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General information

Application PHYWE

Nd:YAG laser has been widely in industries, such as in:
o Automotive: as laser igniters to ignite fuel in an engine
o Biophysics: to build optical tweezers

o Manurfacturing: for engraving, etching, marking,
cutting and welding

o Dentistry: for soft tissues surgeries

Nd:YAG laser cutting machine
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Other information (1/2) PHYWE
Prior Solid-state lasers are lasers that use a gain medium that is a solid, such as crystals or
& y
knowledge glasses rod dopd with ions that provide the required energy states. Nd:YAG lasers are

categorised as solid-state lasers and typically emit light with a wavelength of 1064 nm.
They operate in both pulsed and continuous mode.

TS
The rate equation model for an optically pumped four-level laser system is determined.
: oy As lasing medium, a Nd-YAG (Neodymium-Yttrium Aluminium Garnet) rod has been
Scientific o . :
selected which is pumped by means of a semiconductor diode laser.

principle , ‘ _
The IR-power output of the Nd-YAG laser is measured as a function of the optical
) power input and the slope efficiency as well as the threshold power are determined.
E@ Finally, a KTP-crystal is inserted into the laser cavity and frequency doubling is
—g" demonstrated. The quadratic relationship between the power of the fundamental wave
and the beam power for the second harmonic is then evident.
Other information (2/2) PHYWE
Learning Understand principles of Nd:YAG laser.
objective

1. Set up the Nd-YAG laser and optimize its power output - see experiment 2.6.08

Tasks “Optical pumping”.
2. The IR-power output of the Nd-YAG laser is to be measured as a function of the
= pump power. The slope efficiency and the threshold power are to be determined.

3. Verify the quadratic relationship betweenthe power of the fundamental wave, with
A =1064 nm, and the beam power of the second harmonic with A = 532 nm.
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Safety instructions PHYWE

For this experiment the general instructions for safe experimentation in science lessons apply.
For H- and P-phrases please consult the safety data sheet of the respective chemical.
Wear proper laser safety glasses.

Never look directly into a non attenuated laser beam.

Theory (1/11) PHYWE

W14 = probability of absorbing a pump photon 4

S43 = probability of relaxation from state 4 to state 3 Ses
for each particle

S32 = probability of the spontaneous emission of a E’;{I‘t‘l’

photon — Wia Saz Was Waz

W3s = probability of the induced emission of a
photon

W,3 = probability of the induced absorption of a Sei
photon 1

So1 = probability of relaxation from state 2 to state 1
Principle of the four-level laser
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Theory (2/11) PHYWE

Under radiation of light (optical pumping), transitions from ground state 1 to the upper level 4 occur. The
reversed processes from state 4 to state 1 are prevented by very fast transitions from state 4 to state 3
without radiation. The laser transition takes place from level 3 into level 2 which is not thermally occupied.
From here the Nd atoms relax again back to ground state 1.

The irradiation by light, which leads to the population of an otherwise empty state, is termed optical
pumping. The emptying of a level occurs either with the emission of photons or without radiation.
Transitions without radiation take place due to mechanical interactions such as shock or vibrations and they
are also designated as relaxation. The number of transitions without radiation per second is termed the
relaxation rate. Transitions in which photons are emitted occur spontaneously or are induced. Spontaneous
transitions also occur without pumping processes.

However, induced emissions only occur if a pumping process takes place. Rates are also stated here, one
rate for spontaneous emission and another one for induced emission. Each state which can interact with
ane ar more other states is lahelled with this tvne of rate.

Theory (3/11) PHYWE

However, in principle, only the transition probabilities State 1 Ny
that are significant for the pump and laser processes

are indicated. State 2 Ny
All the designated levels are populated to some State 3 N3
extent due to pumping. The extent to which each

state is populated is given by the Nd atoms which are State 4 Ny

in the relavent state of excitation:
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Theory (4/11) PHYWE

Under the realistic assumption made in this example that the Nd atoms only pass through the labelled
excitation states, the sum of the population densities gives the Nd atoms which are available

Ny = N; + Ny + N3 + Ny

The desired laser oscillation can then, however, only be achieved if an adequate population inversion can be
obtained between states 3 and 2. The conditions under which laser excitation occurs, together with how the
laser behaves, can be predicted by a model of the rate equations.

The model describes the situation in a very simple but exact manner. Each of the constituent levels is
regarded as a reservoir to which or from which “particles” flow. The “particles” represent the Nd atoms in
their corresponding states of excitation. This method is used for each constituent state.

Theory (5/11) PHYWE

Particle streams flowing to the level are given a positive sign, those flowing away are given a negative sign.
The number of excited atoms per unit of time in state 3 is:

ng/dt/p =n Wy -My =W, -N; pump rate

n is the pumping efficiency. The transition from state 4 should occur so fast that the laser output level 3 is
pumped immediately afterwards and the extent to which state 4 is occupied is therefore N; 0.

Another process affecting state 3 is spontaneous emission:
dN;3/dt/, = —T" - Nj spontaneous rate

whereI" = 1/7, - 7 is the mean life of a photon before it is spontaneously emitted.
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Theory (6/11) PHYWE

Finally, the induced prdcesses occurring between states 3 and 2 under the influence of the laser field must
also be considered. The relevant rates are proportional to the difference in the population numbers N, and
N3 and to the photon density p of the laser field. The effective cross-sectional area o, for the emission or
absorption of a photon arises as a constant of proportionality:

dN;3/dt/, =0o-c-p-(Ny— Ns) spontaneous rate
¢ = velocity of light

Therefore the variation in the population density of level 3 with respect to time can be described as the sum
of the separate rates:

dNy/dt =c-c-p-(Ny — N3) —T'- Ny + W, - N}

Theory (7/11) PHYWE

Furthermore, the assumption is made that the transition from state 2 to state 1 is also so fast that only very
few of the particles accumulate in state N, and therefore Ny ~ 0 . The total number N, of Nd atoms is
therefore:

No = N1 + N3

Since N, is constant, dNy/dt = 0 and then dN; /dt = —dN3/dt. In total then, in the ground state, the
variation of the population density N; with respect to time is:

le/dt: —O"C'p'(NQ —N3) —FNg —Wp'Nl
It is important for the later laser process to know how the photon density on the laser transition 3 to 2,

which is under consideration, varies with respect to time. With each “induced” absorption process, a photon
is annihilated, and a photon is created with each induced emission process.

718

PH‘IWE Robert-Bosch-Breite 10 Tel.: 0551 604 - 0 info@phywe.de
37079 Gottingen Fax: 0551 604 - 107 www.phywe.de


https://www.curriculab.de/
https://www.phywe.de/

[ ] I
P2260900 curricuLAB® | PHYWE

Theory (8/11) PHYWE

dp/dt/, = —o-c-p- (N2 — N3) induced

Once created, a photon density level does not remain in a resonator, instead it reduces with the time
constant n,,, because photons are output at the mirrors or are lost in other ways.

dp/dt/, = —p/Tpn losses
The complete variation of the photon density with respect to time is:

dp/dt =p-(o-c- (N3 — Nz2) —1/7pn)

Theory (9/11) PHYWE

The population inversion (N3 — N5) is designated as n for simplification. The variation of the population
inversion with respect to time is obtained by the following expression:

dn/dt =—0-c-p-n—T-n+ W,(N; —n) (1)
and for the photon density:
dp/dt = —p-(c-0-n—1/7) (2)

The differential equations (1) and (2) form a pair of coupled conditional equations for the two unknown
functions n(t) and p(¢) . The equations are nonlinear because they both contain the term p - n. Analytical
solutions are not known and one has to rely on computerized solutions.
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Theory (10/11) PHYWE

When the system is in the state of equilibrium, i.e. for steadystate laser operation, the values for dn/dt and
dp/dt are equal to zero. In this case, an expression for the population inversion is obtained immediately:

n=Ny-Wy/(c-o-p+W,+T)

When the laser is operated below or just at the threshold, no photon field is formed (pp = 0). In this case,
W, << T and the threshold inversion is:

n/p:() =Ny = N() . Wp/I‘

This equation states that a four-level laser produces an inversion immediately on pumping. This is a
particular advantage as opposed to other laser systems. Unfortunately, neither the photon density nor the
pumping rate are directly accessible by measurement.

Theory (11/11) PHYWE

However, the photon density is coupled to an easily measured quantity, i.e. the power applied in the
pumping process. If the relationships between the photon density p and the corresponding intensity, as well
as the resonator output and loss characteristics are considered, the output power P,,; of a fourlevel laser
can be obtained [1]:

Paut:n'(Egg/EM)'T'(T+L_1)'(Pp—Pth) (3)

In this equation, Ej3, signifies the energy gap between states 3 and 2 (laser wavelength), Ey4; is the energy
gap between states 4 and 1 (pump wavelength), T is the transmission of the output mirror, L is the loss in
the resonator due to dispersion, absorption or refraction. P, is the pump power and Py, is the threshold
pump power. Above the threshold pump power Py, , the output power of the laser increases linearly with
the pump power.
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Equipment
Position Material Item No. Quantity
1 Basic set optical pumping 08590-93 1
2 Nd-YAG laser cavity mirror/holder 08591-01 1
3 Laser cav.mirror frequ. doubling 08591-02 1
4 Frequ. doubling crystal in holder 08593-00 1
5 Filter plate, short pass type 08594-00 1
6 7Dé%|£zél multimeter, 600V AC/DC, 10A AC/DC, 20 MQ, 200 pF, 20 kHz, —20°C... 07122-00 1
7 Digital storage oscilloscope, 20 MHz, 2 channels, 100 MS/s EAK-P-1335 1
8 Screened cable, BNC, | = 750 mm 07542-11 3
9 Protection glasses for Nd:Yag laser 08581-20 1
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0@y

Setup and procedure

Setup (1/3) PHYWE

Figure shows experimental set-up.

Experimental set-up
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Setup (2/3)

Control unit for semiconductor laser

Semiconductor laser unit with internal Peltier-
Cooler

Collimator lenses set (f = approx. 6 mm)

O

Chopper for laser beam with DC-motor, now
included in A

Beamsplitter with high transmission for
semiconductor laser beam, now included in A

Focusing lens, (f = approx. 50 mm)

Nd-YAG crystal, in holder, one side with AR-
coating/mirror

Tl & |mMm| m

Frequency doubling crystal (KTP) in holder

Setup (3/3)

Laser cavity mirror in holder, type of mirror
changeable

J1

Filter-plate, long pass type, transmission for >
850 mm

Ji

Filter-plate, short pass type, transmission for <
550 mm

P

PIN-diode detector head with internal battey (9
V)

Oscilloscope 20 MHz, 2 channels, sens.: 5
mV/unit

Multimeter with amplifier

Sensor head for beam power measuring
(silicon-diode)

o| O |(Z2| ™

°PHYWE

Mounting plate for rail and components
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Procedure (1/3) PHYWE

It must be pointed out that the semiconductor diode laser (pump laser) must remain tuned to the strongest
absorption line - at 808.4 nm - when performing the power measurements of the Nd-YAG laser. Since the
injection current and the temperature (wavelength) cannot be modified independently, the characteristic
curve, “injection current versus temperature” for A = 808.4 nm, first has to be traced.

This is done by eliminating the laser cavity mirror I and inserting the power meter O. For each variation of
the injection current, the fluorescent power of the Nd-YAG rod, detected by O, is then brought to a
maximum by adjustment of the temperature. The characteristic curve recorded in this way will be used later
on to ensure a permanent absorption maximum for any type of injection current.

The laser mirror I is remounted on the optical bench while the PIN-detector K is brought into its position
and connected to the oscilloscope. The modulator in unit A is switched on. The filter J; is putin front of the
detector KK so that only IR-pulses can be detected by K. The oscilloscope is brought to its most sensitive
range.

Procedure (2/3) PHYWE

The distance between the modules G and I should not exceed 50 mm. In order to ensure that the pump light
is perfectly focused into the Nd-YAG rod, adjust collimator C and focus lens F. Collimator C should produce a
parallel beam. Initially, it suffices to align the laser mirror II perpendicular to the optical axis just by sight. It
is approximately aligned when the movable adjustment plate on the mirror holder is adjusted so that it is
parallel to the fixed base plate. Please do not forget that the surfaces of the mirror and of the Nd-YAG rod
must be carefully cleaned by using aceton and lens paper. The diode laser is then switched on and the
current is set to the maximum possible value while a value of about 32°C is chosen for the temperature.

By means of the micrometer screws, modules G and I are then adjusted till the Nd-YAG laser begins to
oscillate. The output power can be optimized by observing the IR-pulses on the oscilloscope while acting on
the micrometer screws. Optimization may also be reached by a slight adjustment of focusing lens F. PIN
detector K is then replaced by power meter O.
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Procedure (3/3)

PHYWE

For the demonstration of the frequency doubling, the mirror of module * with a transmission of 1.7% is
replaced by a mirror of 0.02% transmission. This is a necessity, since frequency doubling can only occur if
the IR-radiation intensity is sufficiently high within the laser cavity. The Nd-YAG laser modified in this way is
readjusted and optimized in its output power.

The KTP-crystal is then introduced into the cavity. Its position should be quite near to the Nd-YAG rod. The
crystal can be rotated on its axis, tilted, and also moved in the X and Y directions. The KTP-crystal must be
adjusted to provide the best phase matching, and thus producing the best conversion efficiency.

Depending on how well the doubling crystal has been adjusted, a green beam will be emitted from the laser
output. The intensity of the green light can be measured with the power meter O and the filter plate J5 in

front of it.

Evaluation (1/8)

The slope a of the straight line is one of the most
important parameters of aa laser and is termed the

slope efficiency.

The quantity E3,/Ey; is also known as the laser
quantum efficiency. It gives the energy ratio of a
laser photon to the pump photon. For the Nd-YAG
laser pumped by a diode laser, this is, for example,
810 nm/1064 nm = 0.76. The value h is the quantum
yield, but unfortunately both quantities are
commonly known as the quantum efficiency.

°PHYWE
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14/18
Tel.: 0551 604 - 0 info@phywe.de
Fax: 0551 604 - 107 www.phywe.de


https://www.curriculab.de/
https://www.phywe.de/

[ ] I
P2260900 curricuLAB® | PHYWE

Evaluation (2/8) PHYWE

For the laser designer, it is important to obtain the highest possible output power at the highest possible
efficiency. Another important feature is that the transmission T for the resonator output mirror must be
selected as large as possible, according to equation 4. However, this has the consequence that the threshold
pump power Py, increases and the output power reduces according to equation 3. A compromise between
equations 3 and 4 must therefore be found.

In the present case, a slope efficiency of 30% was found. The threshold power was determined to be 57 mW.
For measuring P, and P, , the chopper D and beam splitter E must be ignored. The power meter O was
positioned between collimator C and focusing lens F for measuring P, . For this reason, the injection current
of the semiconductor diode laser was increased in steps of 50 mA, beginning with an injection current of 200
mA. In plotting previous Figure, a 28% power loss was accounted for due to the presence of the focusing
lens (8%) and the Nd-YAG rod entry (20%).

Evaluation (3/8) PHYWE

The Nd-YAG laser output power P, was measured with the power meter O in the position of the PIN
detector K. For this reason, the injection current of the semiconductor diode laser was changed in the same
way as before. At the same time, the temperature was continuously adjusted to ensure that the absorption
within the Nd-YAG rod remained within the maximum for A = 808.4 nm. Here, a 40% loss of IR-radiation
caused by the filter J; was anticipated while performing previous figure.

The propagation of light in material is described by the two frequency dependent optical constants, the
refractive index n and the absorption coefficient a. In normal linear optics, these quantities are independent
of the intensity of the incident light. Reflection, refraction, propagation velocity and the weakening of the
light are therefore constant for a given medium, and they are not dependent on the light intensity. This
leads to two important principles which are applied throughout optics: the principles of optical
superposition (interference) and the conservation of frequency.
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Evaluation (4/8) PHYWE

These two assumptions only apply for relatively low light intensities, as supplied by normal light sources.
With the high intensities of the laser, the superposition principle does not apply, nor does the conservation
of frequency. Linear optics is therefore only a special case for low light intensities.

For a clear explanation of the interaction of light with material, it is helpful to imagine that the electrons are
particles bound elastically to the nucleus. An electric field will deflect the electron out of its quiescent state,
so producing a dipole. If the electric field is periodic, then the deflection (polarization) is also periodic and
the dipole radiates with the same frequency as the electric field which has produced it. The polarization is
therefore the basis for radiation in a medium. If the irradiating electric field becomes more intense, then
the deflection of the electrons also increases.

Evaluation (5/8) PHYWE

The deflection depends not only on the field strength, but also on the spring constant of the bond binding
the electron to the nucleus (susceptibility). If the field strength or susceptibility is high enough, the deflection
is so large that the relationship between the force and the deflection is no longer linear. This is analogous to
the deflection of a spring outside the range of proportionality (Hooke’s Law).The polarization now contains a
frequency component which was not present in the excitation field strength.

Since the polarization is the requirement for electromagnetic oscillation and is no longer harmonic, light
waves are now produced with frequencies which are not contained in the excitation light. A Fourier analysis
shows that, in this case, another oscillation occurs with double frequency as well as the fundamental
oscillation.

If, for example, the beam of the Nd-YAG laser is radiated into a suitable doubling crystal, a beam at 532 nm,
easily visible to the eye in the green region, is produced as well as the fundamental wave at 1064 nm. If the
intensity of the green beam is high enough, this can in turn be converted to UV polarization at 266 nm using
another crystal. Limits are only set by availability of suitable doubling crystals.
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Evaluation (6/8) PHYWE

A quadratic relationship exists between the power -
P, of the fundamental wave and the beam power
Py; of the second harmonic.

B o R e
BT

In verifying this relationship, the injection current of
the diode laser can be taken as proportional to |
Py - Py is measured with the power meter O and I
expressed in microamperes. Figure shows the
experimental results.

Py
sk . A
600

1 L
200 400

Relationship between P,y and the power of the
fundamental wave P; .

Evaluation (7/8) PHYWE

Fill in the blank:
Optical pumping is a process which light is injected into the of alaserin = gain medium
order to raise excited electrons from a energy level to higher

energy levels. Population inversion is achieved, when the number of less-excited
particles in one state exceeds the number of particles in a lower

state.

excited
® Check
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Evaluation (8/8) PHYWE

Flashtub
Nd:YAG lasers are: ashtube

g Full
[] solid-state lasers reflacting Partially

mirror reflecting

[ ] operate in both pulsed and continuous mode 7&
=R .
N

[ ] operate in pulsed mode

Laser output

o a Active medium
[] afour-level gain medium

(Nd:YAG crystal)
® Check

Nd:YAG laser

Slide Score/Total

Slide 31: Optical pumping 0/5

Slide 32: Nd:YAG lasers 0/3

Total Score 0/8

@& Show solutions
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