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We present a model of passively Q-switched Raman lasers by utilizing the rate equations. The intracavity fun-

damental photon density, Raman photon density and the initial population-inversion density of the gain medium are

assumed to be of Gaussian spatial distributions. These rate equations are normalized by introducing some synthetic

parameters and solved numerically, and a group of general curves are generated. From these curves we can understand

the dependence of the Raman laser pulse characteristics on the parameters about the pumping, the gain medium, the

Raman medium and the resonator. An illustrative calculation for a passively Q-switched Nd3t:GdVOy, self-Raman

laser is presented to demonstrate the usage of the curves and related formulas.
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1. Introduction

Due to its excellent features, stimulated Raman
scattering (SRS) has been widely utilized in many
fields.['=3] Stimulated Raman scattering in crystalline
materials is one of the most efficient methods of
extending the spectral range of existing lasers.*~7]
Solid state Raman lasers can be realized in a va-

riety of configurations, including single-pass Ra-

8] extracavity,®—! intracavity Ra-

man generation,
man resonators,'271% or coupled resonators.l'® The
intracavity Raman laser has attracted a great deal of
attention in recent years because it can reach the much
higher intracavity power density and thus operate at
a low-threshold, and it often has a high overall con-
version efficiency.

The useful tool for analysing the performance
of a Q-switched Raman laser is the rate equations,
which are based on the conventional Q-switched laser
rate equations adding a Raman term and a differ-
ential equation of the Raman photon density. The
rate equations have been used to model the passively
Q-switched Raman lasers in many situations.!!7—2%
However, because the output pulse properties of the
Raman laser depend on quite a lot of parameters
about the pumping, gain medium, Raman medium
and resonator, it is difficult to obtain the intuitive re-

lations between the output pulse characteristics and
the related parameters.

In this paper, we try to make the relations be-
tween the output pulse characteristics and the rele-
vant parameters more intuitive by introducing some
synthetic parameters. In the rate equations, the Gaus-
sian distributions of the intracavity photon densities of
the fundamental and the Raman lasers and the initial
population inversion density were taken into account.
These space-dependent rate equations of passively Q-
switched Raman lasers are normalized by introduc-
ing some synthetic parameters and solved numerically,
thus a group of general curves are generated. From
these curves we can easily understand the dependence
of the Raman laser pulse characteristics on the pa-
rameters about the pumping, gain medium, Raman
medium and resonator. An illustrative calculation for
a passively Q-switched Nd3t:GdVOy, self-Raman laser
is presented to demonstrate the usage of the curves
and the related formulas.

2. Rate equations

The intracavity photon densities are assumed to
be of Gaussian spatial distribution for the TEMjyg

mode. Taking the variation of the beam size along
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the laser axis inside the cavity into consideration, the
photon densities of the fundamental laser at the posi-
tion of the laser and Raman medium are given as

oulrt) = o0, Nexp 2 ). 1)
7,.2
eLr(r,t) = @Lr(0,t)exp (_ETR) ) (2)

where r is the radial coordinate. wy, and w;y are the
beam radii of the TEMyy mode at the position of the
laser and Raman medium, respectively, and ¢r,(0,t)
and ¢y (0,t) are the fundamental photon densities
on the laser axis, respectively. By the continuity of
energy flux, we can obtain the relation

wipL(0,t) = wigeLr(0, ). (3)

The Raman photon density at the position of the
Raman medium can be expressed as

2

et =gn0.00m(~ ), @

where wg is the beam radius of the Raman laser at
the Raman medium, and ¢g(0,t) is the Raman pho-
ton density on the laser axis at the position of the
Raman medium.

We can obtain the rate equations of a passively
Q-switched Raman laser by adding a Raman term and
a differential equation of the Raman photon density to
the rate equations of a passively Q-switched laser[2?!

>~ d t 2 t
/ den(r,t) )27r rdr = / 2L t) ){on(r, ) — ogng(r,t) ls — oe(nso — ns(r,t))ls}2mrdr
0 0
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0
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B /oo er(r,t) [m(i) B LR} orrdr + k /OO Lr(r, t)2m rdr (6)
0 tRT Rr o | |
D) g (), i
dnS (Tv t) _ Sl
Tar 5 seennins(nd), ’

where n(r,t) is the population-inversion density;
ng(r, t) and ngp are the ground-state and total popula-
tion densities of the saturable absorber, respectively;
o and ! are the stimulated emission cross section and
length of the laser medium, respectively; o, and o, are
the ground-state and excited-state absorption cross
sections of the saturable absorber; [s is the length of
the saturable absorber; tgr = 2l¢/c is the round-trip
transit time of light in the cavity of the optical length
lc; ¢ is the speed of light in vacuum; [, is the of length
of the Raman medium; ¢ is Raman gain with 1064 nm
pump; Ryatio is the ratio of absorption cross sections
of saturable absorber at laser and Stokes wavelengths;
hvr is the photon energy of the Raman laser; kgp, is the
spontaneous Raman-scattering factor; Ly, and Ly are

the remaining round-trip dissipative optical losses at
the fundamental wavelength and Raman wavelength,
respectively; Rp, and Ry are the output-coupler re-
flectivities at the fundamental wavelength and Raman
wavelength respectively; - is inversion-reduction fac-
tor; S and Sg are the fundamental beam cross-section
areas in the laser gain and saturable absorber, respec-
tively.

The initial population inversion density n(r,0)
can be expressed as(??!

2

n(r,0) = (0, O)exp(—%), (9)

where wp is the average radius of the pump beam in
the gain medium, and n(0, 0) is the initial population-
inversion density on the laser axis. The initial value
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of ng(r,t) can be considered to be ngp.

By utilizing the initial conditions of the ng(r,t)

and the n(r,t), substituting expressions (1), (2) and
(9) into Eqs.(7) and (8) and integrating the results
over time finally, we obtain

n(r,t) = n(0,0)exp(—i—?j)eXp[ )\acexp(—i—rj) /t oL (0, t)dt} (10)
ng(r,t) = nsoexp[—%ogcexp(—i—g) /Ot ch(O,t)dt]. (11)

Substituting expressions (1)—(4), (10) and (11) into Egs.(5) and (6) and regrouping the results yield

d 0,t 4lon (0,0 0,t e 2 1 1
#L(0,1) = on{ > Jer(0,) ></ exp{—wacexp(—L)/ L (0, t)dt}exp[ 27“2(—2+—2)}2rdr
dt Wi trT 0 wL 0 wi  wp
4lsnsoepr (0, 1) /OO ( 2r 2) [ S ( 2r2) /t
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where Tp is the small-signal transmission of the sat- N — In(1/Ry) +In(1/7T5) + L, (19)

urable absorber

Ty = exp(—ognsols)- (14)

3. Solutions of the rate equations

By setting der,(0,¢)/dt and ¢gr(0,t) to be zero
and t = 0 in expression (10) and using expression (14),
we obtain the initial population-inversion density on
the laser axis

In(1/R In(1/T2 L 2
20l P
Introduce the normalized time 7 and the normal-
ized photon densities @, (r,7), $r(r,7) and N, then
we will obtain

n(0,0) =

. tL[lna/RL) +In(1/T2) + L), (16)
RT
2’)/0' lc
() = e ) Ry s T + I )
Or(r,7) = pr(r,T) aallle (18)

In(1/Ry) + In(1/T¢) + Ly’

In(1/Ry) + (0e/0g) In(1/T3) + Ly,
Substituting expressions (16)—(19) into Egs.(12)

and (13) and regrouping the results, we obtain

1
M = ¢L(O;7)/ exp(—Az*)dz
dr 0
1 1 —exp(—aA)
— (1 — N) ¢L(077)T
—GoL(0,7)Pr(0,7) — W’ (20)
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1
- Rratio(l - N) ng(O? T) [exp(—OcA)
aA !
+ 1+ﬂ/ exp(—aAyl/(l-i_B))dy}
0
— @R(O,T)Lr] +Ksp¢L(07T)67 (21)
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1 1
—_ —_ 2 —_— —_—
T = exp{ 2r (w% + o )}, (22)
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Equations (20) and (21) are the very differential
equations describing the normalized fundamental and
Raman photon densities on the laser axis versus the
normalized time. The solutions of Eqgs.(20) and (21)
are dependent on six synthetic parameters: «, N, 3,
G, Ly and Kg,. The meanings of o and N are the
same as those in Ref.[22]; § is the parameter when
the spatial variations of the fundamental and Raman
intensities are considered; GG is the normalized Raman
gain coefficient, which is related to the Raman gain
coefficient g, the length of the Raman medium [, the
beam cross section area ratio between the fundamental
and Raman lasers at the Raman medium, the stimu-
lated emission cross-section o and the inversion reduc-
tion factor v of the laser medium; Ly is the normalized
loss coefficient; K, is the synthetic parameter that
represents normalized spontaneous Raman scattering
factor.

By numerically solving Egs.(20) and (21) in the
case of wp = wr,, we can obtain g (0,7) for different
values of N, o, 3, G, Ly and K. From the shape of
Pr (0, 7) we can obtain the normalized pulse duration
A7. The real pulse width W is

W = AT tRT
- In(1/Ry) +In(1/T§) + Ly,

The expressions for the peak power output of Raman

(31)

pulse P, and pulse energy F can be written as

Twd hog
Po = "R 10(1/Ry) + In(1/T3) + L
40’YtRT[n(/ L) +In(1/75) + L]
x In(1/RR) Prm, (32)
2h
B = TR R Grines, (33)

4oy

where @g,, is the maximum value of &g (0,7), and
DRinteg 15 the integral of @ (0,7) over 7 from zero to

infinity, i.e.
o
¢Rintcg = / QSR(Oa T)dT' (34)
0
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Fig.1. Relation between ®Rinteg and N for different val-
ues of G: 8 (curve a), 10 (b), 15 (¢), 20 (d), 25 (e), and 30
(f) with 8=1 and L,; = 0.5.

0.6 F
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0.2

Fig.2. Relation between @R, and N for different values
of G: 8 (curve a), 10 (b), 15 (c), 20 (d), 25 (e), and 30 (f)
with 8 =1 and L, = 0.5.

The relations between ®Pinteg, Pm, 7 of the fun-
damental laser pulses and «, N, wpwy, are given in
Ref.[22]. In this paper, we focus on the relations be-
tween PRinteg, PrRm, 7 and N, G, Ly, B. The values of
a and K, in the calculations are 50 and 3x 10719, re-
spectively. Figures 1-3 show the relations of Printeg,
®Prm, and 7 to the normalized population inversion
density N for different values of G with L,; = 0.5 and
B = 1. From Figs.1 and 2 we can see that PRrintegy and
PRrm increase with increasing N. For a given N, there
exists an optimal G. With increasing N the normal-
ized time 7 decreases first steeply and then slightly.
Figures 4-6 show the variations of PRrinteg, Prm, and
7 with the normalized population inversion density NV
for different values of L} with G = 30 and 8 = 1. For
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a given Ly, PRrinteg and Prpy increase with increas-
ing N, while 7 decreases with increasing N. For a
given N, Printeg decreases steeply and Pry, decreases
slightly with increasing L,;, and 7 also decreases with

increasing L.

Fig.3. Relation between 7 and N for different values of
G: 8 (curve a), 10 (b), 15 (c), 20 (d), 25 (e), and 30 (f)
with 8 =1 and L, = 0.5.

¢Rinteg

Fig.4. Relation between ®Rrinteg and N for different val-
ues of Ly: 0.1 (curve a), 0.15 (b), 0.2 (c), 0.3 (d), 0.4 (e),
and 0.5 (f) with 8 =1 and G = 30.

¢Rm

Fig.5. Relation between &g, and N for different val-
ues of Ly: 0.1 0.15, 0.2, 0.3, 0.4, and 0.5 (from top to
bottom) with 8 =1 and G = 30.
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Fig.6. Relation between 7 and N for different values of
Ly;: 0.1 (curve a), 0.15 (b), 0.2 (¢), 0.3 (d), 0.4 (e), and
0.5 (f) with 8 =1 and G = 30.
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Fig.7. Relation between ®Rrinteg and [ for different val-
ues of G: 8 (curve a), 10 (b), 15 (¢), 20 (d), 25 (e), and 30
(f) with N =3 and L, = 0.5.
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Fig.8. Relation between PRy, and B for different values
of G: 8 (curve a), 10 (b), 15 (c), 20 (d), 25 (e), and 30 (f)
with N =3 and L, = 0.5.

Figures 7-9 show the variations of ®rinteg; PRm,

and 7 with 8 for different values of G with N = 3.
For a given (3, there exists an optimal G; for a given

G; PRrinteg and Pry increase with increasing 3. Fig-

ures 10-12 show the variations of Printeg,; PrRm, and
7 with @ for different values of L, with N = 3. For
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a given Ly, PRrinteg and Pry, increase with 3; for a
given 3, Printeg decreases steeply and Pr,, decreases
slightly with increasing L. The trend of 7 varying
with 0 is similar to that of 7 varying with N.

1 1 1 1 1 1
0.5 1.0 1.5 20 25 3.0

B
Fig.9. Relation between 7 and 3 for different values of
G: 8 (curve a), 10 (b), 15 (c), 20 (d), 25 (e), and 30 (f)
with N =3 and L, = 0.5.

4. Applications

Figures 1-12 can help us understand the de-
pendence of the Raman laser pulse characteristics
on the ration between the fundamental and the Ra-
man laser mode sizes, the parameter of the gain
They
can also be used to estimate the pulse parameters.

medium, Raman medium and the resonator.

We build a fibre-coupled diode end-pumped passively
Q-switched Nd:GdVOy self-Raman laser by using a
Cr**t:YAG saturable absorber. The self-Raman laser
gain medium is a c-cut 0.5-at% Nd:GdVOy crystal
with a dimension of 3 x 3 x 10 mm?®. Both sides
of the Raman crystal are coated for antireflection at
1000-1200 nm. One coated side has a high transmis-
sion (90%) at 808 nm. The initial transmission of the
1 mm-long Cr**+:YAG crystal is 0.91. The input mir-
ror is a 300 mm radius-of-curvature concave mirror
with high-transmission coating at 808 nm and high-
reflection coating at 1000-1200 nm. The output cou-
pler has a high-reflectivity (99.8%) at 1066 nm and a
reflectivity of 92.8% at 1176 nm. The overall length
of laser cavity is 40 mm. The average radii of the LD
pumped beam wp and fundamental beam wy, at the
Raman crystal both are 300 yum. The Raman gain
of the Nd:GdVOy crystal is 4.5cm/GW. The round-
trip losses of the fundamental and the Raman wave-
lengths in the cavity are 3.6% and 3.2%, respectively.
The inversion-reduction factor is 0.71. The ratio be-
tween absorption cross sections of the saturable ab-
sorber at the laser and Stokes wavelengths Ryatio iS
0.2. The ground-state absorption cross section and

excited-state absorption cross section of the saturable
absorber are 4.3 x 107'® ¢cm? and 8.2 x 10~ cm?,

respectively.

w4
S
£
(S

2

0

0.5 1.0

—
D o

Fig.10. Relation between ®Rrinteg and [ for different
values of Lyj: 0.1 (curve a), 0.15 (b), 0.2 (¢), 0.3 (d), 0.4
(e), and 0.5 (f) with N =3 and G = 30.

0.6 ]

04 1

@Rm

0.2 1

0.5 1.0 1.5 2.0 2.5 3.0

Fig.11. Relation between @R, and 3 for different values
of Ly: 0.1,0.15, 0.2, 0.3, 0.4, and 0.5 (from top to bottom)
with N =3 and G = 30.

Ree

Fig.12. Relation between 7 and § for different values of
Ly;: 0.1 (curve a), 0.15 (b), 0.2 (¢), 0.3 (d), 0.4 (e), and
0.5 (f) with N = 3 and G = 30.

The emission cross section of the c-cut Nd:GdVOy4
crystal is 1.2 x 10719 c¢cm?. By using ABCD ma-
trix we have estimated § and S)/Ss to be 0.91 and
1.05, respectively, the spontaneous scattering factor
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ksp, 2 x 10719 s71. By using these values of param-
eters we can obtain G = 28, N = 2.9, L,; = 0.54,
a =52 and Ky, = 2.9 x 10719, From these values we
determine Printeg; Prm, and 7 to be 0.59, 0.23 and
2.7, and using expressions (31), (32) and (33) we can
obtain the theoretical pulse width, peak power and
pulse energy to be 4.8 ns, 4.32 kW and 17.9 uJ re-
spectively. The experimental pulse width, peak power,
and pulse energy are found to be 5.2 ns, 3.02 kW, and
15.7 pJ, respectively. These theoretical results are in
good agreement with the experimental ones.

5. Conclusions

We have obtained the normalized rate equations
for passively Q-switched Raman lasers by introducing

some synthetic parameters. These rate equations are
solved numerically and a group of general curves de-
scribing the relations between Printeg; PRm, 7 and N,
G, Ly, B are generated. From these curves we can
understand the dependence of the laser pulse charac-
teristics on the parameters about the pumping, the
Raman medium and the resonator. By these curves
and the relevant formulas, we can easily estimate the
Raman pulse energy, peak power and pulse width. An
illustrative calculation for the passively Q-switched
Nd?*+:GdVOy self-Raman laser is presented to demon-
strate the usage of the relevant and the relevant formu-
las. The obtained theoretical results are in agreement
with the experimental ones.
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