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An analytical model of quasi-continuous wave (quasi-CW) diode array side-pumped slab laser for Yb:YAG oscillator

in long-pulse free-running has been developed based on the CW model. In this model we first introduce a new parameter,

pump pulse width, and make the model available for use in the quasi-CW model. We also give an analytical equation

of laser delay time to calculate the laser pulse width. A detailed model is also presented for a new structure laser
design, taking account of the geometry of Yb:YAG slab. A quasi-CW diode array side-pumped Yb:YAG slab laser is
investigated theoretically and experimentally. Experiments yield a quasi-CW output energy up to 20.36 mJ with the

laser pulse width of 654.55 us at 1049 nm when the diode arrays operate at 25 Hz and 1 ms pulse width. The crystal

dimensions are 3mmXx8 mmXx1mm and the doping density is 10 at.%. The experimental results are in good agreement

with the predictions of the theoretical model.

Keywords: quasi-continuous wave diode array side-pumped, Yb:YAG, laser delay time, pump

pulse width, lensduct
PACC: 4255R, 4260D

1. Introduction

With the development of high brightness laser
diodes, quasi-three-level lasers have been investigated
in recent years, in which Yb-doped laser crystals of-
fer the spectroscopic and laser properties that make
them a promising candidate for high-power 1 um laser
systems.[!'=14] Particularly, the Yb:YAG crystal has a
long storage lifetime of 951 s [ and a very low quan-
tum defect (8.6%). Thus the Yb:YAG laser generates
less heat than the Nd:YAG laser under the same out-
put power condition. In addition, the pump transi-
tion at 941 nm makes this material highly suitable for
diode pumping, using InGaAs diodes which are po-
tentially more robust than the AlGaAs diodes used to
excite Nd:YAG at 808 nm. Another advantage of the
Yb:YAG laser is that the 941 nm absorption feature is
approximately five times broader than the Nd:YAG’s
808 nm absorption feature, therefore the Yb:YAG sys-
tem is less sensitive to diode wavelength specifications.

Yb:YAG lasers have been demonstrated in a

variety of configurations such as microchip,['—3]

tE-mail: wuhs99@mails.tsinghua.edu.cn

waveguides,[*5 end-pumped rod[®! and side-pumped
rod,[l thin disc geometries[® and end-pumped
slab[®! side-pumped slab,1=12 and zig-zag edge-
slab.[13]

tions '6=20 are proposed to optimize the different

pumped Several theoretical investiga-

configurations of quasi-three-level continuous wave
(CW) lasers.
without including the pump pulse width are hard to

However, these models of CW laser

apply to a quasi-CW side-pumped slab laser directly.
Although Ter-Mikirtychev et all?! develop an end-
pumped model of quasi-CW laser, it is also difficult
to apply to the side-pumped slab structure. The laser
delay time is also an important quantity in quasi-
CW lasers system, for it determines the laser pulse
width and affects the solution of the problem of pulse
synchronization design. Although Ter-Mikirtychev et
al’s model gave an analytic solution to the equation
of the laser delay time, the equation has not been

demonstrated to be valid in related experiments.

In this paper, we develop a quasi-CW model by
improving the CW model of side-pumped Yb:YAG

http://www.iop.org/journals/cp
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laser oscillator, following Beach’s approach 7 and
Rutherford et al’s method.'® The pump pulse width
is firstly introduced in the model that can be used to
design the quasi-CW side-pumped slab laser. An an-
alytic equation of laser delay time is also presented
and demonstrated by experiments. A novel structure
of side-pumped Yb:YAG slab laser is set up. The
diode arrays is not pre-collimated by microlens, and
the pump light is directly coupled into Yb:YAG crys-
tal by a lensduct. In Section 2 we define the new
side-pumped structure shown in Fig.1 and derive the
pump absorption coefficient. In Section 3, we give
a set of equations to include an analytic relationship
between the input pump and output laser energy, tak-
ing the pump pulse width into account. The analytic
equation of the laser delay time is also given, which
is different from that reported in Ref.[21]. At the end
of Section 4, the experimental and theoretical results
are analysed. The output energy of 20.36 mJ with the
laser pulse width of 654.55 us at 1049 nm has been

obtained.
2.Definition of

structure
The side-pumped geometry is shown in Fig.1. In

side-pumped

the side-pumped slab, the pump light is incident nor-
mal into the crystal. Through single-pass absorption
the unabsorbed pump light is reflected back by an-
other face coated with HR@941 nm for a second pass
through the crystal, which is also the cooling plane.
The thickness of the crystal can be larger than the
pump thickness T in order to enlarge the radiating
area for efficient cooling. With this geometry, the
main challenge is to achieve uniform pump absorp-
tion along the width. We assume the pump beam
light to be uniform plane waves for simplicity. In real-
ity, the pump light has some divergence and intensity
nonuniformities.

We define a coordinate system for the slab. The z
direction is along the thickness, y is along the width,
and z is along the length. The full thickness is 7', the
full width is w, the full pump thickness is W (W < w),
and the full length is L.

The side-pumped design has a benefit: excellent
thermal management. The heat load of the quasi-CW
diode array pumped system is far less than that of the
CW diode array pumped system. The larger cooling
face for the side-pumped structure can realize an ef-
ficient cooling (the crystal width w > W); the thin

crystal is of advantage to the thermal conduction due

to the high doping density. However, the high doping
can lead to amplified spontaneous emission (ASE) and
low stored energy, thus lower doping must be adopted

in order to prevent ASE in a high output energy

system.
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Fig.1. Orthographic drawing of a side-pumped slab.

In this slab, I (z) and I_(z) are the pump inten-
sities along the x and —z directions respectively. In
this case, the pump light is absorbed in a double-pass
through the slab. The absorbed peak power inten-
sity (similar to that in Ref.[19]) as a function of the
position z along the slab width is given by

pans(z) = — dI:irim) n dI(;:Ea:)

_oP o —alz+ L
—WLexp alx 9
+ P

Bolo(e- ). 0

where P is the total pump peak power incident on

the slab, o the pump absorption coeflicient, and R,
(Rp > 99.5%) the reflectivity of the cooling face at
pump light of 941 nm.

Using Eq.(1), the pumping absorption efficient

Tlabs 18 expressed as

+T/2
WL/ Pabs(z)dz
_ ~T/2
TMabs = P

=1— Rpexp(—2aT) + exp(—aT)(R, — 1), (2)

Nabs ~ 1 — exp(—2aT) for R, =~ 1.
3.Modelling of
quasi-CW lasers

side-pumped

The energy level diagram of Yb:YAG is shown
in Fig.2. There are only two manifolds: three en-
ergy levels in upper manifold 2Fj s2 and four en-
ergy levels in lower manifold 2F; s2-  This quasi-
three-level structure results in the absence of inter-

mediate and high-lying energy manifolds. Therefore,



No. 6

Theoretical and experimental investigations of ... 873

no concentration quenching, no excited-state absorp-
tion and no up-conversion appear in the Yb:YAG
medium. The 18 nm infrared absorption linewidth
at 941nm is ideal for InGaAs diode pumping. The
wide enough linewidth reduces the difficulty of con-
trolling pump wavelength. The emission bands of
Yb:YAG have two peaks at 1030 and 1049nm. In
our previous works, the laser wavelength measured
is 1049nm.21% But the emission cross section at
1030nm (3.3x1072%cm?) is greater than that at
1049 nm by about 0.3x1072° ¢cm?2,[21 and the output
energy will be influenced greatly. The long excited-
state lifetime of 951 us leads to the excellent energy
storage of the Yb:YAG. The smaller wavelength differ-
ence between pump and laser results in few quantum
defects and low heat load.

manifold Yb:YAG energy Boltzmann factor
23———————— 10930 cm ™! 0.043
2Fy)y 22— 10624cm™! 0.185
21 10327 cm™! 0.773
941 nm (1049nm [1030nm
14 785 cm™! 0.020
2 13 612cm™! 0.046
7/2 12 ———— 565cm™! 0.058
11— Ocm™! 0.876

Fig.2. Energy level diagram of Yb:YAG.

The population densities satisfy
ng = ng, + ny, (3)

ny; = fis X ny,  ng; = fo; X ny, (4)

where nq is the total doping population density, ny
and np, are the population densities of upper and lower
energy levels respectively; f1; and fo; are the Boltz-
mann occupation factors of the Stark levels ¢ and j
of the lower and upper levels, respectively. Using this
notation, the rate equation for the upper level may be

expressed as

ntransP

hv,WTL

dnU

n
TS — colAng — TU’ (5)

= Tabs
where 7tpans is the pump transmission efficiency be-
tween the diode arrays and the Yb:YAG crystal; huy,
is the pump photo energy, An the inversion popula-
tion density, ¢ the laser photo density, o7 the emission
cross section, ¢ the velocity of light, and 7 the excited-

state lifetime.

We first assume that the laser mode completely
fills the pump area of the slab and that the pump
distribution is uniform. Our quasi-CW model is
based on Beach’s approach [!7] and Rutherford et al’s
approach.'® In this model, we introduce a new pa-
rameter for free-running operation: the pump pulse
width t,. The overall excitation population from the

lower manifold to the upper manifold is then

ntransPt
Nlower%upper = nabsTp: (6)
Vb

and the overall de-excitation population (including the

stimulated emission and spontaneous emission) can be

written as

Eout Roc
Nupper%lower = th ﬁ{[exp(alAnL) — 1]

+ (1 — 6)*[exp(201AnL)

nUWTLtp
T

— exp(c1AnL)]} + , (1)

where E,,t is the laser output energy, hiy the laser
photo energy, R,. the output mirror reflectivity, and
4 the one-way cavity loss.

After the inversion population reaches the thresh-
old, it becomes zero. The round-trip gain is equal to
unity. Solving equations (1—9)?Ry.exp(201AnL) = 1,
An = foyny — fi;np and Eq.(3), the upper manifold
population density ny is found:[1?]

ng = fui g + 1
fo1 + fui 2(fa1 + f1i)o1L
1
X ln [m] . (8)

In Eq.(2), a is rewritten as [

a :Up(funL — faanu)
— [fll(fm + f1i) — fra(f1 + f22)n
P fo1 + fui d
fuu+fae 1 1
 for + fui 201L n ((1 — 5)2R0C) }’ ()

where o, is the absorption cross section. At a

steady state, the excitation population (6) must be

equal to the de-excitation population (7). Solving

upper—lower by using Eq(8), then

Nlower%upper =

FEqut is given by

1- Roc
Eout :ﬂ

1
Vpl_Roc'i’\/-R—oc(m‘i'é_l)

hl/pflindWTLtp
(fo1 + fra)T

) )09

X (nabsEin

_ hv,WTt,
2(fo1 + fri)oT
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where E;, = Pt,,.

In quasi-CW laser oscillators, the time from the
beginning of the pump pulse to the beginning of the
laser pulse is defined as a laser delay time tgelay. It
can be solved from the following differential equation

when the laser photo density ¢=0 and ny = nyu:

dnU _ ntransP nu (11)
at " h,WTL 1

where nyyy is given by Eq.(8). But n.ps(ny) is an im-
plicit equation. Equation (11) must be solved by nu-
merical solution. At the beginning of pump, ny, & ngq
and 7aps & 1 —exp(—20;, fiin, W). As the pump peak
power grows, the limiting normalized population den-
sity difference between the two manifolds approaches

the following value:[18]

N fi1 — fo2
nd fi1+ fa2

ny —nL

= 0.64938. (12)

The minimum 7y, can be given from the two equations
(12) and (3) and n™® = 0.825n4, then ny, can be ver-
ified from ngq to 0.825n4 with increasing pump peak
power. Therefore, we assume that 7, is a constant
and n, & ng because nf‘i“ cannot be reached even
for strong pumping, and then Eq.(11) can be solved

analytically:

¢ —r 111 nabsntransP
delay hv, WTL

T’absntransP TUth
—1 — . 13
n( hyWTL 1 )} (13)

4. Theoretical and experimental

results

Figure 3 shows the schematic of the diode-arrays
side-pumped Yb:YAG laser oscillator. The laser crys-
tal is a slab-shaped 10% doped, 3 mmx8 mmx 1 mm
Yb:YAG, which has an AR

8mmx1mm flat face, an AR coating on the

coating on two

3mmx8 mm pump surface and a HR coating on the
cooling face. It is mounted in a copper sink and water
cooled down to 10°C. In order to cool the Yb:YAG
efficiently an indium foil is inserted between the laser
crystal and the copper sink. The Yb:YAG crystal is
pumped by the microlens-free 8-bar, 0.8 mm pitch,
InGaAs diode arrays (Hi-Tech Optoelectronics Co.,
Ltd.) with an emitting area of 10x5.6 mm?. The di-

vergence angles of the diode arrays are 10° and 40°

(FWHM) in slow axis and fast axis, respectively. Each
bar can produce peak power of as much as 47 W, and
the maximum output energy is about 375 mJ when the
diode arrays are operated at a repetition rate of 25 Hz
and a pulse width of 1ms using LDI-928-25 (Laser
Drive, Inc.) and done with a cooling water tempera-
ture of 11.8°C to yield the desired pump wavelength
of 941nm. By the lensduct the pump light is con-
centrated into the Yb:YAG slab crystal through total
internal reflection. A plano-concave cavity, which has
a length about 25cm, is composed of a concave out-
put mirror and a plane front mirror, whose reflectiv-
ity is greater than 99.9%. In this experiment, the laser
beam propagated straight (not zig-zag) inside the slab
crystal.

water

copper heat sink PVC tube

output mirror
indium foil
HR(941nm)

=

front mirror,

AR(941 nm)

Yb:YAG
AR(1030nm)

lensduct'

microlens-free
diode stack

Fig.8. Schematic diagram of a quasi-CW diode-array
side-pumped Yb:YAG oscillator.

As a coupler, the 51 mm-length lensduct, whose
compression ratios in slow axis and fast axis are 8.75:1
and 2.42:1 respectively, is used to condense the pump
light and smooth the profile of the diode pump light.
Its input face is a spherical face and the output face
is a plane. After exiting the lensduct, the pump light
is condensed down to 1.2 mmXx2.8 mm and focused on
a pump spot of 1.3mmx2.9mm on the pump surface
(AR@941 nm) of the Yb:YAG crystal. Figure 4 shows
the transmission efficiency of the lensduct as a func-
tion of its length and the intensity profile of the diode
pump light on the area (1.4 mmx3 mm) of the crystal
pump surface. Using the Zemax software, the trans-
mission efficiency of 82.7% is predicted without AR
coating on the input and output surfaces in theory,
whereas the measured efficiency is about 80%. The

two results agree well.
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Fig.4. The transmission efficiency of the lensduct as a func-
tion of its length (a). The intensity profile of the diode pump
light on the area of 3mmx1.4 mm of the crystal’s pump sur-
face (b).

In this experiment, a model 1554 photo detec-
tor (12GHz, New Focus Inc.) and a 54845A oscil-
loscope (1.8 GHz, 8 G/s sampling rate, Agilent Inc.)
are used to receive and display the pulse. The out-
put energy and beam quality of the Yb:YAG laser are
measured by an EPM2000 energy meter (Molectron
Detector Inc.) and M?-200 beam propagation anal-
yser (Spiricon Inc.), respectively. We also measure
the laser wavelength using a 86142B spectrum anal-
yser (Agilent Inc.).

‘We do not obtain the 1030 nm laser output as ex-
The

reason is that the absorption at the wavelength of

pected, but achieve a 1049.3nm laser output.

1030 nm is higher than the gain at the same wave-
length. The beam quality factor M? values are 5.93
and 8.01 in the vertical and horizontal directions re-
spectively. The beam waists in the two directions are
0.5642 and 0.6408 mm.

Taking into account the mode match efficiency
(Mmode = 0.6) in Eqgs.(9)—(11) and the mode volume
(because the laser mode cannot completely fill the
pump area of the slab in fact, here W, T and L
are considered as the width, the thickness and the
length of the mode volume respectively. W=0.6 mm,
T=0.6 mm, L=3mm), the theoretical results (contin-
uous line) and experimental results (asterisks) of the
output energy are shown in Fig.5. The output energy
of 20.36 mJ is measured at 70 A, and the pump en-

ergy threshold is about 172mJ. Figure 6 shows the
laser pulse width (t, — tgelay) versus the pump en-
ergy for the measured, numerical and analytic results.
The numerical results are in better agreement with the
measured results than the analytic results at a higher
pump energy, but the analytic solutions also can give
a good estimate for laser pulse width (t;, — tqelay) at
a lower pump energy. This phenomenon results from
the hypothesis of n;, ~ ngq. The laser pulse width
of 654.55 us, which is shown in Fig.7 with the pump
pulse of the diode arrays, is obtained at 70 A. All the
experimental results show a good agreement with the

theoretical results.

— theoretic results
+ experimental results
0.02
Q>. wavelength=1049 nm
&0 10 at.% doped Yb:YAG
& 3mmX8 mmx1mm
J; 0.01} Roc=95% /
a
£
=]
o
0.00 =
0.0 0.1 0.2 0.3 0.4
Pumping energy/J

Fig.5. Experimental (asterisk) and theoretical (continuous
lines) results for the dependences of the output energy on the

pump energy.
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Fig.6. The laser pulse width versus the pump energy.
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5. Conclusion

A model for quasi-CW diode-array side-pumped
quasi-three-level Yb:YAG slab oscillator has been de-
veloped, and can be applied to the quasi-CW slab
laser system design. We give a set of analytic ex-
pressions for the relation between the pump energy
and the output energy including the pump pulse
width. The analytic equation of laser delay time is
also given, which can provide an estimate of laser
pump width and a reference as the sequential control
of laser pulse. The feature is also demonstrated for

the quasi-CW microlens-free diode-array side-pumped

Yb:YAG laser. The device uses the lensduct as a cou-
pling element that can increase the coupling efficiency
of the microlens-free diode arrays and improve the
pump uniformity. Around 5.4% optical-to-optical ef-
ficiency and 20.36 mJ laser output energy with laser
pulse width of 654.55 us at 1049 nm are achieved using
a 3mmx8mmx1mm(10at.%) Yb:YAG crystal when
the quasi-CW microlens-free diode arrays are oper-
ated at a repetition rate of 25 Hz and the pump pulse
width of 1ms. The experimental results verify that
the theoretical model is valid for designing the quasi-
three-level laser system of the quasi-CW free-running

operation.
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