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Vid Agrež • Ferdinand Bammer • Boštjan Podobnik •
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Abstract We present an experimental and numerical

analysis, how deviations of the multiplexer-retardation

influence the output power of a time-multiplexed dual

channel laser. The laser has two different channels, each

one with its own gain medium. The channels are time-

multiplexed by a single crystal photo-elastic modulator. It

enables to double the repetition rate and output power of

the laser. However, as multiplexing is based on polariza-

tion-switching, the retardation of the modulator should be

kept within certain limits. By experimental measurement

and theoretical analysis, we determine the operational

window within which the retardation should be kept to

avoid additional losses into the resonator. The analysis was

done for two configurations of the laser setup, namely with

and without a quarter-wave plate.

1 Introduction

For many laser micro-processing-based industrial applica-

tions the requirements for high processing speeds can be

fulfilled by increasing the repetition rate of pulsed lasers.

Therefore, for doubling the process speed the repetition rate

has to be doubled, too, as well the average power. However,

it is also important to keep pulse parameters (pulse dura-

tion) constant as one do not want to change the already

optimized process but only to speed it up. In general this is

complicated, especially in the case of standard solid-state

Q-switch lasers. One possible solution represents a dual

channel configuration of the laser resonator.

In the past, several dual channel configurations have

already been proposed. There were reports on configura-

tions having a single gain medium in the common part of

the resonator and two electro-optical or acousto-optical

modulators in each channel [1, 2]. For high power appli-

cations, the proposed setups were based on two active

mediums which can be multiplexed by additional acousto-

optical modulators [3]. The purpose of this interesting

setup was not power scaling but pulse shaping for laser

micro-processing. Furthermore, a configuration for power

and repetition rate scaling was also already proposed [4],

based on a dual channel resonator and a single electro-

optical modulator (EOM). Its task was to switch both

channels in turn, therefore to double the frequency and

power by summing the laser pulses from each channel.

However, despite recent progress in high-voltage high-

speed drivers for EOM, this solution seems to be rather

cumbersome especially for the high repetition rate (several

100 kHz) typically used in high-speed material processing.

The combination of high voltage and high repetition rate

requires high power consumption of the driver. As an

alternative we have recently demonstrated a new approach

based on a single crystal photo-elastic modulator (SCPEM)

that can replace the EOM [5]. The main advantage is a

relatively simple design that requires almost 1,000 times

lower driving voltage and power in comparison to an EOM.
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In our case, the resonator features two channels, each

one with a gain medium, combined with a polarizer to a

common part of the resonator. The later one includes the

out-coupler, a further polarizer, an AOM-Q-switch, and a

SCPEM. This is a LiTaO3-crystal, electrically excited on a

mechanical resonance, switching the polarization such that

both channels are alternately addressed. In most cases, light

modulation based on the photo-elastic effect is used for low

power applications [6–9]; however, it has been already

proven that it can be also used for high power applications,

too [10–12].

The proposed dual channel scheme allows to achieve

with an existing and well-proved resonator design nearly a

doubling of the pulse repetition frequency and of the

average power by simply adding an additional resonator

channel [5]. This is especially interesting for lasers based

on Nd:YVO4 and Nd:YAG intracavity frequency doubling

or tripling [13–17], which are very important for material

micro-processing in many areas as for example micro-

electronics and photovoltaic industry.

In [5], we introduced the concept and demonstrated a first

realization. In this work, we concentrate on the operating

window of this channel-switching, which depends on the

accuracy of the SCPEM-retardation-amplitude. While this

can be set quite precisely in low power applications, signif-

icant deviations are to be expected in case of high power

operation due to the non-homogenous heating of the crystal,

which changes the damping and the optical properties. To

prove the robustness of the system, we investigate the

influence of the retardation amplitude of the multiplexing

element based on a SCPEM on the dual channel laser output.

This is important to find out how a potential small deviation

from the required retardation amplitude affects the robust-

ness of the concept which is essential for a potential appli-

cation which requires high stability of laser operation. The

work is based on numerical simulation compared with

experimental findings and is mainly dedicated to found limits

in operation of the laser due to misalignment of polarization

controlling components.

2 Theoretical model

The theoretical part of our work introduces a set of laser

rate equations with temporal dependency [18–21], includ-

ing the variations of the inversion population and/or of the

photon density along the gain medium [22].

It is important that the model was developed to theo-

retically investigate an end-pumped solid-state laser,

however, it was not supposed to predict the detailed

behavior of such kind of laser, which is rather complex. For

example, we completely neglected the radial dependence

of the beam as well as thermal effects (thermal lensing)

that are for example crucial to determine the laser behavior

near the threshold, because the laser mirror curvature is

optimized for high power operation.

The existing numerical model was rather developed to

better understand the effect of an additional optical mod-

ulator (SCPEM) inserted inside the laser resonator. Due to

deviation from optimum retardation of the modulator the

transmission is changed leading to additional losses inside

the resonator. The goal of this model is to find out how this

affects the laser output.

In our configuration the neodymium, as the active med-

ium, is a four level system. Laser light is emitted between the

third and second level with corresponding relaxation time

(s32) around 115 ls. Two other relaxation times are typical

for a four level system, namely s43, s21, being much smaller,

but the corresponding populations cannot be neglected

because their values are almost on the same scale as the pulse

duration (tens of nanoseconds). The biggest influence, beside

relaxation time s32, on pulse dynamic has the lifetime of

lower laser level s21. For example, if it is increased by factor

of two (from 8 to 16 ns) then the laser produces *10 %

shorter pulses, while average power decreases for 2 %.

However, s34 has much smaller influence \1 % in pulse

width for the same increase.

As a result, the theoretical model consists of five rate

equations. Three are describing energy-level occupations

and two laser light propagation in positive and negative

direction in the crystal. With these we also take into

account that Nd:YVO4 has at given doping (see Table 1)

strong absorption and therefore also strong attenuation of

the pump light, so we cannot assume uniform gain for laser

light through the crystal.

Two more equations for propagation of pumping light

could be also added, but this additionally burdens the

calculation process. Because we have sufficient ion con-

centration and the inverse population never exceeds 10 %

of its total, we conclude that our approximation is appro-

priate. The five equations are written as:

oN4

ot
¼ � N4

s43

þ q4N3

s43

þ wp ð1Þ

oN3

ot
¼ � r32c

V
ðN3 � N2Þð/þ þ /�Þ � N3

s32

� N3

s31

� q4N3

s43

þ N4

s43

ð2Þ

oN2

ot
¼ þ r32c

V
ðN3 � N2Þð/þ þ /�Þ � N2

s21

þ N3

s32

ð3Þ

� o/�

oz
þ 1

c

o/�

ot
¼ r32

V
ðN3 � N2Þð/� þ SÞ � a/� ð4Þ

Equation 4 represents two equations for light

propagation in two opposite directions within the active
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medium. Free space propagation is represented by time delay

in numerical integration. The ion populations must satisfy

Nt ¼ N1 þ N2 þ N3 þ N4, with Nt…total number of active

ions. /þ and /� represent laser light photons propagating in

positive and negative direction, respectively. The parameter

q4 takes thermal excitation from third to fourth level into

account.

The emission cross-section is r32, V represents the

volume of the crystal through which laser light is propa-

gating, c is the velocity of light in the medium, and wp is

the pumping rate with a corresponding absorption rate in

Table 1, averaged within the FWHM spectrum of the

pumping diode (4 nm).

The parameter S is based on semi-classical laser theory

and is set to 1. This means that there is one spontaneous

photon present in resonator which gets amplified or reab-

sorbed depending on the sign of gain (i.e., difference of

upper and lower laser level populations). This is needed to

start laser operation and does then not have any major

influence on laser operation.

a represents the intensity loss of laser light in the gain

medium.

The reflectivity of the end mirrors and the impact of

internal transmission modulation Q(t) due to active optical

elements inside the resonators (AOM and SCPEM) are

taken into account with the following boundary conditions:

/þðz ¼ 0; tÞ ¼ R1/
�ðz ¼ 0; tÞ ð5Þ

/�ðz ¼ L; tÞ ¼ QðtÞR2/
þðz ¼ L; tÞ; ð6Þ

where R1 and R2 are left and right mirror reflectivities,

respectively. Q(t) is the product of the active elements

transmission: Q-switch (based on AOM) and multiplexing

modulator (based on SCPEM), respectively:

QðtÞ ¼ QAOMðtÞQPEMðtÞ ð7Þ

QAOM(t) is a trapezoid window with rise/fall times of

around 100 ns and transmissions value of 10 and 99 % in

closed and open state, respectively. The SCPEM trans-

mission QPEM(t) shows two types depending whether an

additional quarter-wave plate is used (Eqs. 9, 10). The

parameters used in the numerical calculations are listed in

Table 1.

Including the longitudinal-dependence of photon- and

excitation-densities produce results, which are *5 % clo-

ser to the measurements with respect to the results obtained

from the model which consider time dependence only. The

radial dependence was neglected, since in our case it does

not contribute to any further improvement of the results.

3 Experimental setup

Figure 1a shows the setup of an industrial ns-pulsed laser

originally designed for intracavity frequency up conver-

sion. It has a Nd:YVO4-gain-medium, longitudinally

pumped with a diode laser. Q-switching is done with an

AOM. Figure 1b shows an expansion of this setup to dual

channel operation to increase the average power and rep-

etition rate while maintaining the other pulse parameters

(duration and energy) as described in [5]. The laser beams

of both channels are combined by a SCPEM-based multi-

plexing element and a thin film polarizer (POL1). The

polarizer transmits the horizontally polarized light of

channel 1 and reflects the vertically polarized light of

channel 2. In the common laser channel, only horizontal

polarization can propagate. The SCPEM in turns rotates the

polarization from channel 2 or leaves the polarization of

the channel 1 unchanged. This enables light from both

channels to propagate in the common resonator channel.

The retardation d(t) of the multiplexer consisting of a

SCPEM, a polarizer, and an optional k/4-plate is controlled

by an electrically induced mechanical oscillation of the

crystal and can be written as:

dðtÞ ¼ d0 þ d1 sinð2pfRtÞ ð8Þ

d0 corresponds to the static retardation due to wave plate,

which is assumed to be zero or equal to p/4 for the

configuration with or without the wave plate, respectively.

Table 1 Table of parameters used in the numerical model

Parameter Value

R1/R2 100/80 %

Resonator length L 240 mm

Nd-doping 0.2 %

Gain crystal length 10 mm

Pump power 32 W

Pump beam diameter 1 mm

Laser beam diameter 0.9 mm

Fluorescence lifetime s32 115 ls

Relaxation time s43 5 ns

Relaxation time s31 10 ms

Relaxation time s21 8 ns

Thermal excitation parameter q4 1 %

Stimulated emission cross-

section r32

22 9 10-22 m2 @ 1,064 nm

Averaged absorption coefficient 628 m-1 @ 808 nm

Refractive indices of Nd:YVO4 no = 1.9721; ne = 2.1858 @

808 nm

no = 1.9573; ne = 2.1652 @

1064 nm

Peak absorption wavelength 810 nm

Absorption bandwidth (FWHM) 8 nm

Intrinsic losses a 1.8 m-1
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d1 is the retardation amplitude of the modulator and fR is

the resonance frequency of the modulator (177.2 kHz in

this case). In fact, there is always an additional small offset

due to adjustment errors, which is neglected here. The

transmission of the SCPEM for channel 1 without a k/4-

plate is:

QSCPEM ¼ cos2 j
p
2

sin 2pfRðt � tdÞð Þ
� �

: ð9Þ

With a k/4-plate we use:

QSCPEM ¼ cos2 p
4
þ j

p
4

sin 2pfRðt � tdÞð Þ
� �

: ð10Þ

The retardation amplitudes d1 = jp and d1 = jp/2 are

used in Eqs. 9 and 10, respectively. The time td is the delay

time between the center of the Q-switch window and the

center of the SCPEM window. j represents the relative

retardation amplitude in relation to the optimal retardation

amplitude. It can vary during laser operation up to ±10 %;

however, it can be stabilized by a feedback loop within

±0.5 %. Relative retardation amplitude j = 1 means that

the retardation amplitude d1 for the case without k/4-plate

and case with k/4-plate is exactly p and p/2, respectively. A

similar set of equations can be obtained for the transmission

of channel 2 which corresponds to transmission between

perpendicular polarizers and therefore the polarization has

to be rotated for 90� to have maximum transmission.

Figure 2 shows the transmission curves of the SCPEM

for the four cases: without or with k/4-plate, both for

channel 1 or channel 2 (i.e., transmission and reflective

mode). Figure 2a and b corresponds to the example without

k/4-plate and show the transmission for channel 1 and

channel 2, respectively. They show a highly asymmetric

response for the two channels. Channel 2 has a signifi-

cantly broader transmission window in comparison to

channel 1. The high sensitivity to a potential deviation

from the optimal retardation amplitude of (i.e., j = 0.7 and

1.3) that leads to a relative high deviation of the trans-

mission is further significant. The transmission at the centre

of the transmission window of channel 2 drops by 21 %.

However, there is only a small effect on the transmission

window of channel 1: the width of the window slightly

changes. It turns out that this effect has no measurable

influence on the laser behavior.

Figure 2c and d shows the situation with a k/4-plate and

represents the transmission of channel 1 (c) and channel 2

(d) showing completely symmetric response. Further the

same relative deviation from the retardation amplitude as

mentioned above (i.e., j = 0.7 and 1.3) has much smaller

effect on transmission (drop of 5.5 %) and the effect is the

same for both channels. Furthermore, the switching frequency

is by a factor 2 smaller than in the case without retarder.

The overall transmission of one single channel depends

on the SCPEM and on the AOM. They must be precisely

synchronized to Q-switch each laser channel. The principle

of operation can be explained as follows. As previously

mentioned, the SCPEM alternately selects channel 1 and 2,

however, only when the AOM is simultaneously open the

selected channel is in a transmission state and emits a laser

pulse. The repetition rate is therefore still controlled by the

AOM as in the original single channel version. However,

due to the fixed frequency of the SCPEM, only discrete

values of the output repetition rate are possible. The

available repetition rates are f = 4fR/(2n - 1) without k/4

plate and half of that f = 2fR/(2n - 1) with the plate,

where n is a positive integer. With fR = 177.2 kHz these

useful repetition rates for micro-processing (approx. range

50–250 kHz) are: 236, 142, 101, 79, 64, 55, and 118, 71,

51 kHz for the setup without or with retarder, respectively.

Figure 3 shows the resulting overall transmission for

channel 1 for three different retardation amplitudes. It is

Fig. 1 Basic layout of the laser

as modeled by the numerical

calculation (a). Scheme of the

dual channel setup based on a

diode-pumped Nd:YVO4-laser

(b)
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clear that a deviation from ideal retardation (j = 1) of the

SCPEM modulator leads to a lower total transmission.

Consequently, the resonator exhibits higher loss and the

output power is decreased. However, in case of higher

retardation amplitude (j[ 1) the effect can be compen-

sated by changing the delay between the SCPEM and the

AOM Q-switch.

4 Results and discussion

In order to adapt the theoretical model to the measurements

we used two parameters: the overlap of the pumping beam

with the signal beam and the losses inside the resonator

(mainly due to the insertion of additional optical elements

needed for channel switching). With the values given

Fig. 2 The SCPEM can operate without (graph a and b) or with

(graph c and d) the k/4-plate. The graphs on the left (a and c) and on

the right (b and d) show the transmission curve for channel 1 and

channel 2, respectively. The solid line represents transmission in the

case of the ideal retardation amplitude (j = 1). The dotted and

dashed line corresponds to a deviation of -30 and ?30 % (i.e.,

j = 0.7 or j = 1.3) from the ideal retardation amplitude,

respectively

Fig. 3 Transmission of the

combination of AOM-Q-switch

and SCPEM for the case

without k/4 wave plate

(d0 = 0). The upper graphs

represent the AOM-

transmission. The middle row

shows the SCPEM transmission

for channel 1 for three different

retardation amplitudes:

d1 = 0.7p, p, and 1.3p. The

lower row of graphs represents

the resulting transmission of

both
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below a reasonable agreement regarding average output

power was observed.

• From fitting in our theoretical model we get 78 %

overlap between pumping light and laser light, which fit

well to the geometrical estimation (*80 %).

• Losses in the resonator (channel 2):

a. 5.0 % for all losses ? SCPEM without k/4

retarder,

b. 6.5 % for all losses ? SCPEM with k/4 retarder.

The losses for channel 1 are approximately 2 %

higher, mainly due to higher losses on the thin film

polarizer 1 which for this channel operates in transmis-

sion mode in comparison with channel 2 operating in

reflective mode.

The dependence of the average power on relative

retardation obtained from the measurement and from the

theoretical model is presented in Fig. 4 (no k/4-plate)

and Fig. 5 (with k/4-plate). For the case without k/4-

plate only data for channel 2 are shown because we did

not observe any measurable dependence on retardation

amplitude for channel 1. It can be explained by the fact

that the SCPEM transmission window for this channel

shows almost no dependence on retardation amplitude as

it is clear from Fig. 2a. However, the output power of

channel 1 is approximately 0.5 W lower in comparison

with channel 2 due to higher loss. From the theoretical

curve one can estimate the operating window, within

which the output power does not decrease more than

5 %, that roughly corresponds to the relative change of

the retardation amplitude of ±10 %. These numbers do

not represent limits for short-term stability, but should be

considered as an effect due to aging or for example

batch to batch difference during potential production.

Results for the setup with k/4-plate are shown in

Fig. 5. In this case, due to symmetric transmission

curves of the modulator (Fig. 2c, d) also the curves for

average output power for channel 1 and 2 are similar.

However, the average power of channel 1 is slightly

lower in comparison to channel 2 due to higher losses.

The operating window is in this case much broader and

corresponds to a relative change of the retardation

amplitude of approximately ±20 %. This is expected as

in this case half of retardation amplitude necessary for

polarization rotation comes from the k/4-retarder and

only half came from the modulator. Consequently, this

configuration is less sensitive to a relative change of

modulator retardation.

In general, one can conclude that in both cases the setup

is relatively robust allowing a relatively broad operating

Fig. 4 Dependence of average power on relative retardation

amplitude and operating window for the setup without k/4-plate for

channel 2. There is no dependence on retardation amplitude for the

channel 1 (see text). We estimate the error of the measurement to

4–5 %

Fig. 5 Dependence of average power on relative retardation amplitude and operating window for the setup with k/4-plate. The average power of

channel 2 (a) is slightly higher in comparison to channel 1 (b) due to lower losses
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window. The setup with k/4-plate seems to be more robust

not only due to the wider operating window, but also due to

lower retardation amplitude required for operation (lower

driving voltage!). On the other hand, it needs an additional

optical element and consequently exhibits higher losses

that lead to slightly lower output power (4 %).

The operating window and therefore the robustness of the

system can be further increased by a precise temporal syn-

chronization of the Q-switch pulse and modulator driving

signal. In the case when the retardation amplitude is too low

or too high the total transmission determined by modulator

and Q-switch is decreased (see Fig. 3). As already shown it

results in decreased output power. However, if the retarda-

tion is too high it is still possible to regain the power by

delaying the Q-switch pulse in respect to modulator wave-

form. The effect of the Q-switch pulse delay on laser pulse

build up and output power is presented in Fig. 6 for the case

with k/4-plate and the relative retardation amplitude

j = 1.24. The lower graph shows the relation between

output power and time delay. A delay td = 0 corresponds to

the reference point for ideal retardation amplitude (j = 1.0

and consequently d(t) = p) and perfect synchronizations of

the electrical control signals of SCPEM and AOM.

Figure 6a, b and c represents the pulse built up for

three typical delays from Fig. 6d for a relative retarda-

tion amplitude j = 1.24 and for the case with k/4-plate.

Figure 6a shows the case when the Q-switch pulse

appears too early (delay of -0.80 ls) with respect to the

modulator waveform, hence before the modulator reaches

its maximum transmission. Due to higher losses at the

beginning of the Q-switch the laser pulse appears at the

end of the Q-switch window (or pulse) and the output

power is decreased. Figure 6b shows the position of a

pulse when it is aligned with the retardation dip (delay

0 ls). Due to decreased transmission at the center of the

modulator pulse the output power is decreased, too.

Finally, Fig. 6c shows an example where the Q-switch

pulse is aligned with one modulator transmission maxi-

mum (delay of ?0.53 ls). In this case, the output power

is maximum for the given relative retardation and is

almost equal to the value of the optimal condition

(j = 1, td = 0). Of course the output power can be

regained only in the case when relative retardation is

j[ 1. An overview of the maximum output power for

few selected relative retardation amplitudes is given in

Tables 2 and 3 for the setup without and with k/4-plate,

Fig. 6 Dependence of average

power on the delay of Q-switch

for relative retardation j = 1.24

(graph d). The upper three

graphs a, b and c represent three

typical points from the main

graph (d) (see text). The upper

three graphs are numerical

simulations

Table 2 Output power for td = 0 and maximum output power for few selected relative retardation amplitudes j for the setup without k/4-plate

for reflection mode (channel 2)

J Model Measurement

Pavg(td = 0) (W) Pavg(td) (W) td (ls) Pavg(td = 0) (W) Pavg(td) (W) td (ls)

No k/4 plate—reflection mode 0.98 10.32 10.32 0.0 9.97 9.97 0.0

1.06 10.18 10.29 0.29 10.3 10.3 0.0

1.09 9.95 10.25 0.29 10.0 10.3 0.34

1.26 7.61 10.02 0.58 7.6 10.2 0.54

The time delay required to obtain maximum power is also indicated
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respectively, for the repetition rate of 118 kHz. The time

delay required to obtain maximum power is also

indicated.

However, it should be mentioned that for the setup

without k/4-plate due to asymmetry of the channels only

pulses from one channel have to be delayed. It results in a

non-uniform pulse distribution in time domain what could

be an obstacle for some specific applications (e.g., thin film

processing). On the other hand, for the setup with k/4-plate

due to channel symmetry the pulses still remain uniformly

distributed. There is also no significant difference in pulse

widths for all cases presented in the Tables 2 and 3.

However, our model predicts slightly shorter widths

(39–41 ns) in comparison to ones obtained from the mea-

surement (43 ± 2 ns).

5 Conclusion

We have demonstrated a numerical simulation and exper-

imental study of a dual channel laser. The study focused on

the potentially unwanted effects of the retardation error of

the multiplexing element and its potential influence on the

output power of the laser. The possible configurations are

presented with and without an additional k/4-plate. We

have shown that with a k/4-plate the system is less sensi-

tive to the relative change of the modulator retardation;

however, the additional element in the resonator makes it

more complex and increases losses. Therefore, the opera-

tional window is larger but in general the output power is

slightly lower. We have also shown that the operational

window can be further increased by changing the delay

time between the AOM-Q-switch and the SCPEM-time-

multiplexer driving signal.
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