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Abstract. We describe a systematic procedure that uses experimental 
and numerical methods to analyze the continuous-wave power perfor­
mance of diode end-pumped solid-state lasers. For the general case, 
saturation, excited-state absorption , and thermal lensing effects are con­
sidered and integral equations are derived to study the evolution of the 
pump and laser beams in the gain medium. As an application of the 
method, we consider two different diode end-pumped Nd3 +:YVO4 lasers 
operating at 1064 and 1342 nm. Experimental efficiency data were first 
analyzed to determine the stimulated emission cross sections and the 
resonator losses. The best-fit laser parameters were then used to calcu­
late the optimum crystal length that maximizes the output power of the 
laser. The described method should prove useful in the design of a wide 
range of efficient diode-pumped solid-state lasers. © 2005 society of Photo­
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1 Introduction 

Power performance of solid-state lasers depends on the in­
terplay of several factors including the strength of stimu­
lated emission, presence of excited-state absorption, pump­
induced thermal lensing, the influence of nonradiative 
decay, and pump brightness. Let us consider a continuous­
wave (cw) diode end-pumped solid-state laser as an ex­
ample. The cho ice of the acti ve ion concentration is very 
critical because departure fro m the optimum amount can 
lead to insuffi c ient pump absorption on the one hand or 
enhanced nonradiati ve decay on the other. Once the opti ­
mum concentration is determined through spectroscopic 
studies, the crystal length cannot be chosen arbitrarily to 
obtain a desired amount of absorption. In the case of a 
three-level system, thi s is because of the possibility of re­
absorption losses at the las ing wavelength . Even if reab­
sorption is not an issue, as in the case of a fo ur-l evel laser, 
the pump beam quality could limjt the max imum crystal 
length that can be used. This is typically the case in me­
dium to high-average power diode end-pumped so lid-state 
lasers where the pump diodes used have low brightness 
w ith large M2 values and the Ray leigh range in the gain 
medium is much shorter than that of the ideal Gaussian 
beam with the same beam waist. It is therefore important to 
develop a model that can account for all of the effects men­
tioned above. Such a model serves two purposes. First, it 
can be used to determine the values of the important laser 
parameters such as stimulated emjss ion cross section and 
pass ive resonator losses from the experimental laser effi­
ciency data. Second , once the parameters of the laser sys-
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tern are determjned, the model can be used to determine the 
optimum crystal characteristics that max imjze the output 
power. 

As an extension of previous studies, 1-
5 we describe a 

rigorous, systematic procedure for the analysis and optimj­
zation of a wide range of cw diode end-pumped solid-state 
lasers. First, we develop a model with which the power 
performance of the laser can be analyzed to determine the 
stimulated emjssion cross section and the pass ive cavity 
losses. The best-fit values of these parameters are then used 
to determine the optimum crystal length that max imjzes the 
output power. The model di scussed in thi s paper has two 
novel features. First, it gives a complete description of 
pump-laser interactions in so lid-state gain media by ac­
counting fo r most of the important effects such as excited­
state absorption at both the pump and the laser wave­
lengths, absorption satu ration, ga in saturation, and pump­
induced thermal lensing. Integral equations that describe 
the evolution of the pump and the laser powers are then 
deri ved for a fo ur-leve l syste m. The result s can be readil y 
ex tended to three- leve l and quas i-three- leve l syste ms. Sec­
ond , the model gives a generali zed analys is of resonator 
stabi lity in the presence of thermal lensing . In particul ar, 
the ga in medium is treated as a di stributed thermal lens and 
the stability is determined by calculati ng the maximum 
pump power up to which a self-consistent Gauss ian beam 
solution can be obtained. As an application of the method, 
we consider two diode-end-pumped Nd3 + : YY0 4 lasers op­
erating at I 064 and 1342 nm . By analyz ing the laser effi­
c iency data, the stimulated e mission cross sections at I 064 
and 1342 nm were determined to be 7.7 X I0- 19 cm2 and 
2.2 X Io- 19 cm2

, respecti vely. The best-fit data were then 
used to determine the optimum crystal lengths for which 
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Fig. 1 Modified energy-level diagram of a four-level solid-state gain 
medium. 

the output power is maximized for both resonator configu­
rations. 

2 Description of the Model 

2.1 Rate Equation Formulation 

We consider a modified four-level system that accurately 
describes a wide range of solid-state laser media. Excited­
state absorption, saturation, and thermal lensing effects are 
taken into account. The results obtained here can be easily 
extended to the case of three-level or quasi-three-level sys­
tems as well. Figure 1 shows the energy-level diagram of 
the system. The population density N 2( r ,z) of the upper 
laser level obeys the rate equation 

<raApl p( r ,z) 
h e Ng( r ,z) 

( 
<reAl i c( r ,z) 1) 

-N2( r ,z) h + - , 
C 'TJ 

(1 ) 

where h is Planck's constant, c is the speed of light, 
N g( r,z) is the population density of the ground state lg), 
IP ( r, z) is the intensity of the pump radiation at AP , I c< r , z) 
is the total cavity intensity [Ic( r ,z) =It(r,z) +IZ ( r ,z), 
if (r ,z) =counter propagating intensities inside the laser 
cavity at Al ], <r0 is the absorption cross section at Ap, <re is 
the emission cross section at Al, and 'TJ is the fluorescence 
lifetime. 

In this analysis, we concentrate on the steady-state solu­
tion of Eq. (1). Note that under the assumptions of the 
model, N 2(r ,z) +Ng( r ,z )=NT , where N T is the total ion 
density. The steady-state expression for N 2( r ,z ) can there­
fore be written in terms of NT and the pump and laser 
intensities as 

(2) 

z z+dz 

Fig. 2 A section of the gain medium of length dz. showing the 
pump and the forward-propagating laser beams. 

Here, / 50 (/50 =hcl<raAp'TJ) and f se U se =hcl<reAl 'TJ) are 
the absorption and emission saturation intensities, respec­
tively. In order to derive the differential equations satisfied 
by the pump and the laser powers, we consider a thin slab 
of the laser-active material as sketched in Fig. 2. The thick­
ness is d z. Once the slab is placed inside a resonator and 
lasing threshold is achieved, there will be two counter 
propagating laser intensities / f ( r , z) in addition to the 
pump beam intensity lp(r ,z) . In Fig. 2, only IP and I t are 
shown. The total number of photons removed from the 
pump beam per unit time will be equal to the number of 
ions that are excited to higher levels via stimulated ground­
state absorption and excited-state absorption. This gives 

(3) 

where ( <r esa) P is the excited-state absorption cross section 
at the pump wavelength AP . The spatial dependence of the 
intensities was not explicitly shown in Eq. (3) for the sake 
of clarity. Defining the normalized strength f P of the 
excited-state absorption at Ap as 

(4) 

and by using the steady-state expressions for N 2 and N 8 , 

the differential equation describing the spatial evolution of 
the pump intensity can be written as 

(5) 

In Eq. (5), a p0 ( a p0 =NT<ra) is the small-signal differential 
pump absorption coefficient. In the case of the counter­
propagating laser beams, one obtains 

(6) 

where fl [fl= ( <r esah /<re , ( <r esah = excited-state absorp­
tion at the laser wavelength X.i) is the normalized excited-
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state absorption strength at the laser wavelength X. L and 
gT(gT=NTcre) is the maximum extractable small-signal 
differential gain coefficient. In addition, aw is introduced 
to account for the distributed losses at the laser wavelength 
of Al. 

In order to derive the differential equations sati sfied by 
the beam powers, we assume that the pump (/ p) and the 
laser [I f (r ,z )] intensities have a transverse distribution 
given by 

Ip( r ,z) = P p(z)<l> p( r, z) 

l z( r ,z) = P z(z) <l> L(r,z). 
(7) 

In Eq. (7), Pp(z) and P f(z) are the pump and laser powers 
at a specific location z. In addition, the normalized trans­
verse distributions <I> L and <I> p are assumed to be Gaussian, 
given by 

2 ( 2r
2

) <l>L =--2 exp - - 2 
7TWL W l 

2 ( 2r
2

) <Pp=--2 exp - -2 ' 

7TWP WP 

(8) 

where wP and w L are the respective pump and laser spot­
size functions; wP and wL are functions of z. By integrating 
Eqs. (5) and (6) over the beam cross section and by using 
Eq. (7), we obtain the following set of differential equa­
tions for P p(z) and P f (z): 

(l O) 

Note that from Eq. ( I 0) , it can be further shown that 

+ -PL PL = constant (l l) 

at any value of z. 

2.2 Thermal Effects 

The unused pump power leads to thermal len ing effects 
inside the gain medium and can change the spot-size distri­
bution of the cavity beam. In thi s section, we first derive 
the expression for the heat source and describe how pump-

induced thermal lensing can be taken into account. The 
spontaneous decay of the ions from 12) to I I) consists of a 
radiative and a nonradiative component. The overall decay 
rate ( l!T1) can be expressed as 

(12) 

where 'T, is the radiative lifetime and w,,, represents the 
decay rate due to nonradiative processes. The power Prad 

radiated at the emission wavelength of "L per unit volume 
consists of spontaneous and stimulated terms and is given 
by 

( 13) 

The pump photons at the wavelength of " " can undergo 
ground-state or excited-state absorption. The total absorbed 
power Pabs per unit volume therefore becomes 

(14) 

By using the steady-state expressions for N 2 and N 
8 

, the 
rate h of heat deposition per unit volume can be calculated 
from 

h = P abs- Prad 

(15) 

Various limiting cases of Eq. ( 15) are of interest. In particu­
lar, consider the case where / c is low and pump saturation 
is negligible. Then h can be approximated as 

(16) 

Also note that for very large values of/ c, h approaches the 
quantum defect limit of 

(17) 

The heat due to the unused pump causes thermal lensing. 
The temperature distribution T(r,z ) inside the laser rod 
may be approximated as 

T(r, z) = T 1 (z)- T2 (z) r 2 , 

where the quadratic temperature coefficient T2(z) can be 
calculated in terms of the axial value h0 (r=O) of the heat 
source from 
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( 19) 

Here, K is the heat conductivi ty of the host crystal.6 To first 
order, change in the local value of the refracti ve index will 
be proportional to the temperature rise accord ing to 

(20) 

In Eq. (20), n0 is the refractive index at a reference tem­
perature T , and n 7 = dn/dT is the thermal index coefficient. 
Hence, the refractive index of the crystal will vary accord­
ing to 

(2 l) 

where the quadratic index coefficient /3( z) is given by 

/3 (z)= (22) 

For typical values of nr and n0 , the axial vanat10n 
(nr ln 0)(T1 ( z) -T,) in n(r ,z) may be neglected. The 
variation of the Gaussian beam parameter q(z) due to ther­
mal lensing effects can be calculated by solving the differ­
ential equation 

1 d ( l ) 2 _ 
q( z) + dz q (z) + /3 (z) -O. (23) 

3 Modeling of the Diode End-Pumped Nd:YVO4 
laser 

fn our study, we investigated the continuous-wave power 
performance of two diode end-pumped Nd:YVO4 lasers 
operating at 1064 and 1342 nm. ln this particular case, a 
number of simplifying assumptions may be made in the 
general model that was discussed in Section 2. The samples 
used in our study had 0.5 at. % Nd. At this doping level , the 

z=O 
Fig. 3 The input face of the gain crystal with the forward- and 
backward-propagating laser beams. The gain crystal extends from 
z=O to z = L0 . 

nonradiati ve decay rate [ w,,, in Eq. (12)] of the excited ions 
is negligible so we assumed that r1= r, . 7 Furthermore, 
excited-state absorption at the pump and laser wavelengths 
and saturation of the pump were assumed to be neg ligible. 
This g ives Ji= 0,f P = 0, and Isa = 00 in Eqs. (5) and ( 6) . In 
this limit, P p(z) is decoupled from Pf (z) and has the well­
known exponential decay solution: 

P p(z) = P pi exp(- a,,oz). (24) 

In Eq. (24), P pi is the incident pump power at the front face 
(z = 0) of the gain medium . In the experimental configura­
tions used in our study, the entrance face of the crystal was 
coated to be highly reflecting at the lasing wavelength, as 
shown in Fig. 3. This gives P~ ( z = 0) = PZ (z = 0) = P Li 

where, P Li is the intracavity laser power at z = 0. At an 
arbitrary value of z, the power PZ (z) of the backward­
propagating laser beam can therefore be expressed in terms 
of P~(z) as [see Eq. (l l )] 

- PL 
Pi(z)=-+-· 

p L (z) 
(25) 
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Fig. 4 Measured variation of the pump spot-size function as a function of relative position. The pump 
beam waist and the M2 factor were determined to be 287 µ.m and 275. 
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M1 L1 M2 

(a) EJ u ~ 
d1 

M2 M1 

(b) EJ ] 
d1 

Fig. 5 Schematics of the diode end-pumped Nd:YVO4 laser setups 
operated at (a) 1064 nm and (b) 1342 nm. 

By using Eqs. (24) and (25), the evolution equations [Eqs. 
(9) and ( 10)] for the pump and laser powers are hence 
reduced to a single equation for Pt(z) inside the gain me­
dium. For a spec ific resonator geometry and incident pump 
power, we dete rmine the intracav ity power Pu for which 
the net round-trip gain of Pt ( z) is unity. If the losses of the 
cavity elements between the ex it face of the crysta l and the 
output coupler are negligible, then the output power P o ui of 
the resonator is determined from 

(26) 

where Pt (z = L0 ) is the forward intracavity power at the 
exjt face of the crystal (see Fig. 3), L0 is the crystal length, 
and Ti s the transmiss ion of the output coupler. Finally, the 
thresho ld pump power P Lhres required fo r lasing is deter­
mined by solving the round-trip equation for Pt (z) in the 
limit of vanishing Pu. 

The effect of thermal lensing is to modify the cavity 
spot-s ize di stribution and hence the transverse mode distri­
bution <I> L that appears in the power equations. By using 
Eq . ( 16) and the s implify ing assumptions outlined above, 
the express ion for the ax ia l heat source ho can be expressed 
in the low-/ c limit as 

(27) 

The pump spot-size function w,,(z) was assumed to have 
the functio nal form 

z-z1,, ~ ( )2 w,,(z)= w ,,0 1 + -- , 
Z Rp 

(28) 

where w,,0 is the pump beam waist, z1,, is the beam waist 

location, and ZRp ( Z RJ= n 0 1rw~0! M 2 X. ,,, n0 is the refractive 
index of the crystal, and M 2 is the beam quality factor) is 
the Rayle igh range of the pump. The M2 factor and the 
beam waist w,,0 need to be determined from the experimen­
tally measured spot-s ize data. In our experiments, the spot­
size function w ,,(z) was measured by using the knife-edge 
technique. The measured vari ati on of w,,(z) as a function 
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Fig. 6 Measured and calculated variation of the output power as a 
function of the incident pump power for the Nd:YVO4 laser operated 
at (a) 1064 nm and (b) 1342 nm. 

of relative position is di splayed in Fig. 4. The best-fit val­
ues of the beam waist and M2 factor were fo und to be 287 
µm and 275, respectively. 

In the analys is of thermal lensing, we assumed that the 
cavi ty spot-s ize di stribution has a Gauss ian transverse pro­
fi le and used Eq. (23) to determine how the q-parameter of 
the beam is modifi ed inside the ga in medium. The effect of 
the other cav ity elements o n the propagation of the beam 
was anal yzed by using standard matri x methods. ote that 
the effect of thermal lensing inside the ga in med ium can no 
longer be ex pressed as a 2 X 2 matri x. In thi s case, the effect 
of the gain medium and the re mruning optica l elements 
were separate ly treated. The se lf-consistent q-parameter 
q 5c(z) of the cavity under thermal loading is determined by 
so lving the equation 

11 + !( ) 11() qsc Z =qs,· Z ' (29) 

where the superscript 17 denotes the q-parameter after 17 

round-trips. The cav ity spot-size function wL( z) is deter­
mined from q sc( z ) and used in the calculati on of the output 
power. Equation (29) can also be used to investi gate the 
role of thermal lensing on cavity stabi lity. Since the effect 
of one round-trip on the q-parameter can no longer be writ­
ten as a 2 X 2 matri x, we used a modi fied stability criterion. 
We observed that for a fi xed cavity configurati on, self­
consistent solution of Eq . (29) can be obtai ned up a maxi­
mum incident pump power P siab. So, fo r a given configu-
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Fig. 7 Calculated variation of the output power as a function of the crystal length at (a) 1064 nm and 
(b) 1342 nm for incident pump powers of 2, 4, 6, and 8 W. 

ration, P stab was first determined and spot-size calculations 
were performed only when the incident pump power P p; 

< P stab . So, the inequality P pi ~ P stab replaces the more 
commonly known stability condition IA+ Dl/2~ l in our 
case. 

4 Results 

The experimental arrangements of the Nd: YVO4 lasers op­
erated at 1064 and 1342 nm are shown in Figs. 5(a) and 
5(b), respectively. In each case, normal-cut Nd:YVO4 crys­
tals with 0.5 at. % Nd were used. The front end of each 
crystal, which was coated to transmit the pump and reflect 
the laser beam, also served as the input mirror (M 1 ). The 
second crystal surface was antireflection-coated at the las­
ing wavelength. Both resonators were end-pumped by a 
fiber-coupled diode laser operating at 804 nm. In the 
1064-nm setup shown in Fig. 5(a), a 10-mm-long gain crys­
tal was used and the resonator contained an antireflection­
coated intracavity lens (LI, focal length= 10 cm) between 
M 1 and the flat output coupler [M2 in Fig. 5(a), 
transmission=2. I% at 1064 nm]. The total cavity length d 1 

was 15.2 cm. In the case of the 1342-nm setup, the gain 
medium was 4 mm long and the cavity was completed with 

a curved 2% transmitting output coupler [M2 in Fig. 5(b), 
radius = 10 cm]. Here, the total cavity length d 1 was 6 cm. 

In the analysis, small-signal loss coefficient ( a LO) and 
the stimulated emission cross section ( u . ) were used as 
adjustable parameters to obtain the best fit between the cal­
culated and measured efficiency data. For a given cavity 
configuration, the pump beam waist (Zfp) was first varied 
to minimize the threshold pump power. Figures 6(a) and 
6(b) show the calculated and measured variation of the out­
put power as a function of the incident pump power at 1064 
and 1342 nm, respectively. The best fit between experimen­
tal data and theoretical model was obtained for aLo 

= 0.015 cm- 1 (corresponding to a round-trip cavity loss of 
3%) and u e=7.7 X 10- 19 cm2

• The emission cross-section 
value determined in our analysis is close to that reported in 
Ref. 8. In the case of the 1342-nm resonator, the best-fit 
values of a Lo and u e were determined to be 0.024 cm - 1 

and 2.2 X 10- 19 cm2
, respectively. 

By using the best-fit values of the small-signal loss co­
efficient and the stimulated emission cross section, numeri­
cal optimization studies were then carried out to determine 
the crystal length that maximizes the output power. The 
same resonator configurations shown in Fig. 5 and the same 
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pumping configuration were assumed. At each value of the 
crystal length, the pump beam waist location was first op­
timized inside the crystal to yield the lowest calculated 
threshold pump power. Optimization calculations were per­
formed for incident pump powers of 2, 4, 6, and 8 W. The 
results are shown in Figs. 7(a) and 7(b). In the case of the 
1064-nm resonator, the optimum crystal length varies from 
5 to 6 mm as the incident pump power is increased from 2 
to 8 W. In the case of the 1342-nm resonator, the optimum 
crystal length remains around 3 mm for incident pump 
powers in the 2-8 W range. We note that optimization 
studies can also be carried out as a function of other pa­
rameters such as crystal absorption. However, in this case, 
additional data showing the concentration dependence of 
lifetime are needed since fluorescence quenching effects 
wi ll be enhanced as the concentration is increased. 

5 Conclusions 
In conclusion, we described a systematic procedure for the 
analysis and optimization of a wide range of cw diode end­
pumped solid-state lasers. The model considers a modified 
four-level system and accounts for excited-state absorption 
at the pump and the laser wavelengths, gain saturation, and 
absorption saturation. Integral equations describing the 
evolution of the pump and the laser powers were derived. 
Pump-induced thermal lensing was also taken into account. 
The model was then used to analyze the power perfor­
mance of two diode end-pumped Nd3 + : YV04 lasers oper­
ating at l 064 and 1342 nm. The stimulated emission cross 
sections were determined to be 7.7 X 10- 19 cm2 and 2.2 
X 10- 19 cm2 at 1064 and I 342 nm, respectively. The best­
fit values of the laser parameters were then used to deter­
mine the optimum crystal lengths that maximize the output 
power. The dependence of the optimum crystal length on 
the incident pump power was also investigated. The model 
that can be readily extended to include other effects should 
prove useful in the design of efficient diode end-pumped 
solid-state lasers. 
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