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Control of Laser Output

a Many practical applications: Modification or Control

» Frequency Characteristics
« Power output

» Usually carried out using optical accessories.

<+ Laser Beams Modified either

» Inside the resonant cavity by affecting the process of laser
oscillations

 Qutside cavity by passing through a device with variable
transmission.



Optical Devices

Passive devices:

» Prisms and gratings ; do same thing to light always.
Employed for
 Selecting a narrow range of frequencies or

 Tune the laser to operate at different specific frequencies

Active devices:

» Rotating mirrors or optical modulators; do different
things to light at different times.

Employed to

« Concentrate light energy into short time intervals - Pulses



Selecting a Narrow Frequency Range

A. From a Set of Frequencies

= Some lasers emit light at a set of frequencies

» Desirable that a laser oscillates only at a single frequency

For example: He-Ne laser
= Three laser transitions: 3.39 um, 1.15 um & 0.63 pm.

= For many practical applications, required is = He-Ne laser
that emits red light of 0.63 um wavelength.



Simple method of obtaining the desired single frequency consists
In suppressing the other possible oscillations

= Achieved by coating the reflecting mirrors of resonant cavity
with suitable materials; highly reflective at the desired frequency
and absorptive at other frequencies.

> Desired frequency is sustained and amplified through
repeated reflections

> Other frequencies are strongly attenuated.

In case of He-Ne Laser: Mirrors are coated with materials having
- High reflectivity at 0.63 um
- Low reflectivity for 3.39 um and 1.15 um wavelengths



B. From Wide range of Frequencies

Some of the lasers have broad emission lines consisting
of a wide range of frequencies.

* In such cases a single frequency can be selected using a
prism or a diffraction grating, which Is inserted In the
resonant cavity.

= A prism disperses the incident laser beam —
Into components of different frequencies. é

» For a given setting of the prism, only one of the
frequencies retraces its path into the cavity and gets
amplified while other frequencies are lost.




= |n case of diffraction grating, the component which satisfies the
grating equation,

A=2dsin®
reflected back iInto the cavity and the laser oscillates at
wavelength A.

Frequency Tuning using: Mirror (@

a) Prism

@@

b) Diffraction grating I

Mirror (b)

< The laser can be tuned to different frequencies within the
laser emission line by rotating the grating.



Selection of TEM,, and Single Longitudinal Mode

Q Out of the large number of transverse modes, It is often
desired to select only the Fundamental Mode I.e. TEM,,

= Selected by keeping a Circular Aperture in the cavity

= Also by using an Unstable Optical Resonator
» Example is a Confocal Telescopic Resonator

* Yield high coherent beams
= Exhibit high diffraction losses leading to suppression of
high-order transverse modes.

Q Even if the laser oscillates only in its fundamental transverse
mode, there exist a large number of longitudinal modes.



a A simple method of obtaining single longitudinal
mode Is by reducing cavity length

> However, in this method the output power is reduced.
» Single axial mode oscillation may be achieved without

reducing the cavity length, if a Fabry-Perot Etalon is
placed in a titled position within the cavity,

» Only one mode Is sustained because it
has more transmission through the
etalon while other modes are reflected
and attenuated.




Mirror

Net
laser gain

Longitudinal
cavity modes

F-P etalon
transmission

Laser output
with etalon

L B
Rotate for tuning

Laser Medium

errﬂr

V= Ay ~—G—
il
i} Av =
V-3
longitudinal§  etalon to match

F-P etalon
ﬂ f X
mode with laser modes

Vi .
Ella Ly ﬂ
Single l Rotate
v—p

i

Fabry-Perot Etalon for single longitudinal mode selection.




Generation of High Power Pulses

= Some of the lasers work in CW mode while many operate in
Pulsed mode.

* In both the cases, the power obtained is in general small.

v'For many of the practical applications, we require large power
even If for a short time.

Three Different Techniques
1. Q-Switching
2. Cavity Dumping and
3. Mode locking

“» Enable to produce large power during a short interval of
time =10-° seconds



Quality Factor (Q)

= A laser Is an optical oscillator; resonating cavity may be
characterized by the quality factor Q, as Is done in case of an
Electronic Oscillator.

= Q - defined as the ratio of the energy (W) stored Iin the system
to the energy losses (AW) per cycle,

0=2n Energy storedin theresonator W
Energy lostin acycle AW

= |n case of an electronic oscillator; Q =100

= Foralasers Q isvery high; Q=108



Lasing Threshold and Q

a, A 1

— where,

2 Q

A Threshold condition depends on the reciprocal of the
quality factor

> Higher the Q-factor, the lower the lasing threshold



Q-Switching for Giant Pulses

Q Power of laser beam can be drastically increased, provided a very
large number of atoms iIn the active medium participated in
stimulated emission.

» Can happen when a very high P. I. density is established in
the active medium.

= Normally, when laser starts oscillations; high population inversion
drops back to the threshold value of the steady state condition.

> Therefore necessary that the onset of oscillations be
delayed until largest number of atoms accumulates at the
upper lasing level.



Q Laser can be prevented from oscillating if, = the
parallelism of the resonator mirrors is disturbed.

= |f one of the end mirrors is misaligned, it cannot reflect incident
photons into the active medium and therefore, stimulated emission

cannot take place.

> Consequently, the pumping process can build up the
population inversion to a very high value in the medium.

> In effect, the Q-factor of resonator is spoiled and optical
losses are increased to a high value.



= If now the end mirror is aligned suddenly, it reflects photons into
the laser medium.

> The feedback of photons triggers a chain of stimulated
emissions and builds up rapidly a photon avalanche. Thus,

laser oscillations set in suddenly and the cavity Q Is increased
abruptly.

> All the energy stored in the cavity Is emitted in a single giant
pulse with peak power much higher than the laser could
produce otherwise.

> The pulse lasts for a short time and depopulates the upper
energy level quickly = Lasing action stops.

= Method of controlling the laser output power is called
the Q-Switching method.
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= By operating a laser in Q-

switched mode, the energy
of the laser can be
concentrated into a single
high power pulse.

The pulse duration depends
on many factors but usually
~10-" to 107 sec.

Q-switching is widely used,
but not all lasers can be Q-
switched



Peak Power of Q-Switched Laser
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<+ Peak power of Q-switched laser can be many times larger =
n, can be made very high compared to n,, when the laser is
not oscillating, i.e. under the Q-spoiled situation.



Two Important requirements for effective Q-
switching:

1) The rate of pumping must be faster than the spontaneous decay
rate of the upper lasing level, i.e.,
Vpump = A21
Otherwise the upper level will be depleted faster than it can be
populated and large population inversion cannot be attained.

1) Q-switch must operate rapidly compared to the build up of
laser oscillations. If this condition I1s not met, obtained iIs a
longer pulse with less peak power.



METHODS OF Q-SWITCHING

aQ Q-Switch can take several forms

1. Rotating Mirrors,
2. Electro-Optic Shutters,
3. Acousto-Optic Shutters and

4. Saturable Absorbers

= Some of the important devices used for Q-switching.



Rotating Mirrors

Q First method used for Q-Switching of a laser

* Involve a rapid rotation of one of the mirrors of the resonant
cavity.

* The rotating mirror would serve as the rear mirror and an
output mirror would be at the other end of the laser cavity. The
mirrors come into parallel position for a short interval in each

rotation. o
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» Cavity loss is very high = Cavity Q is very low

¢ When the mirrors become parallel,
> Laser oscillations build up and Q-switching occurs = Causes

emission of a giant laser pulse.



For Ruby laser; Upper laser level lifetime is 3 ms, the mirror
would have to complete one full turn in 3 ms.

» Requires a rotation speed of 20,000 rpm ; very high.

= Required speed can be brought down by using a hexagonal shaped
mirror assembly on a rotating shaft, such that for every 1/6" of a
rotation of the shaft, a mirror would be aligned with the laser cavity
and output mirror.

TING
CHOPPER

> In such a case, the shaft would have to rotate 1/6% of a turn in
3 ms, requiring a shaft rotation speed of 3,333 rpm.

v  This method of Q-switching is cheap and reliable,
but is very slow.



Electro-Optic Shutter

<+ Serve as a Voltage Controlled Gate = rapidly switches the
cavity from a high loss to a low loss condition.

= Consists of a crystal that becomes
when an electric field is applied across the
crystal

= Applied voltage transforms the Electro-Optic crystal into a
quarter-wave plate
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Electro-Optic cell as a Q-switch.

When the voltage is ON;
Crystal become double
refracting

> Light is not allowed to pass
through the polarizer ; Q
reduced to low value;

> Cavity switched off

When the voltage is OFF,;
Double refraction is absent
> Light freely travels in both

directions and return to laser

rod to be further amplified- Q
regains its high value ;

> Cavity Is switched on



d Q-switching is synchronized with pumping mechanism such
that the voltage applied to the crystal drops to zero at the time
when the population inversion in the laser medium attain its
peak value.

Two types of Electro-Optic Shutters
Kerr Cell
v" Pockels Cell (Preferred -need lower voltage to produce desired effect)

Q-switching kit

OEM Power supply




Acousto-Optic Shutter

Consists of a Quartz Crystal attached to a Piezoelectric
Transducer

= When an RF signal of 25-50 MHz frequency Is applied to the
transducer = Acoustic \Waves are generated which propagate in
the quartz crystal.

Acoustic
Absorber

Quartz

> The acoustic waves generate an
effective diffraction grating in the
quartz crystal.




= If an AOS is installed inside the resonator, and is activated during
the pumping of the laser, the light beam is deflected out of the
laser cavity by the phase grating established in the quartz crystal.

» Consequently,

Diffracted light
__ Laserrod
. 20 B
- )

Lasar Mirror A.0. O-switch in on position

= When the signal applied to the piezoelectric transducer is turned
off, light passes through the crystal undeflected and re-enters the
laser for further amplification.

» Thus, the Q is switched to a high value.



Saturable Absorber

Q-Switching may be accomplished by using a Saturable Absorber within the
laser cavity.

= Saturable absorber; a suitable Organic Dye dissolved in an appropriate
Solvent. The organic dye selected for this purpose absorbs light and is opaque
at low light intensity levels, but becomes transparent to light at high
intensity levels,

» The dye is said to be Bleached

¢ At the beginning of the pumping, the light emitted is low and the saturable
absorber blocks it = cavity exhibits high loss.

+ As the spontaneous emission increases, it causes the absorber to bleach through
thereby In the absorber.

> Causes the beam to traverse back and forth and oscillations build up
within the cavity.



= Transmission Coefficient of such a bleachable absorber
iIncreases from =~ 10° to 0.3 in a few nanoseconds. The effect is
reversible so that the material recovers in time and be ready
for the next pulse.

> A liguid dye solution: DODCI is used for such a Q-
switching element

= Saturable absorbers are simple and inexpensive method for the
operation, however dyes are Toxic and degrade on use.

> Method Is known as a Passive Q-switching.
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CAVITY DUMPING

A Employs two full reflective mirrors; one
on each end of the cavity

Switch off : cavity element is transparent

= Pumping of the lasing medium, builds up power inside the cavity due to
stimulated emissions.

> Continuously operating pump maintains the population inversion above
the threshold.

> Oscillations commence but the radiation is confined within the cavity,
because the mirrors prevent the light from escaping.

= Cavity operates at High-Q
= A Cavity element or Beam Deflector within the cavity deflects the beam

outside of the laser = Energy within the cavity is dumped off the cavity in a
single pulse.



< In Q-switching mode; Oscillations do not start in the initial
state, as the cavity-Q rises from a low value to a high value, it
takes some time though very short for the formation of the pulse.

¢ In case of Cavity dumping mode; the cavity is already within
the high-Q condition and therefore the output pulse forms very
quickly.
»For a 30 cm long gas laser, it would be 2 ns, significantly
shorter than a Q-switched pulse.

< Cavity dumping generates lower energy pulses than the Q-
switching.

< Lasers that cannot be Q-switched are operated in Cavity
Dumped mode.



MODE LOCKING

= Q-Switching produces giant pulses of duration ~ 10" to 10-8s.

= Technique of mode locking allows the generation of pulses of
lesser duration = 10-11 to 10-1%s.

Mode Locking — Matching of phases of different modes

» An essential requirement is existence of multimode
operation in the active medium.



How i1t Works?

= |_aser cavity, in general supports oscillations in many axial
modes, which are uniformly spread on the frequency scale and
are separated by Av given by

C

AL =
21l

» Resultant output of an ordinary laser (laser without mode locking)
depends on relative frequencies, phases and amplitudes of these
modes.

> All these parameters are time varying, because each of the
modes oscillates independently of the other modes.



... MODE LOCKING

Let the amplitude of the n,, mode be

E(t) = E,exp {i (o, t+3.)}
o, —>frequency ; 6, —phase of the n,, mode.

= |f there are N modes of equal amplitude oscillating simultaneously in the
cavity, as the modes are not in phase, i.e. incoherent,

Total amplitude of all of the modes can be written as
N-1
E()=E, 2 expfi(o,t+3,)}
n=0
= Total intensity is the absolute square of the total amplitude. Thus,

= [EQF = Eénz(;exp fi(o,t+5.)lexp fi(o. t+8,))

or  I(t),,, = NE,*=NI,



... MODE LOCKING

= When the modes are incoherent, the total intensity due to the N
modes Is equal to N times the intensity of the individual modes.

> The intensity may exhibit small fluctuations if two or three modes
happen to be in phase at any given time, but for large N, it more or
less maintains constant.
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Output of a non-mode locked laser ; consists of
random fluctuations in intensity.



When modes are forced to oscillate in phase, such that
5,=6 = Laseris Mode Locked.

The resultant electric field can now be expressed as

E(t) = E, exp(id) Z__;exp li(o, )}

I(t) = ‘E(t)‘z =N?Ey> = N(NE?) = NI(t),,
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Output of a mode locked laser: consists of narrow
intense pulses.
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Techniques for Mode Locking

Most commonly used method consists of either by

» Modulating the loss of the cavity Externally or

» Means of a Saturable Absorber placed inside the laser cavity

Q In the former method an Acoustic or Electro-Optic Modulator
Is driven by an external signal; Active Mode Locking

Q The latter method employs Saturable absorber whose
absorption coefficient varies non-linearly with light intensity;

Passive Mode Locking




Active Mode Locking

= Electro-Optic Shutters, namely Kerr cell and Pockels cell, or
the Acousto-Optic Shutter can be used as Modulators for
achieving Active mode locking.

Consider a laser resonator with an Electro-optic modulator
(EOM) kept inside the cavity.

= | et the frequency of one of the axial modes be v, &
modulation frequency equal to Av - the intermode frequency
separation.

= The amplitude modulated mode at a frequency v, generates
two side bands at frequencies

v.+Av and v_-Av



= Since Av Is chosen such that it is equal to intermode spacing
(Av), the waves having new frequencies v, + Av & v _ - Av
coincide with the two modes located on either side of v ( V=1
&Vm-l)

FSR =~

|
/M\

LOCKED IN PHASE

1‘ * K > THREE MODES BECOME
M,

Modelocking frequency

= Since the amplitudes of these new modes are also modulated at the
frequency Av, they generate new side bands, which in turn
correspond to some other axial modes.

= The process continues and at the end all modes are forced to
oscillate with a definite phase relationship

> MODE LOCKING IS ACHIEVED.



Passive Mode Locking

Obtained using a Saturable Absorber placed within the laser
cavity

= Saturable Absorber : An organic dye dissolved in a solvent.

> Has the property of becoming more and more transparent
as the intensity of the light falling on it increases.

a Initially, the laser medium emits spontaneous radiation and the
field consisting of fluctuations of intensity having a noise like
structure.

> Some of the intensity peaks within the fluctuations bleach
the saturable absorber more than the other components and
pass through. They get amplified in its round trip through
the active medium.



If the cell recovery time is very short,

> the cell becomes opague (absorbing) immediately after this
pulse passes through. As other fluctuations are weak, they are
attenuated in the cell.
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CONCLUSIONS

O To meet the requirements of many practical
applications of lasers, the output need to be
controlied or tuned accordingly

> This 1s accomplished by using one of the following
techniques;

« Q-Switching
e Cavity Dumping
» Mode Locking
or
 Optical Devices (For Tunning)
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