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The parameters of 1.34um Nd:YVOy4 laser end-pumped with flat-concave cavity are theoretically analysed. The

analysis in this paper may be helpful to the designing of kindred lasers. The operation of 1.34um Nd:YVOy4 laser

end-pumped by a diode-laser with flat-concave cavity is achieved. The output power of 3.51W at 1.34um and optical

to optical conversion efficiency of 39.0% are obtained at the pump power of 9.0W.
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1. Introduction

Solid-state lasers pumped by diode-laser (DPSL)
have many merits, which combine high efficiency, com-
pact size, long life and high quality of light beam,
etc. DPSL are very attractive sources in many appli-
cations such as the military, industry, medicine and
research.[!) Many laser crystals are suitable for be-
ing pumped by diode-laser. Nd:YVO, crystal is es-
pecially favourable thanks to its good properties.!?!
It has been the ideal gain medium of DPSL. The
Nd3+ 4F3/274111/2 level transition produces 1.34pm
The stimulated emission cross section at
1.34pm is (6£1.8)x10"%cm?, which is comparable
with Nd:YAG crystal’s (4.6x1071%m?) at 1.06um.
Therefore it is easy to obtain 1.34um laser output
for a Nd:YVO, crystal.

the eye, and it is consistent with the low dispersive

laser.

A 1.34pm laser is safe to

wavelength of silica fibre. The 1.34um laser has wide
applications in the field of laser medicine, fibre com-
munication, laser sensing, and the pump source of
mid-infrared parameter oscillator.['** In recent years,
the Nd:YVO, lasers of 1.34um have been developed,
but their efficiencies were relatively low.[*=9 We have
designed the 1.34um Nd:YVOQO, laser end-pumped by
a diode-laser with flat-concave cavity on the basis of
analysing some important parameters, and the effi-

ciency is higher than what we have known. The re-

search work of this paper is the continuation of our

former series of work.[10—12]

2.Experimental setup

The experimental setup is shown in Fig.1. The
diode-laser (LD) with output coupled fibre is SDL-
3460-P6 module of SDL Corporation of USA, and
its parameters are as follows: core diameter 600um,
NA 0.37, maximum power 16W and peak wave-
length 808.9nm. The focal length of optics coupler
is 35mm. Passing through the coupler, the pump
beam waist radius is 120um. The curvature radius
of flat-concave mirror My is 100mm. The Nd:YVOy4
crystal, which was grown in Institute of Physics, Chi-
nese Academy of Sciences, has cuboidal shape of size
3mmx3mmx5mm. The length of light path through
crystal is 5mm. Nd:YVO, crystal is cut along ‘a’ axis.
Nd3*-concentration is about 0.7at%. During exper-
iment, we fix Nd:YVO, crystal to a copper clamp
which is cooled by pure water. The temperature of
cooling water is controlled by a Constant Tempera-
ture Water Circulator (HX-10555 model). The tem-
perature controlling precision is +0.2°C. In order to
maintain close contact with the copper clamp, the
sides of Nd:YVOy crystal are packed in indium slice.
The thermal conductivity of indium slice is very good,

therefore heat of the laser crystal can be transferred
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1 'é l -}lé Iy —-}l thin film with transfer ratio 5.3% at 1.34pum and high
9|lllé transitivity at 1.06pum, and it is the output coupled
O mirror.
&] 3 4 50 7 " 3. Analysis of design scheme
2
Fig.1. Setup of 1.34um Nd:YVO,4 solid-state laser 3.1. Parameter selection of laser cavity

pumped by a diode-laser. (1) Electrical source of LD,
(2) Temperature controller of LD, (3) LD, (4) Cou-
pling fibre of LD, (5) Optical coupling system, (6) Flat
mirror M1, (7) Nd:YVOy4 crystal, (8) Flat-concave

mirror Ms.
to the copper clamp, and then carried away by cool-
ing water. In order to regulate the crystal’s posi-
tion accurately, we fix the cooling facility to a five-
dimension regulator, which makes it easy to guarantee
the pump light ‘nr’ polarization to Nd:YVO, crystal,
so the pumping can be very effective. In order to re-
strain the 1.06um signal from oscillating, the input
mirror M; has a thin film with high transitivity both
at 1.06pm & 808.9nm and high reflectivity (>99.7%)
at 1.34pum. The two ends of Nd:YVO, crystal have
a thin film with high transitivity at 1.34um to reduce

the loss of reflection. The flat-concave mirror My has a

A B 1 0
M: =
C D 0 1
1
-2/R 1

where n is refractive index of laser crystal to signal
light, and [ is the length of light path in the laser
crystal, and R is the curvature radius of Ms. Ac-
M < 1of

resonant cavity, we programmed the computer using

cording to the stable-state condition

C language to plot stable range graph of flat-concave
cavity, where [y and [y are coordinate variables, and
l=5mm, n=2.15, R=100mm. Figure 2 is the relevant

stable range graph of flat-concave cavity.

Selecting optimal Iy and Iy is very important. In
Fig.1, l; should be possibly minimal, because the res-
onant light waist is close to mirror My. But if /1 is too
small, there will be some inconveniences of adjusting
mirror My and laser crystal. So the value of [y is se-
lected generally within the range between 3mm and
8mm. Appropriate selecting of Iy and Iy will satisfy

our requirements. From the above analysis, we select

When laser operates on the edge of stable range
of cavity, TEMg, mode is easy to obtain;[*3l moreover,
mode loss is less and mode volume is larger than that
of a stable cavity, and the pumping threshold is not
high. If the no-source cavity length is less than the
radius of curvature of My (which is 100mm), the res-
onant cavity is a stable cavity,'¥ and the edge of its
stable range is L = R. But when we put the Nd:YVO,4
crystal into the cavity, the stable range will lessen
markedly. Therefore we need to determine the sta-

ble range of resonant cavity anew.

Now, let us see the stable-state condition of the

resonant cavity. According to correlative theory of res-

onant cavity,!'®! the side-axis light round-trip matrices
are
1 ll 1 l/n 1 l2
0 1 0 1 0 1
1 lz 1 l/n 1 ll
01 0 1 0 1|

l1=5mm and [5=61mm in our experiment.
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Fig.2. Stable range graph of flat-concave cavity.
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3.2. Cavity mode size calculating of signal light

Because of the shortness of laser crystal length,
the signal light beam radius ws(z) inside crystal is ap-
proximately equal to the size of signal light waist wqs.
The formula of signal light waist of the flat-concave

cavity isl®!

wos = [N2L(R — L) /m?Y/4,

where A is the wavelength of signal light. L =1, +15+1
is the cavity length. Using these data, we calculate
that the value of wps is 139um. The size of signal light
waist wps can be the criterion of selecting cavity mode
size of pump light when the questions about cavity

mode matching are considered.

3.3. Cavity mode size selecting of pump light

The pump light beam radius w,,(z) inside the crys-
tal is also approximately equal to the size of pump
light waist wo,. The value of wgy, is selected in terms

of the functional dependence of 7. on wg,. We define
2

J Cq
the overlap efficiency 7. = J—l, which influences the
2
spatial overlap degree between pump light and signal

light. Respectively, the simplified formulael*®! of .J;
and Jy are
2
J=—5<
b mL(wh, +wd,)
4
PR L@, + )

Jy =

According to the above two formulae and over-
lap efficiency, Fig.3 shows the influence of pump light
waist wop on the overlap efficiency n.. The value of
wop should be appropriate while wos=139um. If wgy
is too small, it would be not only easy to damage the
laser crystal, but also possible to lower the coupled ef-
ficiency because of the larger divergence angle. If wgy
is too large, the overlap efficiency would be also low,
since the pumping energy can not be coupled effec-
tively into the signal light mode volume. According
to the relation shown in Fig.3, we select the value of
wop=120pm in our experiment. In this case, the over-
lap efficiency can reach 85% of the maximum. Fur-
thermore, the pump waist wp, being comparatively
large, the thermal effect is not obvious during oper-
ation. Such size selection of wg, not only guarantees
the stabilization of laser operation, but also prolongs

the life of laser crystal.
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Fig.3. Overlap efficiency 7. as a function of pump

waist wop.

3.4. Determination of focus position of pump
light
The focus position (distance between focus and
crystal front surface) of pump light inside crystal influ-
ences pumping threshold directly, thus we determine
the focus position of pump light according to the rele-
vant relationship. Radiation of Nd:YVOy, crystal has
a typical course of four-level transition. According to
the velocity function theory of a four-level system, the
pumping threshold(19! is
hv, 1 on 1

X — X —,
M XNo o 2L Jp

Py, =

where hv, is the pumping photon energy, n; is the
efficiency of optical coupler, 7, is the absorption ef-
ficiency of gain medium, o is the stimulated emis-
sion cross section, 7¢ is the fluorescent life of active
medium, ¢ is the cavity’s loss of back and forth, n is
the refractive index of laser crystal to signal light, L
is the cavity length, and J; is an overlap integrall*!
between pump light mode and resonant light mode.
Respectively, the theoretical formulae of 7, and Jy
are
No = 1 — exp(—apl),
and
2a,, P exp(—ap2)
- wL[1 — exp(—apl)] /0 wg(z) + w2, o

where o, is the absorption coefficient of gain medium

J1

to pump light. Generally, the pump light beam radius
wp(2) is wp(2) = wop + 0|2 — 2pp|, where 2z, and 6
are the focus position of pump light and the divergent
angle of pump light, respectively.

The formula of pumping threshold indicates that

the focus position of pump light has an optimal value
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20p,s; Which makes the pumping threshold minimal.
According to the formula of pumping threshold, by
means of numerical integration, we draw the function
curve showing the influence of the focus position zp
of pump light on the pumping threshold. The plot of

Py, versus zgp is shown in Fig.4.
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Fig.4. Pumping threshold P}, as a function of waist
position zgp of pump light.

From Fig.4, when other conditions are fixed, for
the case of end-pumping, there is an optimal zg, which
makes the pumping threshold minimal. Using the pa-
rameters given above, by means of numerical calcula-
tion, we obtained the optimal focus position 2y, s of

0.7mm of the pump light.
4. Measuring scheme of output

power

The 1.34pum output light beam includes the in-
gredient of pump light. It is general to adopt light
filter or triple prism to filter out pumping ingredient.
But the light filter cannot filter the pump light com-
pletely, and the loss of triple prism is high. There-
fore the two methods are not suitable for measuring
1.34um output power. In this experiment, we adopt
an ingenious method which measures 1.34um output
power accurately, The measuring scheme is as fol-
lows. Firstly, we measure the output power directly
as P;. Power P; includes pump light power X; and
1.34pm light power Xo, where P; = X; + X5. Sec-
ondly, we place a spare flat mirror of cavity between
output mirror and power meter, which has a thin film
with accurate transfer ratio 77 at 808.9nm and 75 at
1.34pm. And then we measure the output power as
P,, so there is P, = X 3T1 + XyT5. Thirdly, basing

on the equations of P; and P,, we calculate 1.34um

PT, — P,

-1
measure the output power under any circumstances

light power X5 = . During experiment, we
using the above scheme. The power meter we used is
EPM-2000 model, USA, and power-level detectors are
PM30V1 model with sensitivity 10mW / maximal ap-
plicable power 30W / spectrum range 0.19m—6.0pm
and PM3Q model with sensitivity 0.0lmW / maxi-
mal applicable power 3W / spectrum range 0.19um-—
11.0pm, respectively.

5. Experimental results and anal-
ysis

(1) Figure 5 shows the output power as a function

of pump power.
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Fig.5. Output power as a function of input power.

(2) The pumping threshold is about 700mW,
which is consistent with the theoretical calculation.[!
The output power of 3.51W at 1.34um and optical
to optical conversion efficiency of 39.0% are obtained
at the pump power of 9.0W. The slope efficiency is
about 42.3%. Simultaneously, we have confirmed that
1.34pm laser mode is a single TEMy.

(3) We have measured the laser’s operation sta-
bility for about 30 minutes, finding that the instability
of output power is less than 1%.

(4) The output power of 3.51W is not the satu-
rated maximum, so the output power may increase in
case of increasing the pump power, but the stability
and optical to optical conversion efficiency might de-
crease. We think that the output power of 3.51W is
a nice level, which can satisfy a good many require-

ments.
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(5) After finding a nicer scheme of solving thermal
effect, we will increase pump power to increase output

power; thereby the output power could be higher.

(6) We think the analysis in this letter may be of

importance to designing the kindred lasers.
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