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A formula for the threshold energy of a four-level-system laser in Tm3+ doped fluoride glass is derived. The

formula contains the parameters of the interaction between the ions and the up-conversion rate of the pump-light. It

is discussed that the Tb3+ ions and the up-conversion pump-light have an influence on the laser performance of Tm3+

ions around 1.47µm wavelength. We draw the following two conclusions. (1) The laser threshold descends obviously

due to the doping of Tb3+ ions, but the descending gradually flattens out with the increase of the content of Tb3+

ions. Its suitable content is (1–2)×1020cm−3. (2) When pump-lights both from the up-conversion and from the ground

state excite simultaneously the single-doped Tm3+ ions, the threshold energy can reduce and the output energy can

increase. In this paper, the energy conversion efficiency from the up-conversion pump-light to the output energy of laser

is estimated.

Keywords: Tb3+ and Tm3+ ions, threshold energy of laser, energy conversion efficiency, dual-

wavelength pumps called the up-conversion and ground state pump
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1. Introduction

Laser emission of Tm3+ ions at 1.47µm for the

transition from the 3F4 to 3H4 state has been exten-

sively studied recently. It is a four-level laser system

with a lower threshold. A commercial semiconductor

laser can pump the Tm3+ laser. However, the fluores-

cence branch ratios corresponding to the 3F4 →3H5,
3F4 →3H4 and 3F4 →3H6 transitions are 0.02, 0.08

and 0.90 respectively. This indicates that the fluores-

cence intensity is comparatively weak. In addition,

the lifetime of the 3F4 state is much longer than that

of the 3H4 state, so the laser self-termination phe-

nomenon exists. Therefore, in order that the Tm3+

laser at 1.47µm can be practically applied, further

research must be performed. Ermeneux et al
[1] and

Huang et al
[2] have discovered that if the Tb3+ (or

Ho3+) and Tm3+ ions are co-doped, the laser self-

termination phenomenon can be eliminated due to the

interaction between Tb3+ (or Ho3+) and Tm3+ ions.

Komukai et al
[3] have found that using lasing light

at 1.06µm to pump Tm3+ ions can produce the laser

at 1.47µm wavelength due to the action of the up-

conversion. Based on their work, DiGiovanni et al
[4]

suggested that the Tm3+ laser could be excited with

a dual-wavelength pump-light simultaneously, which

is called the ground state pump and up-conversion

pump. For example the dual wavelengths are 0.8µm

and 1.4µm or 0.8µm and 1.06µm. The electrons ex-

cited from the ground state to 3F4 state by pump-light

at 0.8µm are diexcited to the 3H4 state and emit las-

ing light at 1.47µm simultaneously. The electrons of

the 3H4 state are re-excited to the 3F4 state by the

up-conversion pump light. Thus the intensity of the

laser at 1.47µm is enhanced.

In this paper, we derive the expressions of the

threshold energy and the slope efficiency, which con-

tain some relevant parameters, such as the radi-

ant transition rate, the probability of the interaction

between Tb3+ and Tm3+ ions from the transition-

rate equation. We discuss that the influence of the

Tb3+ ions and the second pump-light (taking the up-
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conversion pump-light at 1.4µm as example) on the

performance of the laser at 1.47µm of Tm3+ ions.

2.Theoretical analysis on laser

threshold

2.1. Basis of theoretical analysis

The cross-relaxation interactions between Tm3+

ions and between Tb3+ and Tm3+ ions can be ex-

pressed as P , PC1 and PC2, respectively. By taking

into account the cross-relaxations between ions and

using the dual pump-light at 0.8µm and 1.4µm wave-

lengths, the scheme of energy levels of ions including

the interaction between the ions is shown in Fig.1.

According to Fig.1, the transition-rate equations con-

taining the laser can be written, respectively, as

dN4

dt
= − Q′

4N4 + W2N2 + W1N1

+ v[σasN2 − σesN4] · [ρ+
s (z) + ρ−s (z)], (1)

dN3

dt
=Q′

43N4 − Q3N3, (2)

dN2

dt
=Q′

42N4 + Q32N3 − Q′
2N2 + PN1, (3)

N1 + N2 + N3 + N4 = N0, (4)

where

Q′
4 =Q4 + Pc2 + P,

Q′
42 =Q42 + P,

Q′
43 =Q43 + Pc2,

Q′
2 =Q2 + Pc1, (5)

and where W1 and W2 are the pump rates from the

ground state 3H6 and the excited state 3H4 to the

excited state 3F4 respectively; Qij is the summation

of the radiant and non-radiant transition probabilities

from the ith to jth level, while Qi =
∑

j

Qij is the

summation of the transition probabilities from the ith

level to all the levers lower than the ith level. The P

is the cross-relaxation probability for the 3F4 →3H4

and 3H6 →3H4 transitions of Tm3+ ions. N0 is the

concentration of Tm3+ ions, and Ni is the density of

the population at the ith level.

Fig.1. Scheme of energy levels of ions including the

interaction between the ions.

According to the transition-rate equations of the

levels and Ref.[5], the transmission equations of the

laser and pump-light can be written, respectively, as

dρ1p(z)

dz
= − σ1apρ1p (z)N1, (6a)

dρ2p(z)

dz
= − σ2apρ2p (z)N2, (6b)

dρ+
s (z)

dz
= (σesN4 − σasN2) · ρ+

s (z) , (7a)

dρ−s (z)

dz
= − (σesN4 − σasN2) · ρ−s (z) , (7b)

where ρs, ρ1p and ρ2p represent the densities of pho-

ton number of the laser, the pump-lights from the

ground state and the excited state 3H4, respectively.

The superscripts of ρs, ‘+’ and ‘–’, indicate the direc-

tion of the laser as being the same as and opposite

to the pump-light respectively. W1 = vσ1apρ1p (z)

and W2 = vσ2apρ2p, where σ1ap and σ2ap are the ab-

sorption cross-sections of the ground state and up-

conversion pump-light, respectively. σes and σas rep-

resent the emission and absorption cross-sections for

the lasing light at 1.47µm,

Table 1. Optical parameters.

Transition probabilities

Qi,j/s−1 Q2 Q32 Q3 Q41 Q42 Q43 Q4

184 3.89×104 3.89×104 793 70 18 885

Transition frequencies ν/cm−1 Transition cross-sections/10−20cm2

νgp νup νs σ1ap σ2ap σes σas

12560 7143 6803 0.31 0.031 0.1 0.1/3

Cross-relaxation probabilities Cross-relaxation probabilities

between Tm3+ ions P/s−1 between Tm3+ and Tb3+ ions Pc1 and Pc2/s−1

P Pc1 Pc2

45x2 2381xy 778xy
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Note that: The concentration of Tm3+ and Tb3+ ions are N0x and N0y, respectively, both are in a units of 1020cm−3.

respectively. v is the light speed in the medium. These

probability parameters are calculated according to the

Judd–Ofelt and Dexter theories adopted in Ref.[6].

The optical parameters quoted from Ref.[6] are listed

in Table 1.

According to the transition-rate equations of the

steady state, we obtain the following equations:

N2 =
1

Q′
2Q3

(Q′
42Q3 + Q′

43Q32) +
P

Q′
2

N1, (8)

N4 =
Q′

2Q3

α

[

N0 −
(

1 +
P

Q′
2

)

N1

]

, (9)

where

α = Q′
43Q

′
2 + Q′

42Q3 + Q′
43Q32 + Q3Q

′
2. (10)

The gain is defined as

G =

L
∫

0

(σesN4 − σasN2)dz. (11)

Inserting Eqs.(8) and (9) into Eq.(11) and com-

bining Eqs.(5)–(7), we can obtain the threshold con-

dition subject to the gain equal to the loss as shown

below:

− lnR =
A

α
N0L − B

α

Ψ

σ1ap
, (12)

where

A =σesQ
′
2Q3 − σas(Q

′
42Q3 + Q′

43Q32), (13a)

B =σes(Q
′
2 + P )Q3 − σas[(Q

′
43Q3 + Q′

43Q32)

− P (Q3 + Q′
43)]. (13b)

Adding Eqs.(6a) and (6b) together, multiplying by dz

both sides of the resulting equation, and then integrat-

ing it from 0 to L, we can obtain the photon number

density ρp(0) of the pump-light at the input end. Ac-

cording to the definition of the threshold power den-

sity, namely Pth = vρp(0)hνpÃ, and Eth = PthQ′′
4 , the

expressions for the threshold energy Eth and slope ef-

ficiency ηs can be written, respectively, as

Eth =Ãhνgp
Q′

2Q3Q
′′
4

Q′
4

{[

1 −
(

1 +
P + M

Q′
2

)

A

B

]

N0L

α

−
(

1 +
P + M

Q′
2

)

lnR

B

}/

[1 − exp(Ψ)], (14)

ηs =
νs

νgp

(1 − R2)
√

R1

(1 − R)(
√

R1 +
√

R2)
[1 − exp(−Ψ)], (15)

Ψ = σ1ap

(

A

B
N0L +

α

B
lnR

)

. (16)

In Eq.(14)

Q′′
4 =Q′

4 − W2(Q
′
42 + Q′

43/Q′
2, (17)

M =W2P
Q′

2 + Q′
42 + Q′

43(Q
′
2 + Q32)/Q3

Q′
2Q

′′
4

, (18)

and Ã is the area of a facula of the pump-light if the

cross-section of the crystal rod is larger than that of

the pump-light, L represents the length of the crys-

tal rod, h is Planck’s constant, νs, νgp and νup re-

spectively represent the frequencies of the laser, the

ground state pump-light and up-conversion pump-

light, R =
√

R1R2, where R1 and R2 represent the

reflectivities of the input and output mirrors of the

resonant cavity, respectively. Because the laser rod

is shorter, the loss of light in the resonant cavity at

different wavelengths is approximately independent of

the length of the laser rod. So the backward transmis-

sion loss can be regarded as a constant and is included

in R2. In this paper, R1 = 0.99 and R2 = 0.94 are

assumed.

2.2. Analysis of results

Inserting the parameters in Table 1 into the

threshold expression Eq.(14), we can obtain the fol-

lowing results.

1. When the sample doped with Tm3+ (namely

x=2, y=0) and the sample co-doped with Tm3+ and

Tb3+ (x = y=2) are both excited by the pump-light

from the ground state, their relationships of thresh-

old energy Eth versus the length of the laser rod are

respectively shown in Fig.2.

Fig.2. Threshold energy density versus length of

sample-rod. Curve 1, Tm:ZBNLA, curve 2, Tm,

Tb:ZBNLA.

2. If the length L of the laser rod co-doped with

Tm3+ and Tb3+ ions is equal to 5cm and the medium

rod is excited by the pump-light from the ground
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state, the relationships of threshold energy Eth versus

the concentration y of Tb3+ ions are shown in Fig.3.

3. A ratio γ of the threshold energy with the

sample excited only by the ground state pump light to

that with the sample co-excited by pump light of dual-

wavelength (called the ground state and up-conversion

pump, respectively) is

γ =
Eth(W2 6= 0)

Eth(W2 = 0)
=

Q′′
4

Q4

{[

1 −
(

1 +
P + M

Q′
2

)

A

B

]

N0L

α
−

(

1 +
P + M

Q′
2

)

lnR

B

}

{[

1 −
(

1 +
P

Q′
2

)

A

B

]

N0L

α
−

(

1 +
P

Q′
2

)

lnR

B

} . (19)

The ratio γ versus the up-conversion pump rate

W2 is shown in Fig.4.

3.Discussions

1. Generally, the threshold energy of a four-level

laser system is slightly dependent on the length of

medium rod.[7] In Fig.2 the optimal length of the

laser rod corresponding to the minimum of the thresh-

old energy is about 5cm due to action of the cross-

relaxation between Tm3+ ions. If the cross-relaxation

between Tm3+ ions does not exist, namely P=0, the

threshold energy equation (14) can be rewritten as

follows:

Eth = ÃhνgpQ′
2Q3

{

− lnR

B

}/

[1 − exp(−Ψ)], (20)

where Ψ is an increasing function with the length of

the rod. When the length of the rod exceeds a certain

value, that is, 1− exp(−Ψ) → 1, the threshold energy

will slightly depend on the length of the glass rod.

Rosenblatt et al
[8] have measured the laser

threshold energy in six different concentrations of

Tm3+ and Tb3+ ion co-doped ZBLAN glasses.

Of them, we take two cases with the length of

the glass rod L=1cm for example. One is the

0.5% Tm3:ZBLAN and the other is the 1%Tm3+,

1%Tb3+:ZBLAN. The reflectivities of the input and

output mirrors of the resonant cavity are R1=100%

and R2=99.7%, respectively. The measured thresh-

old energies are 130 and 185µJ, respectively. Under

the above condition the threshold energies calculated

from Eq.(14) are 320 and 106µJ, respectively. The

calculated and experimental values have the same or-

der of magnitude, therefore it is suitable to base the

discussion about the threshold energy on Eq.(14).

2. When the concentration of Tm3+ ions and the

length of the glass rod L are fixed, the relationships

of threshold energy Eth versus the content y of Tb3+

ions are shown in Fig.3. From Fig.3 it can be seen

that the doping of Tb3+ ions causes the threshold en-

ergy Eth to obviously descend. When the content of

the Tb3+ ions exceeds (1–2)×1020cm−3, the thresh-

old energy descends gradually and tends to a constant

value. This indicates that the content of Tb3+ ions is

not required to be too high and the suitable content

is (1–2)×1020cm−3.

Fig.3. Threshold energy density versus concentration

of Tb3+: curve 1, x=2; curve 2, x=3; curve 3, x=1.

3. Figure 4 indicates that the up-conversing

pump-light has a noticeable influence on the threshold

energy in Tm3+:ZBLAN glass. The ratio γ decreases

with the increasing of the up-conversion pump rate

W2, but it hardly affects the threshold energy in the

Tm3+, Tb3+:ZBLAN. According to the expressions

for the ground state pump rate and the threshold en-

ergy, W1 = vσ1apρ1p and Eth = Ãhνgpvρ1p/Q′′
4 , when

the input pump-light energy equals the threshold en-

ergy, the ground state pump rate can be expressed as

W1 = Ethσ1apQ′
4/(Ãhνgp), the up-conversion pump

rate as W2 = Ethσ2apQ′
4/(Ãhνup) similarly. In this

paper, the wavelength of the up-conversion pump-light

is 1.47µm, thus σ2ap ≈ σas ≈ σ1ap/10.
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Fig.4. Ratio of threshold energy density versus pump

rate under the conditions of double wavelength pump

and single wavelength pump.

It can be seen from Fig.4 that when the up-

conversion pump rate W2=200s−1 and the length of

sample L=5cm, the threshold energy of the Tm3+

laser decreases to 50%, namely γ= 0.5. This indicates

that when the summation of the energy of both pump

lights at 1.4µm and 0.8µm wavelengths is the same as

that at single wavelength, the use of dual-wavelength

pump-light can make the output energy increase due

to the effect of the up-conversion.

According to the expression Eout = η(Ein − Eth)

(where η is the slope efficiency), the energy conver-

sion efficiency ξ from the up-conversion pump en-

ergy E2 to the output energy can be derived, namely

ξ = η(1 − γ)Eth/E2. Inserting the above values γ=0.5

and E2 = Eth into ξ = η(1 − γ)Eth/E2, we can ob-

tain ξ = 0.5η. W2 is relevant to the σ2ap, which is

related to the wavelength of the pump-light and the

host material. Therefore, the energy conversion effi-

ciency ξ is related to the pump-light from the ground

state and up-conversion and the characteristics of the

host materials. The relevant results will be published

in another paper.

4.Conclusions

For the laser of Tm3+ ions at 1.47µm wavelength,

a good method of improving the laser performance

is the co-doping of Tm3+ and Tb3+ ions or the use

of pump light of dual wavelengths, which is called

the ground pump and excited state pump simultane-

ously. The co-doping of Tb3+ ions not only eliminates

the laser self-termination phenomena, but enables the

threshold energy to descend obviously. The suitable

content of Tb3+ ions is (1–2)×1020cm−3. The Tb3+

ions have good capability to be sensitive to Tm3+

ions. If the pump-lights from the ground state and

up-conversion are used to excite Tm3+ ions simulta-

neously, the laser threshold energy can be decreased

while the output energy can be increased. The energy

conversion efficiency from the up-conversion pump-

light to output laser can be estimated based on the

fundamental optical parameters measured.

———————————————————————————
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