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INTRODUCTION 
 
 
Q-switching is one of the techniques to generate high pulse power.  
By modulating and alternately the optical resonant cavity losses, 
the Q-factor that defined as the ratio of the energy stored in cavity 
to energy loss per cycle could be modulated in order to increase 
pulse power. Usually, by using this technique, a few nanoseconds 
the pulse duration pulse could be obtained.   

The flashlamp light is designed to emit the light in duration of 
100 to 200 microseconds. During this period, the inversion popu-
lation is increase dramatically due to the flashlamp pulse as a 
pumped source. Toward the end of the flashlamp pulse, the inver-
sion population of crystal reaches maximum value and losses of 
cavity do not change at this moment. Without Q-switching pro-
cess, the inversion population will decrease slowly and the cavity 
losses are zero as the result the laser pulses emitted in range of 200 
microsecond. Meanwhile, in Q-switch process, the cavity losses 
are modulated to be zero dramatically. Consequence the inversion 
population will decrease suddenly and the short pulse as a few 
nanoseconds could be emitted from laser cavity. The key of this 
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technique is the right timing of open and close of light in the 
cavity. 

 
 
 
 

Quarter-wave Voltage 
 
 
In the electro-optic Q-switching technique, there are two interested 
voltages; quarter-wave voltage and half-wave voltage [1,2]. In this 
particular work, the quarter-wave operation mode has been chosen 
to Q-switch the Nd:YAG laser system. The quarter-wave voltage 
for KD*P crystal is in range of 2.9- 3.4 kV [1]. The Figure 8.1 
shows the quarter-wave operation configuration.  

The quarter wave configuration is the most economical, in 
terms of number of components used, and simplest arrangement 
for Q-switching with an electro-optic Q-switch [2]. The configure-
tion employs a Q-switch and a single polarizer. Quarter-wave volt-
age must be applied continuously to prevent lasing. The voltage is 
switched to zero during the time the Q-switched pulse is to be 
generated. This configuration minimizes the DC high voltage level 
required for efficient Q-switching. It also permits operation of the 
laser in its conventional, non-Q-switched mode by simply remov-
ing high voltage from the Q-switch. 

In this particular work, a KDP crystal is employed as the Poc-
kels cell and a thin film polarizer is used to polarize the beam. A 
Pockels cell driver is designed to control Q-switch operation in the 
Nd:YAG laser system. The next subtopic will discuss the develop-
ment of Pockels cell driver. After that, the discussion will continue 
with characterization of Pockels cell driver and characterization of 
developed Q-switched Nd:YAG laser. 
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Figure 8.1: Quarter-wave configuration: DC quarter voltage is applied 
to prevent lasing. Voltage is then switched to zero volts to generate the 
Q-switched output laser: M1-100% reflective mirror, M2 – Output 
coupler mirror, EOQS-Electro-optics Q-switch and Polarizer- thin film 
polarizer [2] 
 
 

 
 

Pockels Cell Driver 
 
 
Pockels cell driver is used to electrify the electro-optics crystal 
and switch to zero at appropriate times.  The voltage supplied is 
depending on the mode of Q-switch operation either quarter-wave 
voltage or half-wave voltage. This operation requires fast switch-
ing of voltage in the mutli-kilovolt regions.  The diver for Pockels 
cell must be a high speed, high-voltage switch that also must 
deliver a sizeable current [3]. 

In order get the high speed switching, high-voltage planar 
triode was used to driver Pockels cell [4]. Furthermore, Fulkerson 
et al (1997) employed two high voltage power supplies maximum 
potential of 5 kV each and a series avalanche transistors (ZTX 
417) were used to drive their Pockels cell. Dharmadhikari et al 
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(1998) was developed a low cost Pockels cell driver to Q-switch-
ing flashlamp pump pulsed solid state lasers [5]. Their driver 
consists of a high voltage power supply variable 0 to 5 kV and a 
series of low cost avalanche mode transistor to switch high 
voltage. Jinyuan et al (1998) also used a low cost avalanche tran-
sistor (2N5551) to switch high voltage in a range of 200-300 ps 
[6]. Instead using high voltage planar triode and avalanche tran-
sistor, MOSFET technology also used a high speed switching [7]. 

In this work, a high speed switching Pockels driver has been 
developed to Q-switch the Nd:YAG laser. This Pockels driver 
generally, consists of three main parts as shown in Figure 8.2. The 
first part is a variable high voltage (HV) DC power supply; the 
second part is the fast high voltage switcher and finally the delay 
unit or control unit. The HV DC power supply is designed to 
supply the Pockels cell crystal with DC voltage up to 4 kV. After 
appropriate delay time, this voltage will quickly switch to ground 
level by using series avalanche switcher which controlled by delay 
unit. Typically, the high voltage will switch to ground level in a 
few nanoseconds. The next subtopic will discuss in detail the 
development of Pockels cell driver.  
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Figure 8.2: The schematics diagram of Pockels cell driver. 
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Variable HV DC power supply 
 
 
In order to electrify the KDP crystal, a variable high voltage DC 
power supply is designed. For convenience, the HV DC power 
supply is divided into two parts. The first part is MOSFET driver 
which consist of a timer 555 and comparator of LM339. The 
second part consists of a standard transformer, series of capacitor 
and diode as the voltage regulator. This power supply is designed 
by using common electronic components in order to reduce cost 
and reliability.  

The MOSFET driver consists of a timer 555, a comparator 
LM339, a couple of n-type transistors 2N3904 and two MOS-
FETs. Timer 555 generates 1.3 kHz square pulse to drive com-
parator LM339. The LM339 comparators two square pulses with 
same frequency to drive the 2N3904 transistor. Both pulses are 
used to drive the power MOSFET that connected to step up 
transformer (CT; 6:230). Consequently, the step up transformer 
produces 230 V at 1.3 kHz frequency. By using voltage multiply 
principle the combination of capacitor and diode are employed to 
regulate the AC pulse up to 4 kV DC. The capacitors and diodes 
are arranged in series. This allows us the multiplication of the 
input AC pulse of 500 VAC several of times.  

This input voltage of 12 volt with 1 A current is required in 
this circuit. The output voltage is measured using high voltage 
probe P6015 coupled to a storage oscilloscope Tektronix TDS 
3054B. The output voltage is connected to comparator via 5 MΩ 
resistors as the negative feedback and voltage controller. 
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High Voltage Fast Switcher  
 
 
The high voltage DC power supply is connected to the second part 
of Pockels cell driver; fast high voltage switch unit through a 10 
MΩ resistors. Fast high voltage switch, comprised of 15 Zetex 
avalanche transistor model ZTX 415 (TO-92). The maximum 
voltage collector-emitter (VCBO) is 260 V [8]. All the transistors 
are connected in series. The output of this circuit is directly 
connected to the Pockels cell via insulated power cable. The series 
avalanche transistor quickly switched the applied voltage to zero 
within 4 nanoseconds times after triggered by signal from delay 
unit.  

In this work, each avalanche transistor’s base is directly 
connected to the emitter except for the trigger transistor.  A pulse 
transformer (1:1) is connected to a transistor for isolation and high 
voltage protection.  The high voltage power supply is connected to 
this circuit via a 2 MΩ resistor to limit the current flow into 
avalanche transistor.  This point also is connected to the Pockels 
cell through the insolated power cable. 

When input pulse triggered the avalanche transistor, the 
collector nears the ground potential; resulting in about 260V 
collectors to emitter voltage across the second transistor.  This 
second transistor is suffering a nondestructive avalanche 
breakdown due to this over voltage.  Consequently, each transistor 
turns on; the next transistor suffers an even greater overvoltage 
resulting in faster rise time.  Finally, the last trigger transistor turns 
on and the high voltage DC will be quickly switched to zero in the 
range of a few nanoseconds that connected to the PC. 
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Delay Unit 
 
 
The delay unit is connected to the pulse transformer in the fast 
high voltage switcher circuit. The delay unit circuit consists of two 
timer 555s which connected to a resistor and a capacitor. This 
circuit can be adjusted for different time delay in the range of 50 
microseconds to 1 millisecond. This delay unit is also connected to 
the flashlamp trigger signal via BC547 transistor. When the flash-
lamp is triggered, the input pulse is generated. The input pulse is 
delayed via a delay unit before trigger the series avalanche tran-
sistor. The optimum delay between flashlamp trigger and high 
voltage switch is important to generate giant pulse of Q-switching. 
Figure 8.3 shows the schematics of delay unit circuit and the elec-
tronic components are listed in Table 8.1. 
 
 
 

 
 

Figure 8.3: The Schematic Diagram of a Delay Unit 
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Table 8.1: List of electronic components for delay unit 
circuit. 

 
No Symbol Value and 

part No. 
Description 

1 U1, U2 LM 555 Timer 555 
2 R1, R2, R3, R4, 

R5 
10 kΩ Resistors 

3 Q1 BC547 NPN transistor 
4 R6 100 Ω Limiting 

resistor 
5 R7 10 k Ω  Variable 

resistor 
6 C3 10 uF capacitor 

 
 
 
 
Characterization of Pockels Cell Driver 
 
 
The high voltage supply into Pockels cell is measured via a 
Tektronix high voltage probe P6015 coupler with Tektronix digital 
oscilloscope (3054B). The bandwidth of the scope is 500 MHz 
with sampling rates of 1 GHz. The typical result obtained for 
characterizing the performance of the HV power supply which is 
load into the Pockels cell inside the Nd:YAG laser cavity is shown 
in Figure 8.4. In Figure 8.4 (a), indicates two electrical signals. 
The bottom signal represents the trigger pulse from delay unit with 
integrated in flashlamp driver. The upper signal represents the 
high voltage switch signal. A DC high voltage of 3.42 kV is 
applied to Pockels cell and it then switch to ground.  



 94

In Figure 8.4 (b), a lower voltage is applied to Pockels cell, 
and it is switched to ground level within 4 ns. The signal then rise 
again within a few microseconds. The piezoelectric effect, in form 
of a damped oscillation or ringing appears after the voltage is 
switched to ground level. This high voltage power supply is 
capable to provide DC voltage up to 4.0 kV. At this particular 
voltage, the fall time of switching is very drastic up to 4 nano-
seconds as shown in the figure. This indicated that the Pockels cell 
driver capable to switch the high voltage DC supplied to zero 
within transient time.  

For safety reason, the high voltage DC power supply is sepa-
rated from the flashlamp driver. An isolated power cable is 
employed to connect the high voltage power supply to the Pockels 
cell. In order to reduce the piezoelectric effect, the shortest power 
cable has been used. All electronic components in this circuit seal 
with plastic glue. From the experiment, the electrical spark may 
occur in circuit after 3 kV if the circuit is not sealed properly. 
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Figure 8.4: High voltage pulse switching in nanoseconds regime, (a) 
input trigger signal and high voltage switching (40.0 us/dev), (b) the 
high voltage switching (4.00 ns/dev). 
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Optimization the Q-switched Nd:YAG Laser 
 
 
In order to optimize the Q-switched laser, the Pockels cell was 
arranged in between the rear mirror and polarizer.  
 
 
Quarter-wave Voltage of Pockels Cell 
 
 
When Pockels cell is supplied a DC voltage, the refraction index is 
changed inside the crystal.  If the light beam enters the crystal with 
l length, the path different and phase different is given. The phase 
different, ϕΔ  is linear function of voltage applied. The phase dif-
ferent is changed by changing applied voltage. The polarizer only 
emits linear polarized. If we consider the quarter-wave retardation, 
when phase different reach π /2, all the light beam are ejected by 
polarizer. This phenomenon will occur if quarter-wave retardation 
voltage is applied to Pockels cell. 

The calculation value of quarter voltage for KDP crystal at 
1064 nm is approximately at 2.9 kV [1]. However Dharmadhikari 
et al [5] applied quarter voltage of 3.5 kV and Hanna et al [9] was 
3.4 kV for the same type of crystal]. Hookabe and Matsuo, [10] 
reported Vλ/2 for KDP crystal cut at 45˚ is around 6.15 kV or 
quarter voltage of 3.7 kV. The electro-optic coefficient of KDP is 
strongly depending on temperature and the quarter voltage at 1064 
nm increases by approximately 80V/˚C with temperature [11]. 

In this particular experiment, the quarter-wave voltage is esti-
mated. The high voltage DC is supplied to Pockels cell and the 
output laser energy is measured using power meter. As mentioned 
earlier, the maximum voltage high voltage DC power supply is 4 
kV. The voltage is varied from 500 V to 4,000 V by increment of 
100 V. For each voltage, the output energy is measured three times 
and the average energy is calculated.  

The data measurements are plotted as shown in Figure 8.5.  
Initially, when 0 V is supplied to Pockels cell, the output energy 
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have maximum value. The output energy slowly drops to mini-
mum value by the increasing of applied voltage. In this experi-
ment, the quarter voltage is obtained in range of 3.2 - 3.6 kV as 
shown in Figure 8.5. When quarter-wave voltage is applied, the 
laser beam experienced 90˚ of rotation after complete round trip.  
Theoretically, the entire beam will be ejected by polarizer and it 
prevents lasing action. In the real experiment, the quarter-wave 
voltage should give us the minimum value of output energy as 
shown in Figure 8.5.  

 
Figure 8.5:  The quarter voltage of KDP crystal 

 
 
Time Delay of High Voltage Switching 
 
 
Time sequence of the generation of a Q-switched pulse laser is an 
important parameter. Toward the end of the flashlamp pulse, when 
the inversion has reached its peak, Q-switch occurs. At this point, 
a photon flux start to build up in the cavity and a Q-switch pulse is 
emitted. The emission of the Q-switched laser pulse does not 
occur until after an appreciable delay between flashlamp pulse and 
Q-switch [1].  
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In this experiment, the time delay is defined as the time 
between trigger signal of flashlamp driver and HV switch. By 
adjusting the RC circuit in delay unit, the time delay between them 
can be easily changed. In order to simplicity, the operation voltage 
of flashlamp driver was set at 650 V and it operates with single 
mode. Figure 8.6 shows the typical signal of HV switch, flashlamp 
trigger signal and laser output signal. The three signals appear are 
measured synchronizely. Each signals displayed at different time 
delay respectively each others. In Figure 8.6 the voltage supplied 
to Pockels cell was set at 2.90 kV with time delay of 103 μs.  

The time delay is manipulated and the output energy is 
measured using powermeter. The result of manipulation is repre-
sented in a graph in Figure 8.7. The output was measured in 
termed of laser energy was plotted against the time delays. From 
the energy distribution as shown in graph (Figure 8.7), the opti-
mum time delay could be obtained (at maximum output energy).  
If the quadratic graph (y = ax2 + bx + c) is considered, the 
maximum value occur at dy/dx = 0. In this experiment, the 
maximum output energy occurs at time delay of 184 μs. This 
means, the optimum time delay for our system is in range of 184 
μs. The range of optimum time delay between flashlamp signal 
and HV switch is from 175 to 193 μs within of 5%. This result has 
a good agreement with other researchers [5]. 
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Figure 8.6: The time delay between flashlamp trigger and fast high 
voltage switch at 103 μs 
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Figure 8.7:  The laser output as a function of delay time 
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Output coupler mirror 
 
 
The optimum mirror reflectivity for Q-switched laser is given as 
[12]; 

⎥
⎦

⎤
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛ −−

−=
z

zzRopt ln
ln1exp δ    (8.1) 

 
where z is dimensionless variable δ/2 0�gz = , and �02g  is the 
small logarithmic small-signal gain and δ is the round-trip resona-
tor loss.  

In order to optimize the Q-switched Nd:YAG laser system, the 
output coupler mirror reflectivity is verified and the laser output is 
measured.  Laser output produced from developed the Q-switch 
Nd:YAG laser was measured using digital power meter. The 
flashlamp driver was set for single mode operation and Q-switch 
voltage was set at 3.32 kV. After the resonator was precisely 
aligns, the output energy of laser was verified and the data was 
recorded. 

The collected data are represented in graph of output energy 
versus operation voltage at different mirror reflectivity of output 
coupler such as shown in Figure 8.8. From the graph, the Q-
switched output energy has maximum output energy at mirror 
reflectivity of 16% while the mirror reflectivity of 90% has the 
lowest output energy. The slope of the graph represents the laser 
efficiency. 

In the graph of Figure 8.8, output energy has linear relation-
ship with voltage operation. The graph equations of each mirrors 
reflectivity are shown on the right side of the graph. From the 
equation, we can conclude that, the slope of the graph is increased 
inversely proportional to the mirror reflectivity. The output coup-
ler mirror with reflectivity of 16% has the highest slope of 0.2716 
and the slope continuously decreases by increasing of the mirror 
reflectivity. The lowest slope occurs at mirror reflectivity of 90%.  
The output energy of Q-switch pulse laser is given as [3,12]; 
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where A is the beam cross section, hv is the photon energy, σ is 
stimulated emission cross section, δ is the round trip loss, and γ  
is one for a four-level laser. From the Eq (8.2) the output energy is 
inversely proportional to the mirror reflectivity. In the Q-switch 
case, the lowest mirror reflectivity causes the high output energy. 

The data measurements are used to plot a graph of output 
energy against mirror reflectivity at different operation voltage as 
shown in Figure 8.9. From this graph, the optimum mirror reflec-
tivity can be estimated. In this experiment, the optimum mirror 
reflectivity is obtained as 16%. At this mirror reflectivity, the 
maximum output energy was 121 mJ and it also has the maximum 
slope of 0.217. Beside that, both of these graphs are useful to laser 
designer in order to produce high power laser. 
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Figure 8.8: The graph of Q-switched laser output energy versus 
operation voltage at different mirror reflectivity 
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Figure 8.9: The graph of output energy versus mirror reflectivity at 
different operation voltage  

 
 

Pulse Duration 
 
 
Theoretically, the pulse duration of Q-switch is in the range of a 
few to about 30 ns [1]. In this experiment, a silicon photodiode, 
BPX 65 coupled with digital oscilloscope were employed to 
measure the pulse duration of Q-switched pulse laser output.  
Typical result of pulse duration signal of Q-switched Nd:YAG 
laser is shown in Figure 8.10. In this experiment the flashlamp 
voltage was set at 650 V with single mode operation. 

In Figure 8.10 (a), there are two signals display on oscillo-
grams. These signals have been captured with 200 μs/ division. 
The upper signal is the signal of high voltage switching and the lo-
wer signal is the optical signal detected by photodiode. The high 
voltage switching signal was measured with aid of high voltage 
probe that also coupled with digital oscilloscope. In this experi-
ment, the DC voltage of 3.2 kV was applied to Pockels cell and it 
is switched to ground level in a few nanoseconds. After the 
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supplied voltage is switched to ground, the optical signal appear 
on the oscilloscope as shown in Figure 8.10 (b). The Pockels cell 
was successfully prevent the free running lasing and produced Q-
switched Nd:YAG pulse laser. 

Figure 8.10 (b) shows the high voltage switching signal and 
laser pulse signal measured with time based of 40 ns /division.  
The Q-switched pulse is emitted after about 80 ns of high voltage 
switched to ground. This pulse signal was detected and measured 
by a photodiode. The pulse duration of developed Q-switched 
Nd:YAG laser is obtained about 24.91 ns. This pulse duration is 
measured based on the full wave half maximum of the pulse.  
With this value of pulse duration, we can conclude that, the 
Pockels cell driver was successfully Q-switch the developed Nd:-
YAG laser. The pulse duration was reduced from 200 us to 24.91 
ns. 

As shown in Figure 8.10 (b), the main Q-switched pulse is 
followed by more pulses of lower amplitude. The second pulse 
occurs in 40 ns after the main pulse. The phenomenon is called as 
postlasing [13]. Postlasing results from piezoelectric effects in the 
electro-optics crystal. The piezoelectric action of the applied 
voltage compressed the crystal, and when the voltage is removed 
the crystal remains compressed for some definite interval time.  
This compression generates a retardation of the optical wave by 
means of a strain-birefringence effect, thus creating a loss in the 
cavity which becomes smaller with time as the compression 
relaxes.  
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Figure 8.10: Typical result of Q-switched laser signal, 
(a) time based 200 us/div, (b) 40 ns/division 

 
 
Beam Spot of Q-switched Laser 
 
 
In order to quantify the developed Q-switched laser, the burn 
paper is used to characterize the beam spot. Figure 8.11 shows the 
result for effect of free running and Q-switched Nd:YAG laser at 
the same operation voltage of 700 V. The Q-switched beam spot is 

(a) 

  (b) 
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taken by applied 3.3 kV to Pockels cell. From the image of beam 
spot (Figure 8.11), obviously, there are two different colors of 
beam spot. The color of free running beam spot is look like gray 
color while the Q-switched Nd:YAG laser beam spot is brown.  
The different colors are due to the effect of different power of 
laser for the interaction with target material. For Q-switched laser, 
a high power interaction effect is considered; more particles on the 
burn paper are removed within a short time. As the result, ener-
getic interaction produced more removal particle associated with 
sound of interaction.  
 
 
 
 
 
 
 
 
 

Figure 8.11: Beam spot on burn paper at 700 V of 
operation voltage (a) free running laser, (b) Q-switched 
Nd:YAG laser. Magnifications of 10 X 

 
 

In order to characterize the beam spot in detail, the line profile 
of the beam spot is measured. Typical line profile for both beam 
spots are shown in Figure 8.12. Obviously, the beam spot of Q-
switched laser is better compared to the free running laser. The Q-
switched laser produces a smooth line profile with average depth-
ness of 110 (A.U). In contrast, the free running laser produced the 
spike line profile with average depthness of 6.5 (A.U). From this 
result, the Pockels cell driver was acted as Q-switch system and it 
has increased the beam quality of Nd:YAG laser beside produced 
a high power laser.  
 

  
(a) (b) 
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(a) (b) 

Figure 8.12: The line profile of beam spot, (a) free running, (b) Q-
switched Nd:YAG laser. 

 
 
Output Energy of Q-switch Voltage 
 
 
The output energy at various operation voltage and Q-switch volt-
age were measured. In this particular case, five of the Q-switch 
voltages were applied to Pockels cell; there are 2.7 kV, 2.9 kV, 3.2 
kV, 3.3 kV and 3.4 kV. The output coupler mirror was set at 16% 
of reflection.  

The data measurements are represented in in Figure 8.13. The 
top line indicates the energy profile with the absence of Q-switch 
voltage or free running. The laser energy is found to be nonlinear-
ly increased with operation voltage. However with presence of Q-
switched pulse the laser energy apparently drops due to the loss 
energy in the nonlinear material and polarizer in the cavity. The 
maximum output of Q-switched Nd:YAG laser is obtained at app-
lied voltage of 2.7 kV with 117 mJ of output energy. 
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Figure 8.13: Output voltage of Q-switched Nd:YAG laser 
versus operation voltage at different Q-switch voltage 

 
 
 
 
SUMMARY 
 
 
In summary the Q-switched Nd:YAG laser was successfully deve-
loped. The developed Pockels cell driver was provide high voltage 
supplied to the electro-optic crystal and this voltage was switched 
to ground in 4 ns by avalanche transistor fast switcher. The time 
delay of switching was controlled by delay unit circuit. The 
optimum delay for developed Q-switch laser was obtained at 184 
us after the flashlamp signal. This Pockels driver used quarter-
wave voltage of retardation that has been estimated in range of 3 
kV. The optimum output coupler was occurred at 16% of reflec-
tion with slope of the graph of 0.217 mJ/V. This system was 
produced a Q-switched Nd:YAG pulse with pulse duration of 
24.91 ns with maximum energy of 117 mJ. The beam spot’s qua-
lity of the Q-switched laser measured by burn paper is better com-
pared to the free-running laser. 
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