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The influence of the cavity trapped amplified luminescence (CTAL) on the threshold, power and dynamic characteristics
of Er, Yb: glass lasers with end and side diode pump configurations has been studied. The CTAL loss coefficient has been
evaluated using the luminescence balance equation. The inverse proportion dependence of the CTAL loss coefficient on the
cavity length has been revealed. It has been shown that amplification of luminescence in the laser cavity leads to a significant
increase of the threshold pump power (~3-5 times). The Er, Yb : glass laser generation dynamics has been modelled taking into
account the luminescence evolution beginning with the onset of the diode pumping pulse. Depending on the diode pumping
pulse amplitude, the increase or decrease of the Er, Yb : glass laser pulse generation delay can be observed.
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1. Introduction

Diode pumped Er, Yb: glass lasers emitting within
the eye-safe spectral region (1.5-1.6 pym) are widely
used in many applications [1-3]. Spectroscopic (stimu-
lated emission cross-section, upper laser level lifetime,
etc.), as well as lasing (output beam quality, lasing
spectra, etc.) characteristics of different Er, Yb: glass
active media are investigated intensively [4-6]. How-
ever, there are only a few papers devoted to the
Er, Yb: glass laser emission dynamics [5, 7]. Unfortu-
nately, the experimentally observed complicated form
of the Er, Yb : glass laser emission dynamics cannot be
explained by the existing theoretical models. Thus, for
the correct simulation of the Er, Yb : glass laser dynam-
ics the additional processes such as amplification of lu-
minescence, optical transitions in different optical cen-
tres, up-conversion and cross-relaxation should be in-
volved in the consideration.

The effect of amplified luminescence on the thresh-
old, output power, and dynamics of semiconductor
lasers is widely studied [8—10]. For this type of lasers
it has been shown that the increase of the threshold cur-
rent density, decrease of the lasing output power, as

(© Lithuanian Physical Society, 2007
(© Lithuanian Academy of Sciences, 2007

well as the remarkable change of transient character-
istics can be induced by the cavity trapped amplified
luminescence (CTAL). There is a variety of papers de-
voted to the methods of the CTAL suppression in solid
state lasers of various configurations and development
of solid state light sources emitting in the luminescence
amplification mode [11-13]. However, the influence of
amplified luminescence on the threshold, power, and
dynamic characteristics of solid state lasers is studied
insufficiently.

In this work the dynamics and output characteristics
of Er, Yb: glass lasers are simulated. The main atten-
tion is paid to the investigation of the CTAL effect on
the laser operational parameters. Side and end diode
pump configurations are considered.

2. Theoretical model

The developed approach is based on the self-consis-
tent rate equation set for population densities of erbium
Ng; and ytterbium N, ions and the number of emit-
ted photons. The number of luminescence g, and
Q1as lasing photons is considered. Processes of radia-
tion absorption and emission as well as the excitation
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Fig. 1. Energy level diagram for the Er>T—Yb3" laser active element.

energy transfer and spontaneous emission amplifica-
tion are taken into account in the proposed model.

The energy level diagram for the erbium—ytterbium
laser active element together with essential radiative
and non-radiative transitions is presented in Fig. 1. As
a consequence of diode pump radiation absorption, the
Yb3* ions are excited from the 2F /2 level to the 2F, /2
energy level. The excitation energy of the Yb3* ion is
transferred in a non-radiative manner to the Er3* ion
through the *I;; 2 = 1y, /2 transition. The excited
Er?* ions relax quickly to the metastable energy level
41132, and lasing occurs in the channel *I;3 /5 — 4115 5.

The developed rate equation set for the Er, Yb : glass
laser under consideration can be written as [7, 11]:
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where N1/, Ny are the Yb3*+ population densities for

*F7 /5 and F5 5 energy levels, respectively; N1, No,
N3 are the Er®* population densities for 4I;5 /25 s /2
and I, /2 energy levels, respectively; ob.. is the ab-
sorption cross-section at the diode pump wavelength
(emission cross-section o®, | given in Fig. 1 is supposed
to be equal to J;’bs); Jf{)ss, Ué?ﬁ are the absorption and
emission cross-sections at the lasing wavelength, re-
spectively; Aoqs is the de-excitation rate related to tran-
sitions from the Yb3* excited state to the ytterbium
ground state; As; is the de-excitation rate related to
transitions from the Er*t 414 /2 state to the erbium
ground state; Ase is the de-excitation rate related to
transitions from the Er3* 41, /2 state to the 4 /2 state;
@, Pius, and Py, are the pump, lasing, and ampli-
fied luminescence photon fluxes, respectively; k is the
coefficient of the energy transfer from the Yb>+ ?Fs o
level to the Ert Iy, /2 level; O1as, dum are the spon-
taneous emission factors for lasing and amplified lumi-
nescence, respectively; k' and k"™ are the cavity loss
coefficients for lasing and amplified luminescence, re-
spectively; c is the light velocity, and n is the active
medium refractive index.

The first three equations of set (1) describe the evo-
lution of population densities in ytterbium and erbium
ions. This group of equations is formulated under the
condition that all rare earth ions are distributed over the
energy levels stated in Fig. 1:

Ny + Ny = Ny, N1+ No+ N3 = Ng:, (2)

where Ny, is the Yb3t ion density and N, is the
Er3* ion density. Since it has been shown that the
up-conversion, cross-relaxation, excited state absorp-
tion, and energy back transfer from Er3t to Yb3+
ions insignificantly influence the dynamics of the
Er, Yb: glass laser [7], these processes are neglected in
the present approach.
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In the case of the uniform distribution the photon
fluxes @, P55, and Py, can be expressed in the fol-
lowing way:

_ Pabs
P hup Sy
CQlas
= 3
(I)las nlSm ) ( )
Cqlum
(I)lum = 7”31; )
m

where P, is the absorbed radiation pump power; hv,
is the pump radiation photon energy; Sy, is the mode
cross-section area, and [ is the cavity length.

The second group of rate equation set (1) includes
Qlas> Qlum time derivatives and simulates joint dynam-
ics of amplified luminescence as well as lasing photons
within the laser cavity. Evolution conditions are dif-
ferent for CTAL and lasing fluxes. In contrast to the
lasing radiation flux, the CTAL flux is characterized by
a larger propagation spatial angle and larger contribu-
tion of spontaneous emission [8, 14]. This fact can be
taken into account by introduction of two rate equations
for CTAL and lasing photons with different cavity loss
coefficients and spontaneous emission factors [9].

The spontaneous emission factor for lasing d1,5 was
set equal to 10™3 by analogy with the factor for the
semiconductor laser [15]. The factor d;,, was defined
in accordance with the following expression [14]:

G = =D ¥3) @
(n+1)

For the investigated Er, Yb:glass laser the value
Olum = 0.38.

The cavity loss coefficient for lasing radiation was
defined as

W [RaRy (1 p)]
21

where R and Ry are the reflection coefficients of the
cavity mirrors, and p is the internal losses per round
trip.

CTAL losses can be characterized by the coefficient
k'™ averaged over the cavity volume and over all di-
rections of CTAL propagation. The CTAL loss coef-
ficient evaluation techniques are well-defined for semi-
conductor lasers [16, 17]. However, no techniques were
developed for determination of the CTAL loss coeffi-
cient values for solid-state lasers.

The method of evaluation of the k™™ coefficient de-
veloped in our work for the Er, Yb : glass lasers is based

klas _

) &)

on the luminescence balance equation written in the
steady-state approach:

Ag1hve1 No + (0225 Ny — 025 N1) Shum = 5™ Stum

(0)
where his; is the energy of the photon emitted due to
the Er3* ion transition 4113/2 — 4115/2, and Syy, is the
luminescence flux density. Under steady-state condi-
tions the luminescence increment must be compensated
by the losses of luminescence. This relation holds at the
laser threshold and below. To calculate the k™™ coef-
ficient from Eq. (6), it is necessary to define Ny, Na,
and S}, steady-state values at a selected pump level.
Steady-state values of Sy, in the case when the laser
cavity length is significantly larger than the laser mode
diameter can be determined on the basis of the follow-
ing one-dimensional transfer equation [14]:

dSji (2)

+ d (bx)

= — (ol Ny — ol Ny ) S (@)

+ OlumA21ho1 No |
@)
Stim (0) = R1Si, (0)

Slum

where SlTlm and S|, are the CTAL flux densities prop-
agating along the laser resonator Ox axis in the oppo-
site directions, and b is the factor representing the in-
crease of the mean path due to CTAL propagation at
different angles (b > 1). The factor b can be estimated
using the expression [14]

b
“1+n

The population densities N7 and N, are the func-
tions of the CTAL flux density. To take into account
these dependences it is proposed to solve the first group
of rate equation set (1) devoted to the evolution of pop-
ulation densities of Yb3+ and Er®* ions at stationary
approximation. It should be noted that the lasing pho-
ton flux ®1,4 is not included in the present equation
group because ®,5 is negligibly small in comparison
with ®;,,,, at the laser threshold and below. The func-
tions V7 (Sium) and Na (Syum) obtained from station-
ary rate equation set (1) are introduced in Eq. (7) and
then used in the iterative procedure.

Transfer Eq. (7) can be numerically solved using the
4th-order Runge—Kutta method. The CTAL flux den-
sity distributions over the cavity length Sy, (z) ob-
tained for two near threshold pump power values are
presented in Fig. 2. It is important that according to

®)
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Fig. 2. Cavity trapped amplified luminescence flux density Sium

distribution within the laser rod (along the resonator axis Ox) at

20.4 (solid) and 23.0 mW (dashed) pump power for I = 5 mm.

For convenience the CTAL flux density is presented in the form of

the difference Sium(x) — S, where the S™ parameter is equal to

9.7-107 and 1.1-108 W/m? for the 20.4 and 23.0 mW pump power
levels, respectively.

[18] the convex form of the Sy, () distribution (solid
curve) corresponds to the pump level below the laser
threshold while the concave form of Sy, () (dashed
curve) relates to the above threshold conditions, for
the threshold pump power the uniform Sy, (x) dis-
tribution must be achieved. Consequently, according
to the conditions of Eq. (6) validity only the concave
form or quasi uniform Sy, () curves must be applied.
The mean value of the near threshold Sy, () distribu-
tion can be used for k"™ evaluation because of slight
variations of the CTAL flux density along the cavity
(~0.001%).

The mean value of Sy, (z) denoted as the term Sy,
and corresponding magnitudes /Ny and Ny are used in
Eq. (6) to determine the CTAL loss coefficient k"™,
The results of the performed calculations show that the
k'™ value is relatively weak depending on the diode
pump radiation power Ppump. The CTAL loss coeffi-
cient can be considered as a constant at different diode
pump power levels for the given laser within the accu-
racy limits of 10%.

In the present work the erbium—ytterbium glass laser
generation dynamics is modelled on the basis of rate
equation set (1) taking into account the effect of CTAL.
Time evolution of the CTAL photon number is simu-
lated using the CTAL spontaneous emission factor djym,
and the CTAL loss coefficient k™™, The value of k™™™
is estimated at the laser threshold in accordance with
the above-mentioned technique.

3. Results and discussion

Active medium of the investigated diode pumped
solid-state laser was regarded as a cylindrical rod made
of phosphate glass co-activated by Er®* and Yb?* ions.
Reflection coefficients of the rod facets R; and Ry were
supposed to be equal to 97 and 100%. The concen-
trations of erbium and ytterbium ions were 5-10%° and
4-10%" m~3, respectively. The Er, Yb : phosphate glass
parameters are listed in Table 1.

End and side diode pump configurations were anal-
ysed. The type of the diode pump configurations was
specified by selection of the lasing mode diameter dy,
and the active medium length. For the end diode pump
configuration, the dy, value was taken to be equal to
100 pm and [ was chosen in the range of 2—5 mm while
for the side pump d;, = 3 mm and [ = 10-20 mm. The
absorbed pump power in case of the end diode pump
geometry can be calculated on the basis of the follow-
ing relation:

1 — efal
Ta ®

where « is the absorption coefficient of the Er, Yb : glass
at the pump radiation wavelength. In case of the side
pump configuration the relation of such type is more
complicated, and for simplicity the calculations were
performed in terms of P,ps. The uniform distribution
of P, over the cavity was supposed.

The amplified luminescence loss coefficient k"™
values were estimated for two above-mentioned diode
pumping configurations. The calculations were per-
formed for different laser cavity lengths up to 20 mm
using Egs. (6),(7). The obtained values Elvm for
different cavity lengths of the end diode pumped
Er, Yb: glass laser resonator are presented in Fig. 3.
The dependence k™™ (1) can be approximated with suf-
ficiently high precision by the following function:

k() = % , (10)

where A is the proportionality coefficient. The same
inverse proportion function k"™ () was obtained for
the side diode pumped Er, Yb:glass laser. Conse-
quently, the influence of the CTAL radiation on the
Er, Yb: glass laser generation dynamics can be quite
easily taken into account for different cavity lengths.
In order to reveal the role of CTAL in the dynam-
ics and output characteristics of the Er, Yb: glass laser,
modelling was performed taking and not taking into
consideration the CTAL flux. The dependences of
the end diode pumped glass laser output power on the

Pabs = Ppump
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Table 1. Er, Yb: glass parameters.
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Fig. 3. Amplified luminescence optical loss coefficient k"™ eval- 3x10" . : .
uated as a function of the laser active element length [ for the end
diode pump configuration.
pump power for both considered cases are shown in the é 2x10% T
inset of Fig. 4. As can be seen the presence of ampli- =
fied luminescence leads to the threshold pump power é
Py, increase from approximately 23 to 105 mW. The £ X107 1
laser slope efficiencies obtained in both cases are vir-
tually equal. Thus, the CTAL photon number under
the steady-state conditions is almost independent of the 0 == =
0,330 0,332 0,334
pump power level. Time, ms
The evolution of the number of lasing (curves 1, 2) (b)

and amplified luminescence (curve 3) photons within
the end diode pumped Er, Yb: glass laser cavity (I =
5 mm) at two different pump power values is presented
in Fig. 4(a,b). Dynamics of the number of lasing pho-
tons q1as Was simulated not taking (curve /) and taking
into account (curve 2) CTAL. As shown in Fig. 4(a) the
CTAL gives rise to a variation of the laser turn-on delay
and decrease of the g),5(¢) oscillation frequency, oscil-
lation decay time, and the q,5 steady-state value. The
effect of CTAL is larger for the near threshold pump
power level. For example, at the diode pump power
of 150 mW (Pyump/Pin ~ 1.5) the steady-state value
of qias is decreased by the factor larger than 2.5 due to
the CTAL influence. On the other hand, at Ppyymp =
600 mW (Pyump/Pin ~ 6) the lasing photon number
stationary value is reduced only by 15% when CTAL is
taken into account.

We would like to give attention to the non-obvious
fact that the difference between the laser turn-on delays
Atm calculated taking and not taking into account

Fig. 4. Time evolution of lasing photon number not taking (/) and

taking into account (2) amplified luminescence together with time

evolution of CTAL photon number (3) at (a) 150 and (b) 600 mW

pump power levels for the case of the end diode pump configura-

tion. The laser rod length is equal to 5 mm. The dependence of the

output Er, Yb: glass laser power on the pump radiation power for
the end diode pump geometry is presented in the inset.

CTAL can be both positive and negative. As seen from
Fig. 4(a), taking into account CTAL leads to a slight
increase of the laser turn-on delay (Aty,n > 0) at a
relatively low pump power. On the contrary, the laser
turn-on delay is decreased (At < 0) at a relatively
high pump power, see Fig. 4(b).

This phenomenon can be explained in the follow-
ing way. After the pump source turning on, the spon-
taneous transitions 415 /2 = M5 2 are initiated. A
high value of the spontaneous emission factor related
to amplified luminescence results in a higher growth
rate of the number of the CTAL photons in comparison
with ¢1,s. CTAL photons propagating within the active
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medium induce absorbing “I;5 /2 = 4 /2 as well as
stimulated radiative *I;4 /2 — 5 /2 transitions. The
absorbing transition rate dominates in comparison with
the radiative transition rate until reaching the medium
transparency condition No = N; = Ni. Conse-
quently, during the period when N2 < N, the CTAL
flux serves as an additional pump source for the 415 /2
energy level. After exceeding the transparency condi-
tion, the amplified luminescence starts to behave as an
additional loss source, thus leading to decrease of the
43 /2 population growth rate. As a result, the ampli-
fied luminescence contrarily affects the Ny growth rate
during time intervals when No < N and Ny < No.
Thus, the sign of the Aty value is defined by the re-
lationship between the above-mentioned time intervals
when Ny < No < N, and Ny < No < Ny, here Ny
is the 15 /2 initial population density corresponding to
the equilibrium erbium ion distribution over the energy
levels, and Ny, is the lasing threshold population den-
sity of 41,4 /2. The relationship between the time inter-
vals depends on the pump power and cavity losses. For
example, an increase of the laser cavity length leads
to a decrease of the lasing and CTAL loss coefficients.
The difference between Vi, and Ny, values is reduced
due to the k' decrease while the difference between
Ni; and Ny remains unchanged. A decrease of felum
results in propagation of more intensive CTAL flux
within the laser cavity. As a consequence, the I 3 /2
population growth rate is increased at Ng < Ny < Ny,
and decreased at Ny, < No < Nyy. It has been found
that the sign of Aty cannot be changed by the pump
power variation for any cavity length. For example, the
turn-on delay for the Er, Yb: glass laser with the cav-
ity length (I = 10 mm) is decreased (At < 0) at
the threshold pump level (~250 mW) due to the pres-
ence of the CTAL flux. At a further increase of the
diode pump power the Aty value remains negative
and tends to zero at Ppymp ~ 10 W.

The peculiarities similar to those revealed in the end
diode pumped Er, Yb: glass laser generation dynam-
ics and output characteristics are observed for the laser
with the side diode pump configuration. Time evolu-
tions of the lasing photon number and dependences of
the laser output power on the absorbed pump power
calculated taking (dashed) and not taking into account
CTAL (solid) for the side diode pumped Er, Yb : glass
laser (I = 10 mm) are presented in Fig. 5. It can be seen
that the influence of CTAL on the behaviour of ¢.5()
oscillation damping, the q,5 stationary value decrease,
and the laser threshold increase for the side diode pump
configuration is almost the same as that for the end

2,5x10" - 2 50 1
g 40

= 2,0x102 F 230 .
o 320
E = 10
2 1,5x10" | °o - g
c 20 40 60 80 100
g Absorped pump power, W ]
£ 1,0x10” [
o

5,0x10" |- 4 U

0’0 s |‘ J 1 1
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Fig. 5. Time evolution of the lasing photon number not taking
(solid) and taking into account (dashed) amplified luminescence for
the side diode pump configuration. The laser rod length is equal to
10 mm. The absorbed pump power is equal to 50 W. The depen-
dence of the output Er, Yb : glass laser power on the absorbed pump
power for the end diode pump geometry is presented in the inset.

diode pump configuration. It should be noted that a
decrease of the laser turn-on delay taking into account
CTAL is more significant for the side diode pump con-
figuration in comparison with the end pump geometry.

4. Conclusion

Modelling of the end and side diode pumped Er, Yb :
glass laser dynamics and output characteristics has
been performed taking into account the cavity trapped
amplified luminescence. Dynamics of the number of
lasing and CTAL photons has been simulated on the ba-
sis of the self-consistent rate equation set for population
densities of erbium and ytterbium ions and the number
of emitted photons. Lasing and CTAL photon flux evo-
lutions have been characterized by different cavity loss
coefficients and spontaneous emission factors. CTAL
loss coefficient values for different Er, Yb: glass laser
cavity lengths have been determined using the lumines-
cence balance equation. To our knowledge, the CTAL
loss coefficient values and their dependences on the
cavity length have been determined for the first time.
It has been shown that taking into account CTAL can
cause the laser turn-on delay increase or decrease de-
pending on the laser geometry and operation condi-
tions. The laser turn-on delay decrease related to the
luminescence has been revealed because the simulation
was performed starting with the equilibrium ion distri-
bution over the energy levels.
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Santrauka

ISanalizuota rezonatoriuje pagautos sustiprintos liuminescenci-
jos (RPSL) itaka iSilgai ir i§ Sony diodais kaupinamy Er, Yb : stiklo
lazeriy generavimo slenksciui, galiai ir dinaminéms charakteristi-
koms. Panaudojant liuminescencijos balanso lygtis, buvo jvertin-
tas RPSL nuostoliy koeficientas. Nustatyta, kad RPSL nuostoliy
koeficientas atvirkSciai proporcingas rezonatoriaus ilgiui. Paro-

dyta, kad luminescencijos stiprinimas rezonatoriuje Zymiai padi-
dina kaupinimo galios slenkstj (~3-5 kartus). Buvo sumodeliuota
Er, Yb: stiklo lazerio generavimo dinamika, jskaitant liuminescen-
cijos vystymasi nuo diodinio kaupinimo impulso pradZios. Priklau-
somai nuo diodinio kaupinimo impulso amplitudés, galima pasiekti
didesni ar mazesnij Er, Yb : stiklo lazerio impulso generavimo véla-
vima.



