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Assignment 8

8.1. Calculate the mirror reflectance required to sustain lasing if the gain coefficient is 1.2 m~1.
The laser resonator length is 10 cm and the reflectance of both mirrors is assumed to be the same.
(Assume that the internal losses are negligible.)

We have 8=12m™ ', L =10 cm = 0.1 m, and Ry = Ry = R. Also,ain; = 0. Since the device is
lasing, the gain coefiicient equals the threshold gain coefficient.

1 1
B = Btn = Qint + 3L In (ﬁ) (1a)
1 1
1.2=0+ 500 In (ﬁ) (1b)
In (%) =1.2(2)(0.1) = 2.40 x 10* (1c)
1
25 = 1.271 (1d)
R? =0.786 (1e)
R =0.887 = 88.7%. (1f)

8.4. Consider a Neodymium laser rod that is 15 cm long and 1 cm in diameter. The material has a
Lorentzian lineshape with a linewidth of 10 GHz.

a. Calculate the minimum pump power that would be necessary to achieve a threshold population
inversion in Nd of 9x10'5 atoms. The upper energy state is 1.4 eV above the ground state and the
spontaneous lifetime is 300 pus.

b. Consider the result of the previous section. Suppose
e that the flashlamp source has an efficiency of 10% in converting electricity to light,
e that 10% of the light produced by the flashlamp falls on the Nd impregnated crystal, and
e that 5% of the incident light is absorbed by the crystal.

Calculate the minimum electric power required to be applied to the flashlamp.

a. We have the energy level diagram shown in Fig. 1.

Neodymium is a four-level laser material. We have a population difference of AN = 9 x 10'?
atoms and a spontaneous lifetime of the upper lasing level of 7, = 300 x 1076 s.
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14 eV

Figure 1: Energy level diagram for Problem 8.4a.

The pump energy required to pump up an atom is £ = AFE, so the minimum pump energy to
pump up AN atoms is Fpy = AN AE. We must pump the atoms in a time equal or less than
Tey SO

Enin  ANAE (9% 10%)(1.4 x 1.6 x 1071?)

Pmin =
Ts Ty 300 x 10—6

—672W. (2)

b. We want to find the total pump power required in the face of various pump ineficiencies.

P 6.72
Pmin ump = min - __ = 1.344 x 104 W . 3
PP mimems (0.1)(0.1)(0.05) (3)

8.5. Consider a four-level lasing material that is 10 cm long and has a cross-sectional area 1 cm?.
The energy gaps are: Eg; = 1.5 eV, E15 = 2.5 eV, and E33 = 1.0 eV, The pertinent lifetimes are:
T32 = 1 NS, T21 spon = 1 mMs, and 719 = 1 ns. The index of refraction of the material is 1.

The material is homogeneously broadened with a resulting Lorentzian lineshape and has a 1 GHz
linewidth. The internal loss coefficient «;n; is assumed to be 0. The material is placed between
mirrors (each with a 30 cm radius of curvature) that are 10 cm apart. The mirror reflectivities are
100% and 95%.

Calculate:

a. the nominal laser wavelength

b. the nominal lasing frequency

c. the wavelength of the pump (assuming optical pumping)
d. the frequency of the pump

e. if the laser resonator is stable

™

the threshold gain coefficient

g. the threshold population density (Ng — Np)¢/Vol
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h. the threshold population inversion
i. the threshold pump rate

j. the minimum threshold pump power

Suppose that we pump the laser at five times the threshold pump rate, calculate:
k. the saturation irradiance, I,
1. the irradiance inside the laser resonator
m. the output irradiance
n. the output power of the laser
o. the unsaturated population inversion density
p- the unsaturated population inversion

q. the unsaturated gain coefficient of the lasing medium

The energy diagram of the material is given in Fig. ??. We are also given that 735 = 1 x 1079,
To1 sp = 1 X 1072, and 79 = 1 x 1072 seconds.

50 eV

/ 4.0 eV

15 eV

R=100%

0

Figure 2: Energy level diagram and resonator for Problem 8.5.

a. The lasing wavelength is

he (6.63 X 10*34)(3.0 « 108) L
A AFE3 (2.5)(1.6 x 10-19) 98 x 10 98 nm (4)

b. The lasing frequency is

AE;  (2.5)(1.6 x 10719) "
— = =6.02 x 10'* Hz.
YT Th 6.63 x 1031 002> 107 iz 5)
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c. The pump wavelength (assuming optical pumping) is

he (6.63 X 10_34)(3.0 % 108) o
A ump — = _ 24 1 _ 24 .
pump AE30 (50)(16 X 10—19) 9x 10 m 9 nm

(This is an ultraviolet wavelength.)

d. The pump frequency is
. AFE3  (5.0)(1.6 x 10719)

— =12 10** Hz.
I 6.63 x 1031 05> 107 He ©)
e. Is the resonator stable?
L 10
=gp=1-—=1——=0.667 7
g1 = g2 " 30 (7a)
SO
g192 = 0.444. (7b)
Since g1g2 is between 0 and 1, the resonator is stable.
f. The threshold gain coefficient [y, is
1 1 1 1
=0+ === )=0+-—In(———)=0256m™". 8
Fen = e + 57 n(RlRQ> toz ™" ((1)(0.95)) o ®
g. The threshold population inversion density ANy, /Vol is given by
(No = N ABw )
Vol Bglhg(l/()) '
First we need to do some intermediate calculations:
2 2
= = =6.37 x 10710, 1
g(vo) Ay m(ix 10°° 6.37 x 10 (10a)
1 1
Ay = - =1x103%. 10b
2 T21 sp 1x10-3 % ( )
and
A3Ay (498 x 1079)3(1 x 10?) 15
By = = =7.40 x 10™. 10
27 Srh 87(6.63 x 10-9) x (10c)
So,
(NQ — Nl)th - )\ﬁth . (0256) (497 X 10_9) (11)
Vol ~ Borhg(vg)  (7.37 x 101%)(6.63 x 10—34)(6.36 x 10~10)

=4.08 x 10'° atoms - m>.
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h. We now want to find the threshold population inversion (N; — N;)n, so we have

(Ny — Ni)en = 4.08 x 10* x Vol
Vol = LA = (0.1)(1 x 107*) =1 x 107° m?*
(Ng — N1p)in = (4.08 x 10')(1 x 107°) = 4.08 x 10™* atoms.

i. The threshold pump rate Ry is

A21(N2 — Nl)th (]. X 103)(408 X 1014
Ry, =

_ A ~ 1x103
(1 Aw) 1 1x109

j. The minimum threshold pump power Ppump min is found from

Ppump min = Rin X AE3p = (4.08 x 10'7)(5)(1.6 x 10'?) = 0.327 W .

Suppose that we pump at 5x the minimum pump rate.

k. The saturation irradiance I, is found by

[ _ 8mhe 8m(6.63 x 10734)(3.0 x 10%)
7 Ng(vo) (497 x 1079)3(6.36 x 10—10)
=6.37x10* W-m 2 =6.37 W-cm 2.

1. The irradiance I inside the resonator is

R
I=1I, (— 1) =I,(5-1) =4I, =255x10° W- m™2 =255 W- cm 2.

R

m. The output irradiance Iy is

Iout = ToI = (0.05)(2.55 x 10°) = 1.274 x 10* W- m 2 = 1.274 W -cm 2.

n. The output power P,y is

Pout = Al = (1 x 107%)(1.274 x 10*) = 1.274 W.

0. The unsaturated population inversion density ANy/Vol is

(N2 —Ni)o (N2 — N1)en
~ = 2 0 0 -/ 5 X —= -/
Vol Vol
= (5)(4.10 x 10') = 20.4 x 10'? atoms - m 3.

p. The unsaturated population inversion ANy is

(N2 — Ni)o =5 x (Na — Np)n = (5)(4.10 x 10**) = 20.4 x 10'* atoms.

= =4.08 x 10'7 atoms - s !.

(12a)
(12b)
(12¢)

(13)

(15)

(17)

(18)

(19)
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q. The unsaturated gain coefficient 3y is

Bo="5x B = (5)(0.256) = 1.282 m . (21)

12.4. The lower level of a Nd:YAG laser is 2111 cm~! above ground level. It is asserted that this
level is more than “several factors” of kT at room temperature (T = 300K). Calculate the ratio of
AEFE to kT.

We are given that the lower energy level of the Nd:YAG laser is 2,111 cm™' above the ground
state. We want to show that AE/kT <« 1. We find

AE  (2111)(1.99 x 10~>%)
KT (1.38 x 10—23)(300)

=10.1. (22)

So, we see that the ratio is about 10:1.

12.5. Consider a diode laser that has an emitting area that is 3 um by 0.1 yum and emits 100 mW
of power. If the output mirror is 80% reflecting, calculate the irradiance level (in W-cm?) inside the
cavity.

We are given a diode laser with an emitting area that measures 3 ym by 0.1 pm that emits 100
mW. We begin by calculating the irradiance just outside the laser emitting face.

P 100 x 102
Loutside = — = =333 x 10" W-m™2. 23
tide = 4 T 3% 10-6)(0.1 x 10-9) x m (23)

We find the irradiance level I inside the cavity from Ioutside = T Linside, SO We have

Iou side . 1 1
Tinside = %d =3 330X2 O 16.65 x 10" W -m? = 16.65 x 107 W - cn 2. (24)

We note that the irradiance inside is 1/7% times that outside the resonator.



