validity of the assumption
from the available transfer constari@,, andCpp) found in  used to estimate the transfer rddg in the current hopping
the literature*'® The experimental values d® were ob- model: any migrating exciton has an infinite probability rate
tained usindK =K (exp) in Eq.(3) and they were represented of being extinct by the acceptor when it crosses the interac-
by symbols in Fig. 6. The behavior of the first excited statetion volume. This assumption is true only for cases where
of donor was illustrated by the solid square symb@gen Cpp~Cpa-
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A. Proposed modification in the hopping migration 17
mechanism ]

We propose that a migrating exciton having a discrete __
(or incoherent dipole—dipole interaction with the acceptor
must have a finite probability rate of being extinct in the
acceptor site. Conversely, this migrating exciton should also
have a probability rate of escaping from the extinction when YLF
crossing the interaction volume centered in the acceptor. In
other words, we affirm that a hopping exciton must have an ] Rieff)=R, n,
extinction efficiency given by

Wy
T Wt Wiy

< ‘____._Hh(hupping)

=
2
x

©)

where Wy is the probability rates 1) of exciton trapping
and W, is the probability ratgs ) of escaping from the 1 10 100
acceptor capturéN; has been given in the current hopping Cop/ Coa

model. HoweverW, 1 is now defined as the ratio between

the exciton diffusion coefficier and the area of the closed FIG. 7. The behavior oR(eff) predicted by Eq(9), calculated as a function
surface involving the interaction volume centered in the acof the Cpp /Cp, ratio for somecy /¢, concentration ratiogsolid line). The

. - . dotted line indicates the behavior Bf, predicted using the current hopping
ceptor ion. These two probability rates are given by model. It is seen thaR(eff) deviates fronR;, with the increase o€pp /Cpa

47TCAR-:|)’— ratio for a system havingp>c, .
T~ ar
3ty
D The obtained values &® for the systems investigated in this
W“sz’ (6)  work [Er(*113) —Nd and Hofl;)—Nd transfer$ and val-
T

ues ofR obtained for the systems encountered in the litera-
whereR; is the exciton trapping radius by the acceptor de-ture[Tm(®F ;) —Eu'* and Yb(Fs,) — Tm'® transferg are in
scribed in the hopping model argl is the average hopping agreement with the effective characty(eff) predicted by
time. Ry andt,, are given by’ Eqg. (9) as can be seen in Fig. @ark solid ling. It is seen
that the characteR deviates from the behavior of the char-

Rr=(tyCpa)® : :
acterR,, of the current hopping model for the systems having

27 Cop>Cpa . Nevertheless, the charactrin these cases ap-
th=g-3(Cop c3) L proximates the effective charactgy,(eff) predicted by the
proposed hopping model.
The diffusion coefficientD described by the random walk Figure 7 exhibits the behavior &,(eff) for an energy
problem in a three dimensional lattice is given'by transfer as a function o€pp/Cp, ratio using Eq.(9), for
- some €p/ca) concentration ratios. It is seen in this figure
D= 1 l_h ) that R,(eff) always decreases with the increase of the
6 t, Cpp/Cpa ratio, deviating from the expected behavior of the

current hopping modeR,, (dashed ling for the case where
Cp=cCp. Figure 8 shows the probability rat/; /W, as a
function of theCpp/Cp, ratio usingcp=2c, in Eq. (8). It
can be seen thatv;~W,t when Cpp/Cpa)=75. In this
case the exciton trapping efficieney; is equal to 0.5. Nev-
ertheless, by the increase of t8gp/Cp, ratio Wy becomes

wherel,, is the average step length in the random walk. Us
ing 12~ (cp) ~?¥ in the expression ob in Eq. (7) and then
substituting the result in Eq6), one obtains the ratio be-

tween these two probability rates given by
Wr =5 Ca|(Con 8
W,r ~\cp)\Cpp ®  smaller tharw, 1, consequently decreasing the exciton trap-
ping efficiency. Therefore, the transfer rate which describes

Using the rggult of EQ(S)_ in Eq. (5,)' one gets the exciton ¢ interacting system must be giveny(eff) instead of by
trapping efficiencyny. It is convenient to introduce the ef-

fective trapping radius and the effective transfer rate in the n

modified hopping migration given bR;(eff)=R;»; and

K, (eff)=Kp7r, respectively. B. Estimation of the lifetime effects on the upper and

The effective character of an energy transfer assisted b{jie lower laser levels of Ho ** and Er®* by Nd**

the modified hopping model is obtained usikg K,(eff) in ~ '0NS

Eq. (3 Because the knowledge that the energy transfer from the
second excited state of the donor is well described by the

.- (9  transfer rate of diffusion modeKy and that the effective

1_,_0.02( C_D) (@) transfer rateK,(eff) well describes the energy transfer from

the first excited state of the donor, one can predict the total

5/6

Ry(eff) =Ry
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Efficiency (ny)
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hopping model
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(trapping efficiency)
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4
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FIG. 8. The theoretical ratiw/; /W, as function ofCp,/Cp, ratio calcu-
lated by Eq.(8) for the case otp=2c, . It is seen thaWy is equal toW, ¢
whenCpp /Cpa is 75 givenn:=0.5 (or 50%.
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FIG. 10. The relative luminescence efficiency of Fg} in YLF as a func-
tion of Ho®* concentration for three Nid concentrations calculated using

”_fetime of the donor state as a function of donor Con_centraEqs.(B) and(14). The total luminescence lifetime of Hi¢) was calcu-
tion, if a random donor—donor and donor—acceptor interactated using Eqs(12) and (14) for each system. A strong decrease of hol-
tions are preserved. The total energy transfer rate from theium lifetime for[Nd]>0.5% is shown.

first excited state of the donor is given by

W, (1% = y2+ 7K, .

(10

The total lifetimer of a donor state and its relative lumines-

In the case of the second excited state of the donor, the tOtElence efficiency are given by
energy-transfer rate is given by

Wi(2") 42+ K.

Lifetime (ms)

(11)

YLF:Er:Nd 4 e (275um)

12

Nd = 0.5%

4. —(1.6um)

13/2

Nd = 0.5%

Er concentration (moi%)

FIG. 9. The relative luminescence efficiency of #i¢,,) in YLF as func-

tion of EF' concentration for three Nid concentrations calculated using

Egs.(13) and(14). The total fluorescence lifetime of Bi(,,) was calcu- L . .
lated using Eqs(12) and(14) for each system considered. A strong decreased€activation process of lower laser levels in fluoride laser
of erbium lifetime for[Nd]>0.5% is shown.

1 1 —
—-=—+W,,
T TO
T J—
2T o1-aw, (12
o 7o

whereny= 19/ 7, and, are the luminescence efficiency and
the total lifetime of the isolated donor, respectivety|s the
radiative lifetime of the donor state, anglis the total lumi-
nescence efficiency of the donor state in the presence of the
acceptor. SubstitutingV,(1%) given by Eq.(10) in Eq. (12),

one can estimate the total lifetime of the #iG,) and
Ho(®l,) states for several concentrations of @r Ho) and

Nd. UsingW,(2"% given by Eq.(11) in Eq. (12), one can
also estimate the total luminescence efficiency of the second
excited state¢,,,, and’l 5) of EF* and H3*. Figures 9 and

10 show the calculated effects on the luminescence ®f Er

in Er:Nd:YLF and for HG" in Ho:Nd:YLF laser crystal,
respectively. By observing the predicted lifetime of the lower
laser level and the relative luminescence efficiency of the
upper laser level of the activator as a function of dofi@ror

Ho) and Nd concentrations, one can choose the most conve-
nient concentrations of dopants for the laser medium, which
shows a better laser emission performance with the increase
in pumping frequency. Nevertheless, the fluorescence analy-
sis of EP* and HG'" in Nd codoped YLF crystals employed

in this work is suitable for understanding the nonradiative

materials.
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V. CONCLUSION mate the total lifetime of the lower and of the upper laser
It was demonstrated that the presence of 1.2 mol % 0}evels as a function of the activator and the deactivéta)

Nd*" ions introduces an effective deactivation process of theconcentrations. With this result, one can evaluate the most
lower laser level of B and HG" (first excited statede- convenient concentrations of the activator and neodymium

creasing the lifetime from 10 to 1 ms and from 17 to 2 mS1used to compose the laser medium. The depopulation of the

respectively, in Er:Nd:YLF and Ho:Nd:YLF crystals. Never- Upper Ia_ser Ievell of the_erpium and holmium introduce_d by
theless, a partial depopulation of the upper laser letals- neodymlum(pred!ctableIlmlts the use of high concentration
ond excited stajewas observed for these systems, WhichOf the Er(or Ho) in Nd codoped YLF laser crystal.

reduces the small signal gain of the laser medium. A criterion
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