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We report on the optical bistability and its formation mechanism in an end-pumped quasi-three-
level 2um Tm,Ho:YLF laser with only a bulk laser crystal. We have experimentally observed
that the characteristic output versus input curve is not linear and shows bistability, when the laser
crystal is singly end-pumped by a 792nm laser diode. The width of the bistable region is 1.6W
and the jump power at the turning point is 82.5mW. However, the laser shows linear output
when the laser crystal is dual end-pumped. The formation mechanism of optical bistability is
explained by solving the coupled rate equations in which the energy transfer upconversion and
ground state reabsorption are considered. © 2007 Optical Society of America

OCIS codes: 140.3580, 140.3480, 140.5680.

1. INTRODUCTION

Optical bistability has many important applications in optical communications, optical logic,
optical switch, cooling, and optical memory [1-5]. Generally, optical bistability systems fall into
two categories: passive cavities containing either a saturable absorbing or a nonlinear dispersive

medium, and laser systems with intracavity saturable absorbers [6]. To absorption bistability for



a laser system, optical bistability is usually associated with two-section structures where one
section is actively pumped while the other acts as a saturable absorber [7]. If the saturation
absorption intensity of the absorber is lower than the saturation intensity of the amplifier, the
laser shows optical bistablity. The dynamics of lasers containing an intracavity saturable
absorber has been extensively studied during the last decade and optical bistability has been
observed in many types of lasers [8-14]. But, until now, the formation mechanism of optical
bistability in the quasi-three-level solid state lasers has not been clearly reported yet. It has been
widely known that saturable reabsorption is one of the fundamental characteristics of (quasi-)
three-level ion-doped mediums, but not all (quasi-) three-level lasers have the bistable
characteristics [6]. Therefore, it is very meaningful to investigate the formation mechanism of
optical bistability in (quasi-) three-level solid state lasers for various kinds of applications. We
have experimental observed the phenomenon of bistable output in Tm,Ho:YLF lasers [9, 12]. In
this paper, we investigate the formation mechanism of optical bistability in an end-pumped
quasi-three-level Tm,Ho:YLF laser with only a bulk laser crystal, and without other saturable
absorption materials in the cavity. The analytical expressions of the threshold pump powers, the
width of bistable region, and the jump power at the on-threshold are obtained by solving the rate
equations in which the energy transfer upconversion and ground state reabsorption are
considered. Our investigation on the Tm,Ho:YLF bistable lasers can also be used to other kinds

of (quasi)-three-level bistable lasers.

2. EXPERIMENTAL RESULTS

The plano-concave resonators were employed and the laser crystal was located inside the laser
cavity, very close to the flat rear mirror. The Tm,Ho:YLF laser crystal has dopant concentrations

of 6 at.% Tm>" and 0.4 at.% Ho’" with dimension of 4mmx4mmx10mm. The two faces were



antireflection coated at 2050nm and 792nm. To efficiently remove the generated heat during the
experiment, the Tm,Ho:YLF crystal was wrapped with indium and mounted in a copper heat
sink. The temperature of the copper heat sink was maintained at 253K with a thermoelectric
cooler. The rear mirror was a plane dichroic mirror, having high reflection (HR) (R >99.8%) at
2050nm and high transmission (HT) (7" > 95%) at 792 nm pumping wavelength. The concave
output coupler had a radius of curvature of 20cm. The crystal was end-pumped by output power
20W fiber-coupled laser diodes with the emission wavelength at 792nm. The diameter and
numerical aperture of the fiber core were 400um and 0.22 respectively. Two lens of S0mm focal
length to focus the pump beam. The pump spot radius in the position of the crystal was about
250pum.

Figure 1 shows the output power as a function of the incident pump power with the 3%
output coupler. Fig. 1 (a) is for the singly end-pumped configuration. When the pump power is
increased from zero, the 2um laser dose not oscillate until a critical point of pump power,
referred to as on-threshold, is reached at P;, =Py, ,,=4.3W, at which the output power jumps from
zero to a substantial level of 82.5mW. Above this point the output power increases nearly
linearly with pump power. When the pump power is decreased starting from a level in excess of
Pun.on, the output power decreases with the same slope, with the laser still oscillating for pump
powers below Py, ,,. Further reduction of the pump power eventually leads to cessation of the
2pum laser oscillation at the off-threshold Py, o = 2.7W. Therefore, in the pump power range
defined by Py, o <Pin< Pon, the operation of the Tm,Ho:YLF laser is bistable, and the output
power at a given pump level depends on the way that this pump level is reached. Fig. 1 (b) is for

the dual end-pumped configuration, and the pump power from the dual ends is synchronously



changed. It can be noted from Fig. 1 (b) that the output power is linear with the pump power and

the optical bistability phenomenon disappears.

3. THEORETICAL ANALYSIS AND DISCUSSIONS

The energy level diagram for Tm,Ho:YLF lasers is shown in Fig. 2. The Tm’" ions are excited
to *H4 manifold by absorbing the 792nm pump light from the diode laser, and the *F, manifold is
efficiently populated through the well-known two-for-one cross-relaxation process. A fraction of
the energy stored in the Tm>* 3F4 manifold is then transferred to the Ho " > I; manifold. The > I
long-lived metastable state acts as good population reservoir and allows a high density of excited
jons to be created. As the populations of F,; and °I; grow, the long lifetimes (~10ms) of the
levels are reduced by the energy transfer upconversion (ETU) CF4 + °I; — *Hg + °Is). The ETU
reduces the effective lifetime of the upper level I, and increases the threshold pump power of
2um laser. The laser emission at 2um is due to a transition between the lowest Stark level in the
°I; manifold and a high level in the T ground state manifold. At near room temperature, the
population density on the lower laser level is not presumed to be zero, so there is the ground state
reabsorption (GSR) of 2um laser in the Ho** °Is manifold.

The average transfer time between Tm’* and Ho>* manifolds is in the range of 10us with
normal dopant concentrations (4-6% Tm’, 0.5% H03+), and is less than the lifetimes (~10ms) of
Ho** I, and Tm>* °F, manifolds, so, it is reasonable to treat Ho>* °I; and Tm>" *F; manifolds as a
coupling upper state under continuous wave laser operating condition. Moreover, the lifetimes of
the other upper levels (less than 30us) are sufficiently short compared with those of Ho** °I; and
Tm™ °F,, and their populations can be neglected. Particularly, the deexcitation of *Hy is
infinitely fast, therefore, the pump process is tantamount to a direct pumping from *Hy to °Fs. To

better explain the phenomenon of the optical bistability in end-pumped Tm,Ho:YLF lasers, with



the above approximations, we gave the quasi-three-level rate equations by taking into account

the GSR and ETU effects as follows [15-17]:

N,=N, —N, (1)
N,=N,, —N, (2)
N,+N,=(1-f, )N, + f,,N, =N, 3)
dN N
=, R (1, D)=~ —ON2 = [ £, (f, + [N, = N1, 1O (7, 2) @
dt T n

where Nj, N,, N3, and N4 are the population densities of levels Y He, 3F4, 518 and 517 respectively;
N, is the population density of the coupling upper state; Ny, is the concentration of the doped
Ho™* population in the Tm,Ho:YLF crystal; cis the speed of light in vacuum; o is the stimulated
emission cross-section. For incident pump power P;,, pump rate R can be written as R=#4P;,/hv),
where v, is the frequency of pump beam, £ is the Planck’s constant, #,=1-exp(-a/) is the fraction
of incident pump power absorbed in the crystal of length / with an absorption coefficient o;
DO=2[,4Po/chvT is the cavity photon number, where P, is the laser output power, vis the frequency of

output laser, T is the output coupler transmission at the laser wave length; [, =/, +(n—Dlis the

effective length of the resonator, /is the crystal length, n is the index of refraction at the laser
wavelength; fy, represents the fractional population of Ho’" ions in the coupling upper level, and
it can be given by a boltzmann distribution [15] ; 1, is the pump quantum efficiency to the Tm®
’F, manifold, which takes into account the cross relaxation effect and its competition with Tm®*
*H, deexcitation channels; f, and f; are the fractions of the total °I; and I population density
residing in laser upper level and lower level respectively, they are only dependent on temperature
of the laser crystal and can be described by boltzmann statistics [16]; T is the lifetime of the

coupling upper state, and 7 is given by [15]:
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where, Ty, and try, are the intrinsic lifetimes of Ho 5I7 and Tm 3F4 manifolds. Q is the ETU

coefficient and can be written as [15 , 17]:

0=Ffu (1—fH0><1—§>q 6)

where q is the rate constant for the ETU, and # is the quantum efficiency for the up-converted
excitation to relax back to the Tm>* 2 F4 and Ho™* 517 manifolds. We assume that the pump and
laser beams are TEM(, Gaussian distributions. For the singly end-pumped configuration, the

normalized pump distribution is given by:

2 —2r?
r, (r,2)= a 5 exp( 2r )exp(—az) (7
n,7rw, o,

where, o, is the average pump beam radius in the laser crystal, r is the transverse radial

coordinate, and the normalized photon density in free space is given by:

—2r?

b (r.2) = fl exp(—) ®)

Ty Ly @,

where, ®; is the laser beam radius. Under the threshold condition of steady state, dN,/dt=0, ©=0,
and the general expression for N, derived from Egs. (1) - (4) is given by:

n,Rw, (r,z)

.= > 9
1+Q7"Rn,r,(r,2)

The condition that the population inversion is realized under the threshold pump power is then
written as:
AN:fuN4_-le3:ﬂHoNu_leHoZO (10)

where, f=f;+f,. From Eqgs. (7)-(10) the population inversion region can be solved as:
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With the Eq. (11) and the following parameters: Ap=792nm, 0=5.4cm’! [18], np=1.57 [19],
£:=0.092 [20], £i=0.019 [20], fi1,=0.65 [20], n=1 [15], q=4x10"cm’/s [21], Trm=8ms [16],
THo=18ms [16], Ny,=5 .59><1019cm'3, [=10mm, ®,=250pm, we calculate the population inversion
region for five different pump powers as shown in Fig. 3. It can be noted from Fig. 3 that when
the on-threshold pump power P,,, s equal to 4.3W, the rear half part of the crystal is in the
non-inversion region, and it can be regarded as a saturable absorber due to GSR of the

Tm,Ho:YLF laser crystal.
From Eq. (4), the effective coupling upper level lifetime can be defined in the following

form:

1
11, oy QN
Te;ff T T

(12)

Substituting Eqs (7) and (9) into Eq (12), the equation clearly describing the influence of ETU on

the effective coupling upper level lifetime along crystal center-axis can be written as:

ﬂa);hvp + 2Qa77pz'2 >, exp(—az)

Ty =7 13
i ﬂa)f,hvp + 4Qa77pz'2 >, exp(—az) (13)

Equation (13) clearly shows that the ETU effect reduces the effective lifetime of the coupling
upper level. At the on-threshold pump power of 4.3W, the effective lifetime of the coupling
upper level along the laser crystal center-axis for the singly end-pumped configuration is shown
as Fig. 4. It can be seen from Fig. 4, the effective lifetime near the pumped end is lower than that
far from the pumped end, because the influence of ETU effect gets more severe with the increase

of population density in upper level. The gain region (the fore half part of crystal whose length



is/,) has a shorter upper level effective lifetime than the absorbing region (the rear half part of

crystal whose length is/ ) at on-threshold pump power, so the gain region has a larger saturation

absorption intensity than the absorbing region, and the Tm,Ho:YLF laser for the singly end-
pumped configuration satisfies the condition of optical bistability [13].

For the singly end-pumped configuration, the saturation intensity I, of the gain region and
the saturation intensity /; , of the absorption region can be respectively written as:

L, =hvIXf,+f)oz, I ,=hviXAf,+f)ot, (14)

where 1, and 1, are the effective upper level lifetimes in the gain region and the absorption region
respectively, and v is the frequency of output laser. We can see from Fig. 4 that the effective
upper level lifetime 1, 1in the absorption region is longer than the effective upper level lifetime 1,
in the gain region. So the saturation intensity I, of the gain region is more than the saturation
intensity I, of the absorption region, and the absorption region is easier to be saturated than the
gain region. When the laser does not oscillate, the intracavity light intensity / is nearly equal to
zero, and the absorber is in its unbleached state. Once the pump power increases to the on-
threshold pump power, the pump would lift the gain to the unsaturated value of the losses. The
gain under the condition of on-threshold pump power is equal to the unsaturation losses because
the absorption is in its unbleached state, and it can be expressed as [22]:

G, =36, =2foN,l +(L+T) (15)

th,on
where, L is the intracavity loss, 7 is the transmittance of the output coupler, /, is the length of
absorption region. Under the condition of on-threshold pump power, the intracavity power grows
slowly, stating from spontaneous emission noise, until the intracavity intensity is enough to
bleach the saturation absorber (the absorption region). The absorption region saturates before the

gain region begins to saturate, because the saturation intensity /; , of the gain region is more than



the saturation intensity Iy, of the absorption region. Then, the intracavity power increases
quickly until the net gain is equal zero. We can find that once the laser begins to oscillate, the
saturation of absorption is faster than that of gain, so the output power of the laser has a big jump
at the on-threshold pump power.

When the pump power decreases from a value over on-threshold pump power, and the laser
is in oscillating state, the absorption of the absorption region is saturated, the gain under the
condition of off-threshold pump power is equal to the saturation losses, and can be
approximately obtained as [22]:

G = 50]7 ~(L+T) (16)

From Eqgs (15) and (16), it can be noted that G, ., is larger than Gy, .4, and there are two output
power values at the same pump power between Gy, o and G, on.

The condition for threshold is that the round trip gain averaged over the cavity mode equals

the round trip loss, and this threshold condition can be written as:

G =20l [ AN.¢,(r,2)dV =5 (17)

Where, § is the round trip loss under the threshold condition. Substituting Eq. (9) into Eq. (10),

the steady state inversion population density can be obtained as:

_ npRﬂ‘Hosz(r’Z) _
1+Q7’Rn,r,(r,2)

JiNy, (18)

Substituting Egs. (7), (8) and (18) into Eq. (17), and the threshold pump power of Tm,Ho:YLF

lasers can be obtained as:
Py, =P (1+P) (19)

In Egs. (19) parameters Py, and P are defined as follows:
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Here, Py is the threshold pump power without the ETU effect. Equation (19) indicates that the
ETU increases the threshold pump power by the factor (1+f), furthermore, the influence of the
ETU to the threshold pump power P, depends on the threshold pump power P,y and increases
with the increase of the whole loss. In addition, the dependence of the [ parameter on the spatial
variation of both the pump beam and the cavity field can be explicitly expressed in Eq. (21).

Because Tm,Ho:YLF laser is the quasi-three-level system, additional term 5,g appears in Eq.
(20). §,g is the loss term of gain region that is due to the population in the lower laser level and

can be given by:

2f,N 0l
5, =————L[ $av =2fNy0l, (22)

¢ n
For the on-threshold, the cavity loss 8=0,,, and substituting Egs. (15) and (22) into Eq. (20), the

analytical expressions for the on-threshold pump power can be obtained as:

Pth,on = Pl‘hO,on (1 + ﬂon ) (233)
My TeafeN et (23b)
tho,on — +1 + ONpgot) o
"0 zrnpnaﬂ‘Holeﬁfo- Z . jl ¢lrpdV
2
T2 P j ¢[ rp dV
p, = 22 o luoen (23¢)

hv, | AV
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For the off-threshold, the cavity loss =3, and substituting Eqgs. (16) and (22) into Eq. (20), the

analytical expressions for the off-threshold pump power can be obtained as:

Prh,q;ff = PthO,oﬁ' (I+ ﬂoﬂ' ) (24a)
P = nth (L+T+2foN, 1) ! (24b)
o 2T77p77a ﬁHoleﬂ < : o J-l ¢l rpdV

2
_ Qrznpnapz‘ho,oﬂ '[lg ¢lrp dV

(24¢)

off
hv, [ #rav
So, the width of bistable region can be written as
AP, = Prh,on - ch,aﬁ' (25)

At the range of bistable region, the laser has two output powers. The output power corresponds
to the high value when the pump power decreases to a certain value from a value over the on-
threshold pump power. Reversely, the output power corresponds to the low value when the pump
power increases to the value from zero.

For the quasi-three-level laser systems far above threshold, the slope efficiency approaches

to that of a four-level laser, so the slope efficiency for Tm,Ho:YLF laser is give by [15]:

(26)

where A is the output wavelength, A, is the pump wavelength. Equation (26) explicitly indicates
that the slope efficiency is only dependent on the loss when the output coupling is determined.
So it can be noted from Fig. 1 that the Tm,Ho:YLF laser has same slope values at different pump
powers when the laser keeps oscillating state. Furthermore, when the pump power increases to
the on-threshold pump power and the laser begins to oscillate, the saturable absorption of the

absorption region is bleached immediately [23], so the output power of 2um laser shows a big

11



jump value. When the laser keeps oscillating state, the output power can be approximately

expressed as:

A, T
P,=n ———(P,—P 27
out 77p /1 L+T( in rh,gﬁ) ( )

With Egs. (23), (24), (27), and the following parameters: Ap=792nm, A=2.06um, 0=5.4cm™ [18),
np=1.57 [19], £,=0.092 [20], f;=0.019 [20], f,=0.65 [20], q=4x10"cm’/s [21], trm=8ms [16],
to=18ms [16], n=1 [15], Ng=5.59x10"cm>, I=10mm, ©,=250um, l,=l,=5mm, T=0.03, and
L=0.1, we calculate the input-output power characteristics of the singly end-pumped
Tm,Ho:YLF laser as shown in Fig. 5. It can be noted that the theoretical results in Fig. 5 and the
experimental results in Fig. 1(a) have similar variation curve, so the present theoretical analysis
1s confirmed to be reasonable.

For the dual end-pumped configuration, the normalized pump distribution is given by:

2 27
1 (1, 2) =——— exp(—)exp(~az) +expl-a(l ~2)]) (28)
77a7za)p C()I7

Substituting Egs. (9) and (28) into Eq. (10), the population inversion region for the dual end-

pumped configuration can be solved as:

(29)

1
w 2a(ffy, —Of N,,7v)tn P, lexp(-az) +exp(az —al)] | 2
r<—In L

7Ny, @0>hv,

\/5 Ho™'p

We can obtain the population inversion region for the double end-pumped configuration at five
different pump powers as shown in Fig. 6. It can be noted from Fig. 6 that when the threshold
pump power is equal to 2W, the crystal along the whole length is in the population inversion
region, and the absorption region does not exist any more, so the optical bistability phenomenon

is absent as shown in Fig. 1 (b).

12



4. CONCLUSIONS

We studied the mechanism of optical bistability in a laser diode end-pumped Tm,Ho:YLF laser
at 2um with only a bulk laser crystal. When the laser crystal is singly end-pumped, the width of
the bistable region is 1.6W, and the jump power at the turning point is 82.5mW for the
transmittance of 3%. The optical bistability behavior of Tm,Ho:YLF laser was analyzed
theoretically based on the quasi-three-level rate equation theory. When the laser crystal is single-
end-pumped, the distribution of pump power is non-uniform along the axis of the crystal. The
laser crystal absorbs in the low pump intensity region due to the ground state reabsorption effect,
and in the high pump intensity region the laser crystal amplifies. At the same time, the reduction
of the effective upper level lifetime is more severe in gain region than in absorption region, and
there is a larger saturation intensity in the absorption than in gain region. So the bistable output
of 2um laser mainly results from the nonlinear saturation of the ground state reabsorption in
absorption region and the energy transfer upconversion effects. The theoretical analysis is

generally applicable to other kinds of (quasi)-three-level bistable lasers.
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List of Figure Captions:

Fig. 1. The input-output power characteristics of end-pumped Tm,Ho:YLF lasers (a) the singly
end-pumped configuration (b) the dual end-pumped configuration.

Fig. 2. Schematic of the major excitation and relaxation processes in Tm,Ho:YLF laser: CR,
cross-relaxation; ET, energy transfer; ETU, energy transfer upconversion.

Fig. 3. The calculated population inversion region at different pump powers for the singly end-
pumped configuration.

Fig. 4. The effective coupling upper level lifetime along the laser crystal center-axis at the on-
threshold pump power of 4.3W.

Fig. 5. The calculated input-output power characteristics of the singly end-pumped Tm,Ho:YLF
laser.

Fig. 6. The calculated population inversion region at different pump powers for the dual end-

pumped configuration.
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Fig. 1. The input-output power characteristics of end-pumped Tm,Ho:YLF lasers.
(a) the singly end-pumped configuration (b) the dual end-pumped

configuration.
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Fig. 2. Schematic of the major excitation and relaxation processes in Tm,Ho:YLF laser:

CR, cross-relaxation; ET, energy transfer; ETU, energy transfer upconversion, GSR,

ground state reabsorption.
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Fig. 3. The calculated population inversion region at different pump powers for

the singly end-pumped configuration.
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Fig. 4. The effective coupling upper level lifetime along the laser crystal center-

axis at the on-threshold pump power of 4.3W.
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Fig. 5. The calculated input-output power characteristics of the singly end-pumped

Tm,Ho:YLF laser.
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Fig. 6. The calculated population inversion region at different pump powers for the dual

end-pumped configuration.
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