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The Yb3* laser emitting at a 1.03um wavelength has been evoking strong interest recently due to its advantages

of long fluorescence lifetime, broad absorption band and the fact that it never shows concentration quenching. On

the other hand, as a laser of three-level system it has, in general, a relatively high threshold power, which makes it

important to seek some suitable host crystals to reduce this. Here, we present a comparison of the lasing performances
of Yb3t-doped YAG [Y3Al5012], FAP [Cas(PO4)3F] and KYW [KY(WO4)2] crystals, including threshold power and
slope efficiency, with those of the Nd:YAG laser based on the threshold formula of three- and four-level systems deduced
by the authors. The results show that the Yb3t laser can output a power larger than the Nd:YAG laser does in the

case of comparably higher pumping power, if the length of the lasing rod and the concentration of the active ions satisfy

some conditions. The theoretical results are also close to the experimental results reported.
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I. INTRODUCTION

The configuration of Yb37 is 413, There are only
two energy levels, namely the ground state 2F; /2 and
the excited state 2F5/2. The Yb3T laser operating
on the *F7/5°F5/5 transition emits lasing light at
a 1.03um wavelength, close to that of Nd:YAG. But
compared with the Nd3t ion, Yb3* has a longer flu-
orescence lifetime (about 3-4 times as long as that
of Nd3*) and broader absorption band (about 10-20
times as large as that of Nd3*). In addition, the Yb3*
laser has only one excited level, 2F; /2, which offers
advantages in avoiding the attenuation of lasing in-
tensity from concentration quenching and energy up-
conversion. Due to these advantages much more re-
search attention is being paid to the Yb3T laser.!—4
On the other hand, as a three-level system, the Yb3*t
laser has a higher threshold power compared with the
Nd3* laser. Only under the condition of large pump-
ing power could the Yb3T laser show advantages in
lasing performance.[’/ Choosing an appropriate host
crystal for decreasing the threshold power is one of the
important tasks. From Refs.[4] and [6] it is clear that
KYW and FAP crystals are promising candidates.

The lasing threshold power and the slope effi-
ciency, as a token of lasing performance, are deter-
mined by parameters such as the size of the crystal
rod, the concentration of doped ions, the design of res-
onant cavity and the character of the pumping light
beam. References [2—4] have shown experimentally the
lasing performances of Yb3*-doped YAG (Y3Al5012),
FAP (Ca5(POy4)3F) and KYW (KY(WOy)s3) crystals.
But some of the characteristics, including those of the
resonant cavity and the pumping beam, were not de-
fined fully. Therefore, quantitative study is difficult
in determining the relations between the lasing per-
formance and the designing parameters.

This paper evaluates quantitatively the lasing
performances of Yb3t-doped YAG, FAP, and KYW
crystals on the basis of the formula of threshold power
and slope efficiency deduced by the authors!” from
the transition-rate equations and transmission equa-
tions of the photons in the resonant cavity. We present
the critique for the lasing performances of these three
Yb3+-doped crystals, and point out how to choose the
length of crystal rod, the concentration of doped ions
and the cavity parameters to gain the optimal opera-

tion of these lasers.
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II. THE BASIS OF THEORY AND THE CAL-
CULATED RESULTS
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Fig.1. Stark energy levels of Yb:YAG.

The energy levels of the Yb3™ ion in the host crys-
tals are shown in Fig.1. The Yb3* ions stimulated by
a pumping light of a 0.94pum wavelength will emit las-
ing light at a wavelength of 1.03um. The Yb3* laser
is a three-level system. Its threshold power P, and

slope efficiency 7, are given by!!

(A
P =Ahy, {NOL - Q}

Q21
e 7O W

77(3) _» (lfRz)\/R_l
* "y, (1- R)(VRi+ VR2)
- [1 — exp(— 7 (M), (2)
in which
v (\) = ﬁ[lnR + 0esNo L], (3)

where v, and v, are the frequencies of pumping and
lasing light, respectively; 0., and v,s are the absorp-
tion cross sections of Yb37 ions at the wavelengths of

the pumping light and the lasing light, respectively;

Oes 1s the efficient emission cross section at the lasing
wavelength; Qa1 = 1/72; is the transition probabil-
ity for ?F5/o—>F7 /. The effective reflectivities of the
input and output mirrors are expressed by R; and
R, respectively (the one-way transmission loss of the
cavity is included in Ry), and R = /R R,. L and Ny
denote the length of the crystal rod and the density of
doped Yb3* ions, respectively. A is the cross-sectional
area of the pumping beam at the end-face of the crys-
tal rod, and h is the Planck constant.

The parameters, such as the absorption and the
efficient emission cross section, the wavelengths of
the pumping and the lasing light of YAG, FAP and
KYW crystals, are listed in Table 1. The struc-
tures of the crystals FAP and KYW are hexag-
onal (a=0.93697nm, ¢=0.68843nm) and monoclinic
(a=0.805nm, b=1.035nm, ¢=0.754nm, (=94°), re-
spectively, whose optic behaviours are anisotropic.
Therefore, the orientation of the crystal rod must be
indicated. In terms of the size of the crystal cell
and the number of molecules in the crystal cell, the
numbers of 1at% Yb?* ions in YAG, FAP and KYW
crystals can be calculated to be 1.38, 1.91 and 0.64
(x10%°cm—3), respectively.
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Fig.2. The density of threshold power versus the

length of the crystal rod L for Np=6.5x1.38 X
102%cm—3.

Table 1. Optic parameters for calculation.

Crystal Ap/pm As/pm 0ap/1029cm =2 Tas/1020%cm ™2 Oes/1029cm—2 Q21(1/75) /s~
YAGIH] 0.941 1.030 0.7 0.1 1.8 862
FAPS! 0.905 1.043 6.9 0.3 5.9(//3) 926
Kywl4 0.981 1.025 12.0 0.2 3.0(//@) 1163
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Figures 2 and 3 illustrate the density of threshold
power (P;,/A) calculated using Egs.(1)—(3) versus the
length (L) of the crystal rod and the density (Ny) of
Yb3t ions doped, respectively. In the calculation, we
take R1=0.99, R2=0.90. The slope efficiencies for the
three lasers versus the length of the crystal rod are
shown in Fig.4, in which R; and R; are the same as
in Figs.2 and 3.
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Fig.3. The density of threshold power versus the con-
centration of doped Yb3* ions for the length of the
crystal rod Lo=0.5cm.
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Fig.4. The slope efficiency versus the length of the
crystal rod L for Ng=6.5x1.38 x 102%cm~3.

. DISCUSSION

Table 2 illustrates the experimental and calcu-
lated lasing performances of Yb3t-doped YAG, FAP
and FAW crystals. In the table the experimental data,
represented by the superscript “exp”, are taken from
Refs.[3,4,8], and the calculated values (“cal”) are ob-
tained from Egs.(1)—(3) in this paper. It can be seen
that the calculated values are close to the experimen-
tal data. This indicates that Eqgs.(1)—(3) can be used
as a basis for the comparison of the lasing performance

of these crystals.

Table 2. The comparison of the experimental data with the calculated values.

Crystal No x L A PP AL peala-l o P neel

/102%cm—3 Jat% /cm /um—2 JkW-cm ™2 JkW-cm ™2 /% /%
YAG!S] 27.6 20 0.10 (37x156) (3.5) 3.8 30 70
FAP[] 0.36 0.2 0.54 37x156 0.8 0.54 40 56
Kywl4 3.2 5 0.10 (37x156) (1.2) 0.93 78 84

A. Selection of the length and the density of
Yb3*t-doped YAG, FAP, and FAW crystals

There are an optimal length of the crystal rod
and density of doped ions corresponding to minimum
lasing threshold power for the three crystals. Differ-
entiating with respect to the variable (NoL) in Eq.(1),
we can obtain the optimum (NoL),ps which satisfies

the following equation:

Tap

1
—— | 0es(NoL)o —In(R{R
Ues+0as|:o- (NoL)opt + 5 In(Fy 2)}

—1n { [Uas(N(]L)Opt —1In AV, R1R2]Uapaes

Oas (Ues + Uas)

+1}. (4)

Solving Eq.(4), the optimal (NoL),pt obtained are
1.215,0.205 and 0.185 (x102°cm~2) for YAG,FAP
and KYW crystals, respectively, corresponding to the
minimum of the threshold power density, (Pin A1) min,
of 3.0, 0.51 and 0.83kW-cm~2. So if FAP and KYW
are used as host crystals, the lasing threshold power
of the Yb3* laser can be as low as one-sixth and one-
third, respectively, of the YAG host crystal.

From Figs.2 and 3 it can be seen that the curve of
Pi-L or Py,-Ng for FAP and KYW crystals will cut
with that of the YAG crystal at certain Ny or L. This
indicates that the predominance of YAP and KYW
crystals compared with the YAG crystal will lose if
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the density of doped ions is too high or the length of
the crystal rod is too long. On the basis of Eqs.(l)—|

{hl/p
= { hvy,

where the subscripts YAG, FAP and KYW represent
the host crystals. By solving Eq.(5), we can obtain the
condition under which the threshold powers of Yb3*-
doped FAP and KYW crystals are lower than that
of the YAG crystal. This condition is that the prod-
uct of the density of Yb3* ions Ny and the length of
the crystal rod L, (NpL), is smaller than 14.25 and
2.05 (x10*°cm=2), for FAP and KYW, respectively.
For example, if Ng=6.5x1.38x102%cm ™3, correspond-

(UasNoL —In vV RlRQ)

Uas + UES

(O'asNoL —In vV RlRQ)

Oas + Oes

ing to the atomic fraction £=0.065, the lengths of the
crystal rod L of FAP and KYW should be shorter
than 1.6 and 0.2cm, respectively. If the length of
the crystal rod L=0.5cm, the densities of Yb3* ions
in FAP and KYW crystals, Ny, should be less than
28.5%10%°cm 3 (z <0.149 in the FAP crystal) and
4.1x10?%m 3 (z <0.64 in the KYW crystal), respec-
tively.

B. The relationship between the output power
and the pump power

A good laser design should be that the lasing
threshold power P;, is low and the slope efficiency
7s is high. Hence, it is necessary to discuss the rela-
tions between the output power and the pump power
for the three Yb3*-doped lasers and for the Nd:YAG

laser.

Qull — exp(— wm-l}

Qull — exp(~ w»]l} ,

(3), the nodical equation of the curves of Py,-L (or
Py,-Np) of the two crystals can be written as

YAG

()

FAP KYW

| If the length of the crystal rod of Yb:FAP and
Yb:KYW is longer than 0.2cm, then the slope effi-
ciency 1 will increase to the maximum; thus we let
L=0.2cm as the basis for the following discussion. The
densities of Yb3T ions in the FAP and KYW hosts
calculated by the optimum product NgL are listed in
Table 3. In the table the density of Yb3* ions in YAG
is the same as that in the experiment of Lacova,!
and the density of Nd®t ions and the length of the
Nd:YAG crystal rod are taken from Ref.[5].
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Fig.5. The density of output power versus the density

of input power.

Table 3. The parameters of the four crystals such as the density of doped

ions, the length of the crystal rod, threshold power and slope efficiency.

Concentration of Length of Density of Slope Pumping

Yb3+ or Nd3+ crystal rod threshold efficiency light

Crystal power wavelength

No L PpA~1 s Ap

/1020cm—3 /cm /kW-.cm ™2 /% /pm
Yb:YAG 6.5x1.38 0.4 4.5 76 0.941
Yb:FAP 0.55x1.91 0.2 0.41 79 0.905
Yb:KYW 1.45%0.64 0.2 0.81 74 0.981
Nd:YAG] 1.0x1.38 1.0 0.25 55 0.810
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The relationship between output power and pump
power can be easily written as Poyt & 7s(Pin — Pin),
and their curves for different lasers are shown in
Fig.5. It can be seen from Fig.5 that for Yb:FAP
and Yb:KYW lasers, if the pump power is larger than
1 and 2.5kW-cm™2 respectively, the output power
of these two lasers will be greater than that of the
Nd:YAG laser. But for the Yb:YAG laser, the pump
power should be larger than 15kW-cm™2.

IV. CONCLUSION

The lasing performances of Yb3t-doped YAG,

FAP and KYW crystals, including the threshold
power and slope efficiency, have been investigated the-
oretically. The results show that by choosing an ap-
propriate length of crystal rod and density of doped
ions, the lasing threshold powers for FAP and YKW
crystals can be as low as one-sixth and one-third that
of the Yb3t:YAG crystal, respectively, which is only
a little higher than that of the Nd:YAG laser. But
the slope efficiencies for the three lasers are as high as
about 80%, much larger than that of Nd:YAG. There-
fore, FAP and KYW are good Yb3*-doped laser crys-
tals. The theoretical results are also close to the ex-

perimental results reported.
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