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(57) ABS TRAC ’I 

An electro-optic Q-switch for generating sequence of laser 
pulses was disclosed. The Q-switch comprises a quadratic 
electro-optic material and is connected with an electronic 
unit generating a radio frequency wave with positive and 
negative pulses alternatively. The Q-switch is controlled by 
the radio frequency wave in such a way that laser pulse is 
generated when the radio frequency wave changes its polar- 
ity 
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ELECTRO-OPTIC Q-SWITCH 
2 

SUMMARY OF THE INVENTION 

STATEMENT OF GOVERNMENTAL INTEREST One aspect of the invention is to form an EO Q-switch by 
means of an electric voltage controlled quadratic electro- 

This invention was made with Government support under 5 optic materials, such as La doped PMN-PT. 
contract no. NAS1-03035 awarded by NASA. The govem- In another aspect, the current invention includes a 
ment has certain rights in this invention. Q-switch that has a PRF of up to 200 KHz and Q-switching 

control voltage lower than 1OOV. 
In yet another aspect of the invention is that the Q-switch 

i o  is driven by a RF control voltage with both positive and 
1. Technical Field negative pulses to produce laser pulses with doubled PRF. 
ne present invention relates to generate laser pulse trains Additional features and advantages of the invention will 

using a ~ - ~ ~ i ~ ~ h  in a continuous~y pumped laser, particular be set forth in the detailed description which follows, and in 
to generate laser pulse trains in a continuously pumped laser part apparent to those &‘led in the art from 
using a ~ - ~ ~ i ~ ~ h  made by a quadratic e~ectro-optic material 15 that description or recognized by practicing the invention as 
and driven by a dual-polarity radio frequency (RF) control described herein, including the detailed description which 
signal. follows, the claims, as well as the appended drawings. 

It is to be understood that both the foregoing general 
description and the following detailed description present 

20 embodiments of the invention, and are intended to provide 
an overview or framework for understanding the nature and 
character of the invention as it is claimed. The accompany- 
ing drawings are included to provide a further understanding 
of the invention, and are incorporated into and constitute a 

25 part of this specification. The drawings illustrate various 
embodiments of the invention, and together with the 
description serve to explain the principles and operations of 
the invention. 

BACKGROUND OF THE INVENTION 

be 

2. Technical Background 
Among the methods to generate laser pulse trains, 

Q-switching is one of the most common schemes. In this 
scheme, the continuously pumped laser output is turned off 
by increasing the resonator loss (spoiling the resonator 
quality factor Q) periodically with the help of a modulated 
loss inside the resonant cavity. The Q-switching is a loss 
switching. Because the pump continues to deliver constant 
power at all time, energy is stored in the atoms in the form 
of an accumulated population inversion during the off (high- 
loss)-times. When the losses are reduced during the on- 

BRIEF DESCRIPTION OF THE DRAWINGS times, the large accumulated population is released, gener- 
ating intense (usually short) pulses of light. 30 

Several methods were used to Q-switch the laser pulses. 
A passive Q-switch, such as a saturable-absorber Q-switch 

absorbing material that saturates when the gain inside the 35 
cavity exceeds a certain level, at which time the laser begins 
oscillating. The dye then quickly drops below its saturation 
level and oscillation stops. The process automatically 
repeats to produce successive laser output pulses without the 

are widely used because they are simple, but they have 
significant limitations, such as pulse-by-pulse amplitude 
fluctuation and no control over frequency of Q-switching Or 
output pulse width. invention. 

One example is an electro-oPtic (EO) EO 
crystal, mainly KDP or LiNbO, crystal which becomes 
birefringent when subjected to high electric voltage to create 
a cavity loss. Although this Q-switching technique is fast 
and precise, thus providing control over the peak output 5o 
pulse width independent of output pulse frequency, it has 
some disadvantages. Because of the small EO coefficient laser 10 illustrated in FIG, 1~ has a conven- 
associated with the materials, the radio frequency (RF) tional active ~ - ~ ~ i t ~ h  12 that is driven by a 
control voltage is high, usually in the kilovolts range, a very high-power switch control driver 14. The Q-switch includes 
high Power Source and a mean of high voltage isolation are 55 acousto-optic (AO), electro-optic (EO) and magneto-optic 
needed. It is difficult to generate laser pulse trains with very (MO) switching device, 
high pulse repetition frequency (PRF). A common prior-art method of operating Q-switch 12 to 

The other approach of Q-switching is an acousto-optic deliver a sequence of pulses from laser 10 is schematically 
(AO) Q-switch. A 0  Q-switching techniques use an acousto- illustrated by timing-diagrams in FIGS. 1B and 1C. FIG. 1C 
optic ~odula tor  to Produce an RF acoustic wave in Order to 60 depicts first and second sequential pulses 101 and 102 in a 
Bragg-diffract the light out of the cavity. This technique is sequence of such pulses that may number in tens or bun- 
simple and operates well at MHz PRF, but with the fixed or dreds. FIG. 1B depicts the Q-switch operation that provides 
discrete frequency. the pulse. The RF level required to close the Q-switch, or 

Although there have been many advances in the field of high loss status, is designated 1, with a level 0 indicating that 
Q-switching, there is still a need for a Q-switching technique 65 the Q-switch is open, or low loss status. The Q-switch is 
that has high PRF at desired frequency, low control voltage, maintained in a “normally-closed” condition (line 111). The 
compact size and low in cost. Q-switch is then opened as indicated (line 113) allowing the 

FIGS, 1 ~ ,  1~ and 1c schematically illustrate a 
of an EO Q-switched laser, and timing-diagrams for oper- 

FIG, 2 is a schematic diagram illustrating of the 
Q-switched diode pumped solid-state laser using a ~ - ~ ~ i ~ ~ h  
in 

FIGS, 3A, 3B and 3 c  are timing-diagrams schematically 
illustrating a ~ - ~ ~ i t ~ h i ~ ~  method in with the 

generate the laser pulses, 
FIG. 4 is a perspective view illustrating an embodiment of 

the Q-switch 22 of FIG. 2 in accordance with the present 

FIGS, 5~ and 5~ are measured characteristics of the 
Q-switching method in accordance with the present inven- 
tion, 

(also known as a dYe-ce11 Q-switch) Some form of light sting the Q-switch to generate the laser pulses. 

with the present invention, 

need for any external energy Or Control. Passive @witches 40 present invention for operation the Q-switch of FIG. 2 to 

The active Q-switches exhibit much stable performance. 45 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 
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delivery of pulse 101. Pulse 101 occurs as a result of energy negative or positive voltage to the material, it create the 
being stored in the gain-medium because of continuous same phase shift. When the applied voltage is changed from 
pumping without extraction of laser radiation. The switching negative to positive, the phase shift reaches a minimum. 
time for opening the Q-switch, i e., the time taken to With the driving voltage increasing negatively, the induced 
transition from 0 to 1 in FIG. lB,  depends on the capability 5 phase shift increases and the cavity loss increases as well. 
of the RF driver 14, and is on the order of 10 nanoseconds When the control voltage approaches to -V,,, (FIG. 3A line 
(ns). The laser pulse-width T3 is in a range from a few 313), the cavity loss is high (line 323) and the laser is turned 
nanosecond to hundreds of nanoseconds, depending on the off. 
resonator configuration, the gain-medium, pump power and The Q-switch is then opened again when the driving 
pump configuration. The Q-switch is then closed (line 115) i o  voltage changing its polarity from negative to positive (line 
to prevent further delivery of laser radiation, thereby return- 314) across the zero line 310, the cavity loss is low (FIG. 3B 
ing the Q-switch to the normally-closed condition after the line 324) and second pulse 334 is generated. The Q-switch 
pulse is delivered (line 121). The Q-switch is then opened is then total closed again (line 315) and the cavity loss is 
again (line 123), after a time T1 following the previous high (line 325). The next pulse 336 is generated when the RF 
opening, to allow delivery of pulse 102. The Q-switch is 15 driving voltage 316 crossing the zero line 310 and reaching 
then closed (line 125) after delivery of the pulse and the low cavity loss 326 after T1 time interval. The repetition 
maintained in the normally-closed condition (line 131). This rate PRF of pulses in the sequence is 21T1, twice as that of 
procedure is repeated until delivery of the remaining pulses the prior art. With a RF signal of T1=2 microseconds (ps), 
in the sequence is complete. The repetition rate PRF of or a frequency of 500 KHz, the output laser pulse train will 
pulses in the sequence is l1T1. 20 have a PRF of 1 MHz. 

For an EO Q-switch, the laser beam inside the laser The pulse widths T3 of 332,334 and 336 can be varied by 
resonant cavity should be polarized and the on-off switching adjusting the driving voltage slopes 312, 314 and 316, 
is realized via voltage induced phase shift of the EO ele- respectively. 
ments. In a laser system with unpolarized light, a polarizer (not 

FIG. 2 illustrates schematically a solid-state laser 20 25 shown in here), such as PolarCorB polarizer from Corning 
comprising an laser crystal 21, such as NdWO,,  pumped Inc. (Coming, N.Y.), can be attached in front of the EO 
by a source 27 comprising diode lasers and coupled into the element with 45” aligned to the optical axis of the EO 
laser crystal 21 through a optic focusing elements 28, and an element. 
EO Q-switch 22 inside a typical laser cavity defined by A frequency-doubling crystal 26, such as KTP, can be 
mirrors 24 and 25. A RF Q-switch driver 23 with dual- 30 further incorporated into the laser cavity to produce fre- 
polarity was used to drive the Q-switch 22. The Q-switch 22 quency doubled laser beam pulses. 
comprises an EO element 222 with quadratic EO coefficient The general requirement for the EO element 222 for use 
and a pair of electrodes 224. The optical axis of EO element as Q-switch is that, when a voltage is applied, a phase shift 
222 is 45” aligned to the c-axis 212 of the Nd:WO,. of x12 is produced per trip of the laser beam. Also the 

When no voltage is applied to the electrodes 224 of the 35 material is isotropic with no voltage applied, there is no 
Q-switch 22, The vertically (c axis 212 of YAG) polarized residual birefringence to cause the initial phase shift of the 
emission passes the Q-switch undisturbed, and the laser is laser beam. Preferably, the material has a high electro-optic 
“on”. When a voltage is applied, the induced birefringence coefficient in order to reduce operating voltages to less than 
equals -0.5n3RE2, where n is the refractive index, R is the 500 volts. Also, the material has a quadratic EO coefficient 
quadratic EO coefficient and E is the electric field generated 40 to take advantage of the inventive Q-switching driving 
by the applied voltage V across the EO element 222. When method. Preferably, the mechanical characteristics allow 
the induced birefringence adds a x phase shift onto the formation of a bar or plate for use as the electrode. Of 
passing emission (two passes per round trip with x12 phase course, the material must be transparent at the wavelength of 
shift), the polarization of the emission rotates to horizontal interest, e.g., between 500 nm and 1700 nm for most of the 
direction when it comes back to the laser crystal, experi- 45 laser applications. 
encing zero amplification, or have a maximum loss, and the These requirements are satisfied by a class of ferroelectric 
laser is “off’. complex oxides which 1) are optically isotropic with no 

A preferred embodiment of the inventive method of voltage applied; 2) have a Curie temperature less than about 
operating Q-switch 22 to deliver a sequence of pulses from 490” C., so that electro-optic coefficients are high near room 
laser 20, is schematically illustrated by timing-diagrams 3A, 50 temperature; 3) have a diffusive phase transition, so that the 
3B and 3C. A dual-polarity quasi-square wave RF driving temperature dependence of the electro-optic coefficients is 
voltage with alternate positive and negative pulses of ampli- lessened; and 4) which are not permanently poled by mod- 
tude of V,,, and a time period of T1 is used to drive the erate electric fields since materials with a low Curie tem- 
Q-switch (FIG. 3A), where V,,, is the voltage required for perature that become permanently poled are less stable. 
the EO element 222 to produce a d 2  phase shift. Here, 55 Example material systems include lanthanum modified solid 
initially, Q-switch 22 is being maintained in a “normally- solution of lead manganese niobate and lead tantalate (La: 
closed” condition with a high cavity loss (see FIG. 3B line PMN-PT, or PLMNT), lanthanum modified lead zirconate 
321) at driving voltage V,,, (FIG. 3A line 311). Total x titanate (PLZT), and lanthanum modified solid solution of 
phase shift is added on the emission per round trip. As the lead zinc niobate and lead tantalate (La:PZN-PT, or 
applied voltage decreasing (line 312), the induced phase 60 PLZNT). These materials are available from Coming Inc. 
shift is decreased. The emission gain is increased and the (Corning, N.Y.) and Boston Applied Technologies, Inc. 
cavity loss is reduced. When the RF voltage reduces to zero, (Woburn, Mass.), referenced as OptoCeramicB materials. 
the cavity loss is at the lowest point 322 (FIG. 3B). The The preferred OptoCeramicB material is PLMNT with a 
Q-switch is turned on before the voltage reaches zero line nominal 3.5175125 LaiPMNiPT composition. For reference 
310 when the emission gain is greater than the cavity loss 65 purposes no@nal values for this PLMNT are ~ 2 . 4 8  and 
and a short pulses 332 is produced. The preferred EO R ~ f J . 5 ~ 1 0  m2N2 at 1.06 pm and ~ 2 . 4 5 8  and R=6.86x 
element 222 is a quadratic material, i.e. when applied either 10 m2N2 at 1.55 pn, both at 23” C. PLMNT has a 
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polycrystalline structure with crystal sizes ranging from 
about 5 to 20 microns. In the form of hot-pressed ceramics, 
it is optically isotropic and exhibits little birefringence with 
zero applied voltage. 

Another preferred OptoCeramicB material is PLZT with 5 
a nominal 9.75165135 LdPbiZr composition. It is also com- 
mercially available as hot pressed ceramic plates from Alpha 
Ceramics (Minneapolis, Minn.). 

An electrode geometry of the Q-switch which takes 
advantage of these materials is illustrated by the transverse 
field configuration illustrated in FIG. 4 where the electrodes 
224 of FIG. 2 are illustrated as a pair of metallized electrodes 
42 and 44. Aplate 40, for use as the EO Q-switch 22 of FIG. 
2, is shown which has thin metallized electrodes 42 and 44 
on the both sides, respectively, of a block section 46 of EO 
material. The electrodes 42 and 44 are shown connected to 

to the direction of light propagation. Since the effect is based 
on the electric field in the material, it is desirable to arrange 
the electrodes as close together as possible to minimize the 
control voltage. The optical axis of the EO element is 20 tion frequency UP to 1 MHz. 
perpendicular to the electric field. 

a continuous optical pump radiation source whose pump 
radiation is coupled through said coupling elements in 
said laser gain medium; 

a quadratic electro-optic Q-switch mounted in said laser 
cavity, wherein the Q-switch comprises a La modified 
PMN-PT material; 

said Q-switch being connected with an electronic unit 
generating a radio frequency wave with positive and 
negative pulses alternatively; and 

said Q-switch being controlled by the radio frequency 
wave in such a way that laser pulse is generated when 
the radio frequency wave changes its polarity. 

2, The Q-switch defined in claim further comprises La 

3. The laser apparatus in claim 1 wherein said La modified 
modified PMN-PT with the composition of 3,5175125, 

15 

a RF driving voltage, The electric field (designated E) is 900 PMN-PT Operates at a Of 500 
Or less. 

4. The laser apparatus in claim 1 wherein said La modified 
PMN-PT electro-oPtic Q-switch operates at a Pulse rePeti- 

5. The laser apparatus in claim 1 wherein said La modified 
PMN-PT electro-optic Q-switch operates at a laser wave- 
length from 530 nm to 3000 nm. 

6. The laser apparatus in claim 1 wherein said La modified 
The PLMNT plate with metallized electrodes has dimen- 25 PMN-PT electro-optic Q-switch comprises a plate with a 

width (w) of about 0.4-3 mm, a thickness (t) of about 1.30-3 
mm, and a length (1) of about 1 .O-3.0 mm; the plate having 
electrodes for applying an operating voltage less than 500 
volts, 

7. Q-switch laser apparatus to deliver a sequence of laser 
pulses comprising: 

a laser cavity having a pair of reflective surfaces; 
a laser gain medium mounted in said laser cavity; 
optic coupling elements; 

EXAMPLE 

sions where the width (w) between the electrodes is about 
0.5 111111, a thickness (t) of about 1.38 111111, and a length (1) 
of about 2 mm. Such a dimensioned PLMNT Plate has an 
insertion loss of about 0.1 dB and Q-switching voltage of 
lOOV for a 1.06 pm wavelength laser at 23" C. 

It will be understood that the particular geometry 
described is an example and that other device geometries 
can be used. Different dimensions of w and t can be selected 
to provide the same x round trip phase shift with different 

dimensions of a width (w) of about 0.4-3 mm, a thickness 
(t) of about 1.30-3 mm, and a length (1) of about 1.0-3.0 

ne present inventive ~ - ~ ~ i ~ ~ k ~ ~  method was tested 
using the diode pumped solid state laser setup as shown in 
FIG. 2, with a PLMNT Q-switch with aforementioned 40 
composition and dimensions. The result is shown in FIG. 
5A. A quasi-square wave with +200V output was built and 
used to drive the Q-switch. The voltage need to Q-switch the 
laser beam is about lOOV (line 502). The sequence of laser 
pulses were measured using a model 1801 high-speed pho- 45 
toreceiver from New Focus of San Jose, Calif. Amodel TDS 
210 60 MHz oscilloscope from Tektronix of Beaverton, 
Oreg., was used to record the traces. Laser pulse trains 504 
were produced when the RF driving voltage 502 changes the 
polarity. 

Referred in FIG. 5B is laser pulse trains 512 with PRF of 
200 KHz generated with the Q-switch. 

Although particular embodiments of the invention have 
been described and illustrated herein, it is recognized that 
modifications and variations may readily occur to those 
skilled in the art. For example, the RF driving signal can 
have positive and negative pulses with different frequency, 

in FIG.3A. The RF signal can also be in the different wave 
shape, such as sinusoidal or triangle waves. The suitable 
laser cavity could be in the form of fiber laser. 

30 

switching The Other preferred PLMNT plate has 35 a continuous optical pump radiation whose pump 
radiation is coupled through said coupling elements in 
said laser gain medium; 

a quadratic electro-optic Q-switch mounted in said laser 
cavity, wherein the Q-switch comprises a La modified 
PMN-PTmaterial; 

said Q-switch being connected with an electronic unit 
generating a radio frequency wave with positive and 
negative pulses alternatively; 

said Q-switch being controlled by the radio frequency 
wave in such a way that laser pulse is generated when 
the radio frequency wave changes its polarity; and 

mm. 

a polarizer mounted to said Q-switch. 
8, A 

a laser cavity having a pair of reflective surfaces; 
a laser gain medium mounted in said laser cavity; 
a frequency doubling KTP mounted in said laser cavity; 
optic coupling elements; 
a continuous optical pump radiation whose pump 

radiation is coupled through said coupling elements in 
said laser gain medium; 

cavity, wherein the Q-switch comprises a La modified 
PMN-PT material; 

said Q-switch being connected with an electronic unit 
generating a radio frequency wave with positive and 
negative pulses alternatively; and 

said Q-switch being controlled by the radio frequency 
wave in such a way that laser pulse is generated when 
the radio frequency wave changes its polarity. 

laser apparatus to deliver a sequence of 
laser pulses comprising: 

50 

55  

or have zero voltage level while it crosses the zero line 310 a quadratic Q-switch mounted in said laser 

60 

What is claimed is: 
1. A @witch laser apparatus to deliver a sequence of 

laser pulses comprising: 
a laser cavity formed by a pair of reflective surfaces; 
a laser gain medium mounted in said laser cavity; 

6 5  

optic coupling elements; * * * * *  


