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ABSTRACT

In this paper, we have included the absorption coefficient and finite laser rod length into the
analysis of the optimization of the fiber coupled laser—diode end—pumped laser. From the numerical
results, we obtain an analytic solution to explain the required input power and the pumped beam
quality to the laser output power of an active laser medium. For different kinds of the laser media
which correspond to different absorption coefficients with given laser rod lengths will produce
different optimum pump beam qualities and different output efficiencies. Some phenomena are shown
and discussed in this article.
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I.INTRODUCTION

Laser diode (LD)-pumped solid-state lasers
have wide applications for their high efficiency,
simplicity, compactness, good frequency stability,
and high beam quality, etc. Since the early 1980°s
with the development of reliable high power LD,
the LD-pumped solid-state lasers had received
much attention, especially in the end-pumping
configuration [1-4]. P. Laporta and M. Brussard
proposed a general formulism about the design
and optimization criteria for mode size
optimization in diode-pumped solid-state lasers
[5]. Base on this model, Y.F. Chen et al. gave a
simple analytical expression for the fiber-coupled
laser diode end-pumped lasers including the effect
of pump beam quality into the analysis [6,7].
Under pump
experimental results had shown that the green

to high

these  optimum conditions,

laser output power corresponded
conversion efficiency [8].

Theoretical and experimental results showed
that the maximum laser output for end-pumped
solid-state laser was limited by thermal fracture of
the laser crystal [9-12]. Also the fracture-limited
pump power for an end-pumped solid-state laser
the

coefficient. The same doping concentration in

was strongly dependent on absorption
different crystals could have different absorption
coefficients under a given pump wavelength (such
as, Nd: YAG and Nd: YOV , ). A high absorption
coefficient could lead to high slope efficiency for
the TEM ,, mode. Nevertheless, it could result in a
large temperature gradient in the pump end of the
crystal which could result larger thermal loading

and produce thermal fracture, consequently [13].

In this paper, we apply a numerical method to
calculate the optimization of the pump beam
quality, including the pump beam waist, the
far-field half-angle , the focal plane of the pump
beam in the active medium, the minimized
average pump spot size and the output power at
the condition of minimum average pump size.
These optimum parameters enable us to design the
laser resonator and the optical coupling system for
optimization. They also provide a guideline to
choice the best laser medium length. To illustrate
the utility of the present model, two kinds of the
laser media SDL-2372-P2 and SDL-2372-P3 [6]

are chosen to compare.

II.MODEL

Figure 1 is a configuration of diode-pumped
solid-state lasers. In this system, a laser diode
array emits input light coupled to a laser medium
rod with a length L, and then reaches to the
reflective mirror. The Wp and W, are the pump
beam waist and the beam waist of the laser cavity,

respectively.

Laser Medium
Nd:YAG Rod

Reflective Mirror

Laser Diode Coupled Optics

f

Light Input Light Output

Fig. 1. A configuration of diode-pumped

solid-state lasers.
the

space-dependent rate equation to develop the

Laporta and Brussard have used



general design criteria for mode size optimization
in diode-pumped solid-state lasers [5]. In his
model, the average pump beam waist w, is

assumed a constant when the far-field half-angle
6,<02 rad. The average pump beam size is

expressed as [5]:
1 "
i :L* lw;(z)dz} M)

where [* is a suitable effective length related to
the absorption length of the pump radiation, and it

can be described as the following equation:
I'=(-236, +1.8)(%{) 2

where ¢ is the absorption coefficient of the laser
rod. It gives a good approximation to evaluate the

overlap integral. For a fiber-coupled pump beam
r,(r,z) traveling along the optical axis z -axis

can be expressed as

2a r (3)

— xexp(-2——-az)
W, (2)(1-exp(-al)) Wh(2)

r,(r,z)=

where L is the length of laser rod. Under plane
wave approximation and through a linearization

procedure, the output power can be expressed as a

function a normalization parameter

Wy o W,
(EUED) +2] —
p Tn W, W, XP[l_(sz+Wf7)] 4
YT 7
V4
where z= _ A (5)

(A1 217,)

The threshold pump power is
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. Wi+ W) (6

P

P,

th

In Eq. (4), w, is the beam waist of the laser
cavity mode and 7 is the power transmission of
the output coupler. The pumping efficiency n, is
equal to nn,w,/v,)s which is the product of the
optical transfer efficiency 7 , (the ratio of the

optical power which incidents into the active
medium and the emitted power by the pump
source), and 5 the absorption efficiency (the
ratio of the power which is absorbed in the active
medium and the power enters the rod), and the
ratio of the laser frequency o, with pumping
frequency v,- The , is the total logarithmic loss

per pass. The  in Eq. (5) represents the

saturation intensity.

From Eq. (4) and Eq. (6), it shows that the
smaller pump beam waist w , leads to a smaller
threshold pump power p, and larger slope
efficiency. Thus, it can be used in determining the
minimized value of the pump beam waist w, for
a given pump beam quality and properties of the
active medium. On the basis of the paraxial
approximation, Chen et al. suggest that the

average pump beam waist , is expressed as [7]

L c 7[1
[, + Nz =2l az
7 = " po (7
P L
L e “dzZ

)

where the w, is the radius at the waist, and the
weight function ¢ comes from the absorption
effect (the light comes from the optical fiber and

couples into the laser rod). In common situations,
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the incident light is assumed to be totally absorbed
by the medium, but in fact it is related to many
operation parameters, including the far field angle
and the beam quality, etc. Eq. (7) used in their
work [7] which is consistent with Eq. (1). The

relationship between W, 0, and z, is given

by [14]
W,(2)=W,,+0,|Z -2, ®)

The ¢ and z, are the far-field half-angle

and the focal plane of the pump beam in the active
medium, respectively. From Eq. (8), the pump
beam waist w,(2) is a function of divergence of
far-field angle and the focal position in the active
medium. It is satisfied with beams and partial
spatial coherence.

Starting from Eq. (7), the integrand can be

integrated exactly. We perform this integral to
determine the optimized focal plane position 7z, o

and the minimum radius at the waist W oo Both

are expressed as following

2 ©)
[04

1+

0.0pt

and

2

1e 1 !
W= = 1+e™)In —ale ™
p0,0pt a \/; m [( ) (l T eiaL ) ]

where ¢ is the characteristic of LD pump beam

(10)

quality and » is the refractive index in the laser
rod.

Considering Eq. (9), the optimized focal
plane position z  is dependent on the factor

In( 2 y and is inversely proportional to the
l+e™

absorption coefficient . On the other hand, if the

entering light is not absorbed by the active
medium entirely, we must consider a correction
factor which depends on the product of ¢ and L.
Note that the larger « makes the optimized focal
plane position closer to the incident surface in the
active medium.

In the limit case, aL =~, then Eq. (9) and
Eq. (10) become

Zy =2 I0(2) (1

and

W _1 \E n2 »respectively. (12)
p0,0pt a\n

Substituting Eq. (9) and Eq. (10) into Eq. (7),
we obtain the minimum value of the pump beam
waist j ~ for a given pump beam quality

et (13)

2
+e)In
[+e™in 22

W __Z\E !
p.min anm

If oo = o0, then Eq. (13) becomes
7 o =2 [ 2 (14)
aln

Eq. (13) allows us to determine the optimized
far-field half-angle 0, [14] as

-1

— ¢ — c —al —al. 2 —al.
gxw—f% \anx—a\/%ﬂ—e x[(+e )lnm—ale 2.

(15)
If oL ~ow,then
C
0[)0,0[)! =a }’lll’l 2 (16)

The Eq. (9) ~ Eq. (16) are all simple analytic



expressions for design the optical pump beam
coupling system and they are also related to the
pump beam quality in the active medium (i.e., «,
n and ¢).

The condition for determining the optimum
mode size and the maximum output power is
through
OP

out __

Wy,

amn

This equation leads to an analytic numerical

solution of the optimum , ,

T
W 1 [31/3 W . f(Wp,y sat ,P,)

10,0pt  — \/g C3 Tlp
3200 i €

- 3W2p,min ]] 2
s

SOV pomin ,P,)

P

(18)

where

f(ﬁ/m&’%):ql 3(;2/3(91,?”‘*'\/3 C;ZC;“+2713”2)”3‘

Ip

(19)

The coefficients ¢, , and ¢, in Eq. (19) are

defined as

C, =W pomin (20)

and

c, - T s (21)
2n,

The Eq. (18) can offer us how to design a

laser resonator cavity. The function f, Mot P)

P

is defined in Eq. (19). When the optimum mode
size w, and the laser resonator cavity for the

maximum output power are determined.

-5-
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Substituting Eq. (18)~ Eq. (21), and Eq. (12) into
the Eq. (4) and Eq. (5), respectively. We can
obtain the maximum output power and the output

efficiency which are expressed as following

Wia’n , 4cln2
_lT}]W,ﬁazn 746’11’12 P _lMIW(Wm + a'n )]
out g eln2 W-[gazn N in" n
4cIn2
(22)
and
Gnyp Py o) —
P n,. W, , Wi +W,
O = (YN =— : x(1- =)
P, 2y Wi 24 V4
[1+()°]
W,
(23)
, respectively.

II. NUMERICAL SIMULATION

We have considered a Nd : YAG laser

end-pumped by a diode-laser as a design example

and used the following

7 =0.028

parameters
I, =232x10*(mW/mm?) (output
coupling 7=0.05 and internal loss per transit is
0.003 ), and n,=0.67, it is found that the ratio
between input power and pump beam quality is
always larger than 2.12x10*(mW/mm-rad) and will
obtain an output efficiency higher than 30% [7]. In
this paper, the laser diodes SDL-2372-P2 and
SDL-2372-P3 are used to research. The schematic

diagram of laser setup is as Fig. 1.

From Spectra Diode Laboratories and Chen

et al. [6], the laser diodes’ quality factors
SDL-2372-P2 and SDL-2372-P3 are
c,,=005568 and ¢ . =002016 , respectively.

SDL-2372-P2 has a 200-pum-core fiber of a ~36°
half width at e maximum and SDL-2372-P3 has
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a 100-um-core fiber of a ~26° half width at ¢
maximum. The brightness of model SDL-2372-P3
is three times as much as that of model
SDL-2372-P2. Both have the same maximum CW
=1200mW . The refractive index

power input p

in.max

n=12 is used in the active medium for a given

pumping wavelength.

as a function of
0,0pt

Figure 2 shows that z

absorption coefficient ¢ for different lengths of

laser rods, it is calculated by Eq. (9).

Zpop(mm)
wn

0
0 0.2 0.4 0.6 0.8 1
a(mm™)
Fig. 2. The optimum focal plane as a function of

absorption coefficient for several different

lengths of laser rod.

Figure 3 predicts the theoretical results of Nd:
YAG output power versus z, calculated from Eq.

(8)- Eq. (12), Eq. (18) - Eq. (22) and its relative
parameters, The experimental results of output
power versus 7z, are shown in Fig. 4. Chen et
is

al. predict the optimum focal plane z

0,0pt

1.16 mm [7], but the Zy o is about 1.08 mm

comparing with ours. Both of the values are close

to the experimental data, and it is about a 7% of

difference. The difference between both models is
that we have taken the factors of the finite length
of the rod L and its absorption coefficient «
into consideration. The other uses the combined
factors of  and y, where B is equal to C/na and
x is defined as Eq. (5). From the definition of
parameters, it is easy to understand the advantage
of our model.

Figure 5 shows the pump beam quality

w_vs. « In different lengths of laser rods from

po,opt

Eq. (10). Minimum pump beam waist W, VS- @
in different laser rod lengths from Eq. (13) are

shown in Fig. 6. Laporta and Bussard have
pointed out that a smaller w, can lead to a

smaller threshold pump power and larger slope

efficiency [5]. Thus it is useful to determine the

minimum of W VS @ from Eq. (13). From

Fig. 6 and Fig. 7, it is clear when ¢ is
approached to small value, the value of W

po-opt

and w . are quite different under different

lengths of laser rods.

600

=SDL-2372-P2
— SDL-2372-P3

400

Fou(mW)
[N (98]
(=} o
o o

—_

o

o
T

o

Z p(mm)

Fig. 3. Theoretical prediction of Nd: YAG output power

versus the depth of focus inside the rod.
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Fig. 4. Experimental results of output power pumped
versus depth of focus inside the rod at 1.15W

pump power. (Data source come from [7])

find it

consideration on the effect of finite length of laser

However, we needs more
rod L and the product of value aL. The choice
of active medium of laser rod which gives a
different absorption coefficient will result a
different pump beam quality. Therefore, the
equations from Eq. (10) to Eq. (15) can be used as

a reference to design a pump beam quality.

.............. L=20mm

L=5mm

I/Vpaopf (mm)
o o —

N
~

o
to

0 0.5 1 1.5
a (mm’l)
Fig. 5. The optimum radium at the waist as a
function of absorption coefficient for

several different lengths of laser rod.
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4
351 L=20mm
3 -
L=5mm

W pmin (mm)

0 0.2 0.4 0.6 0.8 1
a (mm’l)

Fig. 6. The minimum pump beam waist as a function of
absorption coefficient for several different

lengths of rods.

Figure 7 shows the results of ¢ versus

a from Eq. (15). It is important to determine the

ratios of

IW,, which affect the laser output
power of the optical system. Some articles point
out that a larger length of active medium L is
needed for a lower absorption coefficiente . It is
assumed that the entering pump light into the
active medium would be absorbed entirely, but it

is always some loss actually.

0.3
0.25

O pO.opt (rad.)
(=)

0 0.5 1 1.5 2
a (mm")
Fig. 7. The optimum far field half angle as a function of
absorption coefficient for several different

lengths of laser rod.
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Figure 8 shows that an optimum laser mode

size W,

10,09t depends not only on « but also L.

It means that we can get the 17, by adjusting

0,0pt
the parameters « and L. Fig. 9 shows the
numerical simulation results as Eq. (4) is used for
calculation. The curves of the normalized output
power p - versus the normalized pump power p,

are shown. It is found from Eq. (6) that a larger
ratio of /Wpo will result in a larger threshold
pump power, but it cannot get a larger slope
efficiency and output power as shown in Fig. 9.
Only when the optimum ratio W, /WPO is
controlled, it may obtain the maximum output
power. Two different active media SDL-2372-P2

and SDL-2372-P3 [6] are taken for comparison.

0.45
0.4
0.35
0.3
0.25

W/ﬂ,npr (mm)

02
0.15 |

L=20 mm
.............. L:S mm

0.1
0.05 |

L=1 mm

0 1 o 2 3
Fig. 8. The optimum laser mode size as a function of
absorption coefficient for several different
lengths of laser rod.

Figure 10 shows the output power as a
function of the pump power, in which Eq. (22) is
used. Our calculations are quantitative satisfied
and very agreement with the experimental results
11.

shown in Fig. The comparison of the

numerical data differences between ours and [7]

models are shown in Table 1.

500

450

WI10/Wp=0.5
WI0/Wp=2

400

350
300 |
250 1
200 1
150

normalized P, (mW)

100 |
50

0 200 400 600 800 1000 1200

normalized P, (mW)

Fig. 9. Normalized output power as a function of the
normalized input power for several ratios of

the mode to pump spot size.

500
450 + .
| T
350 Our's-p2
g 300 Refl6]-p2
£ 250
& 200
150
100
50
0
0 200 400 600 800 1000 1200
P, (mW)

Fig. 10. Theoretical prediction of the Nd:YAG output
power versus fiber coupled pump power. The
graphics show that a quantitative difference in

the two modes.



500 , ’

300 -

200 -

Output power (mW)

100 | SDL-2372-P2

400 600 800 1000
Pump Power (mW)

0 200 1200

Fig. 11. Experimental results of the Nd:YAG output

power versus pump power. (Data from [6],[7])

Table 1. The comparison of the numerical difference

of both ours and [7] models

oo 0.0 O (70)
LD (mm) (mm)
Type [This Ref. | This | Ref. | This Ref.
work | [7] work | [7] work | [7]
SDL-
2372- | 1.08 | 1.16 | 0.40 | 0.36 41 50
P2
SDL-
2372- | 1.08 | 1.16 | 0.34 | 0.32 67 70
P3

Our results in the last column of Table 1, the

maximum  output  efficiency o are

approximately 41% and 67% for SDL-2372-P2
and SDL-2372-P3, respectively. Comparing with
other model [6,7], it shows that there are some
quantitative differences between these two models,

but they are close to each other. Fig. 12 shows the

9.
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theoretical curves of the maximum output
efficiency as a function of the mode spot size,

which are calculated from Eq. (23).

0.8

=0 ==SDL-2372-P2
SDL-2372-P3

0.7

0 0.2 0.6 0.8

0.4
W ip (mm)
Fig. 12. Theoretical prediction of the maximum output

efficiency as a function of mode spot size.

IV. CONCLUSIONS

We have given a simple expression for design
the optimization of the fiber-coupled laser diode
pumped laser. The numerical results show that
the optimum parameters are related with the pump
spot size, laser mode size, and the pump beam
quality. Our model takes the parameters of
absorption coefficient and length of laser rod
into consideration, which can provide a
straightforward procedure to design the laser
cavity resonator and the optical coupling system
for maximum the output power. And it also offers
a useful reference to choice the pump source and

active medium parameters.
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