
Solutions to Selected Problems

Problems of Chap. 1

1.1 Physical constants

(a) c = 2.99792458 × 108m s−1 (exact).
(b) h = 6.6261 × 10−34 J s.
(c) � = 1.0545 × 10−34 J s.
(d) e = 1.6022 × 10−19 C.
(e) m0 = 0.9109 × 10−30 kg.
(f) μ0 = 4π × 10−7 VsA−1 m−1.
(g) ε0 = 1/(μ0c2) = 0.8854 × 10−11 AsV−1 m−1.
(h) k = 1.3807 × 10−23 JK−1.
(i) NA = 6.022 × 1026 molecules per Mole.
(j) R = kNA = 8.315 × 103 JK−1 per Mole.
(k) L0 = 2.687 × 1025 molecules per m3 at 0 ◦C and normal pressure.

1.2 Frequency, wavelength, wavenumber and energy scale

(a) 1µm; 300THz; 104 cm−1; 1.9878 × 10−20 J; 1.2407eV.
(b) 300µm; 1THz; 3300m−1 = 33.33cm−1; 6.626 × 10−23 J; 4.136meV.
(c) 1nm; 300PHz; 2.0 × 10−17 J; 1.240keV.
(d) 1m−1; 1m; 300MHz; 1.24µeV.
(e) 1.2407µm; 241.8THz; 1.6022 × 10−19 J; 1 eV.

1.3

(a) T = 300K ≡ kT = 4.142 × 10−21 J ≡ kT/e = 25.85meV ≡ ν = kT/h =
6.625THz ≡ kT/(hc) = 208 cm−1 ≡ hc/(kT ) = 48µm.

(b) 1meV ≡ 8.06 cm−1 ≡ 0.2418THz.
(c) 1 cm−1 ≡ 30GHz.
(c) 10 cm−1 ≡ 1.2408meV.

1.4 Power of the sun light and laser power
(a) 140mW. (b) 1.8kW/cm2. (c) 1.3kW/cm2.
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Problems of Chap. 2

2.1 5.6 × 1022 m−3; 5.6 × 1025 m−3; 5.6 × 1028 m−3.

2.2 Field amplitude

(a) ε0A2/2 = u; A = √
2u/ε0; ε0 = 0.89 × 10−11 AsV−1 m−1; A = 4.7 ×

105 Vm−1.
(b) Z = 106 m−3; A = √

2hνZ/ε0 = 6.3 × 10−2 Vm−1; u = 2 × 10−14 Jm−3.
(c) Z = 2 × 1013 m−3; A = 180Vm−1; u= 1µ Jm−3.

2.3 Occupation number

(b) kT = 4.14 × 10−21 J = 25.8meV; f Boltz1 − f Boltz2 ∼ 1.8 × 10−35.
(c) f Boltz1 − f Boltz2 ∼ 0.54 − 0.46 = 0.08.

2.4 Oscillation condition

(a) In one case, the condition is G1G1Vu/2 = u/2 and in an other case,
VG1G1u/2 = u/2. Show that both cases lead to GV = 1.

(b) For both directions, we obtain the product GV and the same sum of the phases.

2.5 Brewster angle
(a) 54.4◦. (b) 56.3◦. (c) 61.2◦. (d) 60.4◦.

Problems of Chap. 3

3.1 δν/(c/2L) = 2 × 105.
3.2 V = R1R2; seff = 10; τp = 6.7 ns; lp = 2m; Q = 63.

3.3 Resonator with air

(a) ν1 = c/(2nL).
(b) δν = c/(2L) − (c/n)/(2L) = c/(2L)(1− 1/n) = 160 kHz; δν/ν ∼ 3× 10−9.

3.4 Energy = ε0a1T−1
∫ L
0

∫ T
0 E2(z, t)dzdt = ε0a1a2A2T−1

∫ L
0

∫ T
0 sin2 kz sin2 ωt

dzdt = ε0a1a2L A2/4; u = ε0A2/4.
3.5 V = R1R2; τp = 1/(1 − V ).
3.6 Photon density

(a) ZFP/τp = Z/T ; ZFP = Q/(2π)Z ; Q = 2πl/(1 − R).
(b) We obtain the same result, but Q = πl/(1 − R).

3.7 RFP = 1 − TFP = 4R(1 − R)−2 sin2 δ/2[1 + 4R(1 − R)−2 sin2 δ/2]−1.
3.8 TFP = 1/[1 + 4R(1 − R)−2 sin2 δ/2], where R = √

R1R2.
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3.9 Fabry–Perot interferometer with absorbing mirrors

(a) TFP = (1+(A2
m/T 2

m)−1(1+4R(1−R)−2 sin2 δ/2)−1; TFP,max = (1+A2
m/T 2

m)−1.
(b) 1/(1 + A2

m/T 2
m) < 0.98; Am/Tm < 0.1.

3.10 Fabry–Perot interferometer for obliquely incident radiation

(a) δ = k × 2L cos θ + 2ϕ.
(b) ϕ = 0; δ = k × 2L cos θ = zl × 2π; 2L cos θ = zl × λ.

Problems of Chap. 4

4.2 Absolute number of two-level systems
(a) Ntot = 1015. (b) Ntot = 1010. (c) Ntot = 104.

Problems of Chap. 5

5.1 L + (n − 1)L ′ = 57.6 cm.
5.2 Photon density

(a) The laser beam has only a slightly larger diameter at 10 m distance from the
laser and the laser power is of the order of 1 W.

(b) Assuming that the luminescence radiation is emitted isotropically, the power
reaching an area of 1 cm diameter is Pfluor = P0 × 2π sin2(α/2), where α is
the angle corresponding to the area. It follows that α ∼ 5 × 10−4; Pfluor ∼
P0 × 2π × α2/2 ∼ 0.4µW.

5.3 g(λ)dλ = g(ν)dν; g(ν) = g(λ)/|dν/dλ|; ν = c/λ; dν/dλ = −c/λ2; g(ν) =
λ2g(λ)/c.
5.4 Population of the upper laser level

(a) r = N2/τ
∗
rel = 3.3 × 1029 m−3 s−1; volume = πr2L ′ = 7.9 × 10−10 m3;

Ppump = 1.5 × 3.3 × 1029 × 7.9 × 10−10 × 2.4 × 10−19 W = 9.4W; the factor
1.5 takes account of the quantum efficiency.

(b) Ntot = 1024 × 7.9 × 10−10 = 7.9 × 1014.
(c) Energy = 1024 ×7.9×10−10 ×1.5×1.6×10−19 J = 190µJ; energydensity =

energy/volume = (Ntot/volume) × hν = 240 kJ/m3 = 240 J per liter.
(d) Ppump = 94W. [The reason is the stimulated emission (Sect. 8.8).]

Problems of Chap. 6

6.1 Photon density

(a) Z = D(ν)dνn̄ = (8πν2/c3)kT/hν ∼ 6 × 107 m−3.

http://dx.doi.org/10.1007/978-3-319-50651-7_8
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(b) Z = 6 × 1010 m−3.
(c) Z = (8πν2/c3)dν exp(−hν/kT ) = 4 × 10−34 m−3.

6.2 Number of thermal photons in a mode of a laser resonator

(a) n̄ = exp(−hν/kT ) ∼ 2 × 10−29.
(b) n̄ = 1/[exp(hν/kT ) − 1] ∼ 0.25.
(c) n̄ = kT/hν ∼ 6.

Problems of Chap. 7

7.1 Amplification of radiation in titanium–sapphire

(a) α = 8m−1. (b) G1 − 1 = 0.5.
(c) α(1µm)/α(λ0) ∼ 0.5; α(1µm) ∼ 4m−1; G1 − 1 = 0.25.

7.2 σnat = (λ/n)2/2π = 3.2 × 10−14 m2; τsp = 3.8µs; Δνnat = 1/2πτsp =
4.2 × 104 Hz; Δν0 = 1.1 × 1014 Hz; σ21/σnat = 1.5Δνnat/Δν0 = 5.7 × 10−10;
σ21 = 1.8 × 10−23 m2.
7.3 Two-dimensional gain medium

(a) α = 2,000m−1 = 20 cm−1. (b) G1 − 1 = 1.5 × 10−3.

Problems of Chap. 8

8.1 τp = (2nL/c)(1 − R)−1 = 6 × 10−8 s; lp = (c/n)τp = 10m; (N2 − N1)th =
1/ lpσ21 = 3 × 1021 m−3.
8.2 rth = (N2 − N1)th/τ

∗
rel = 8 × 1026 m−3 s−1;

Z∞ = (10rth−rth)τp = 9rthτp = 4.3×1019 m−3; Pout = Z∞a1a2Lhν/τp = 9W;
rout/r = Z∞/(τpr) = 9rth/10rth = 0.9.
8.3 (N2 − N1)0 = 10 × (N2 − N1)th = 3 × 1022 m−3; γ0 = b21(N2 − N1)0 =
1.3×108 s−1; κ = 1/τp = 1.6×107 s−1; Z0 = 1/a1a2L = 2×107 m−3; ton = 18 ns.
8.4 If the active medium has a smaller length than the resonator, the threshold
condition is (N2 − N1)∞ = − ln V/(2nL ′σ21), where L ′ is the length of the active
medium. It follows for that case that the gain coefficient α = (N2 − N1)σ21 has
to be larger than the reciprocal of the effective photon path length in the crystal,
l ′p = lpL ′/L , α ≥ 1/ l ′p = − ln V/(2nL ′) or 2αL ′ ≥ − ln V. We find, with G =
exp(2αL ′), that the condition of gain, GV ≥ 1, is fulfilled.

Problems of Chap. 10

10.1 ν110 = ν101 = ν011 = c/(
√
2a) = 21.2GHz; ν111 = √

3c/(2a) = 26GHz.
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10.2 Degeneracy of modes of a rectangular cavity resonator
(a) 3. (b) 2. (c) No degeneracy. (d) 2.

10.3 Density of modes of a cavity resonator

(a) D(ν) = 8πn3ν2/c3 = 1.7 × 105 m−3 Hz−1 for ν = 4.3 × 1014 Hz; n = 1.
(b) 1.0 × 106 m−3 Hz−1.
(c) 8.3 × 106 m−3 Hz−1.

10.5 Mode density on different scales

(a) D(ν)dν = D(hν)d(hν); D(hν) = D(ν)dν/d(hν) = D(ν)/h.
(b) D(ν)dν = D(ω)dω; D(ω) = D(ν)dν/dω = D(ν)/(2π).
(c) D(ν)dν = D(λ)dλ; D(λ) = D(ν) × dν/dλ = cD(ν)/λ2.

10.6 ν = (c/2)
√
a−2
1 + L−2 = c/(2a1)

√
1 + a21/L

2 ∼ c/(2a1)[1 + a1/(2L2)];
dν/dL ∼ −(ca1/(2L3; dν/ν ∼ (a21/L

2)dL/L .
10.7 Density of modes in free space

We consider a propagating wave E = A exp[i(ωt − kr)]. We apply periodic
boundary conditions: E(x + L , y + L , z + L) = E(x, y, z) for each value of t ; L is
the length of the periodicity interval assumed to be equal in all spatial directions. This
leads to the conditions: exp(ikx L) = 1; exp(iky L) = 1; exp(ikz L) = 1. It follows
that: kx = l×2π/L; ky = m×2π/L; kz = n×2π/L; k2 = (2π/L)2(l2+m2+n2),
with l,m, n = 0,±1,±2, . . .. We find, withω = ck, thatω2 = (2πc/L)2(l2+m2+
n2). The mode density in k space is D(k) = (L3/π2)k2 and in ω space D∗(ω) =
ω2L3/(π2c3). With D∗(ω)dω = D∗(ν)dν, we obtain D∗(ν) = (8πν2/c3)L3.

Problems of Chap. 11

11.1 Gaussian beam

(b) The ratio of the intensity of the radiation within the beam radius r0 to the total
intensity is

∫ r0

0
2πr exp(−r2/r20 )dr/

∫ ∞

0
2πr exp(−r2/r20 )dr = 1 − 1/e = 0.63.

We used
∫
2xe−x2dx = − exp(−x2).

(c) rp = Ip/Itot = 1 − exp(−r2p/r
2
0 ); rp/r0 = √− ln(1 − p).

(d) rp = 1.52 r0.
(e) rp = 1.73 r0.
(f) A Taylor expansion of p(rp) with respect to rp yields p ∼ 1 − r2p/r

2
0 .

11.2 θ0,u = √
2λ/(πr0) = 1.3 × 10−3(=4.5 arc minutes)

11.3 The angle of divergence is Θ = 0.1(
√
2/π)λ/r0 = 2 × 10−6.
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11.4 Density of photons in a Gaussian beam. The number of photons emitted per
second by the laser is Pout/(hν) = 6× 1014 s−1. A detector of diameter D monitors
radiation within the angle ϑ = D/d, where d is the distance from the laser. The
portion of radiation within the angle ϑ is sin2 ϑ/ sin θ2 ∼ ϑ2/θ2. It follows for the
number of photons per second:

(a) ϑ = 10−7;ϑ2/θ2 = 2 × 10−3; 3 × 1011 s−1.
(b) ϑ = 7 × 10−11; ϑ2/θ2 ∼ 10−9; ∼106 s−1.

Problems of Chap. 13

13.1 Ultrashort pulses
(a) tp ∼ 1/Δν0 ∼ 0.3ps. (b) tp ∼ 10ps. (c) tp = 30ps.

13.2 Excited Ti3+ ions are collected during the round trip time T = 10−8 s. The
density of excited Ti3+ is rT = 3 × 1020 m−3. Accordingly, the energy in a pulse is
rT a1a2L ′ ×hν = 19nJ and the pulse power= 1.9MW. The average power is 1.9W.
13.3 2 × 107W.

Problems of Chap. 14

14.1 Helium–neon laser: line broadening and gain cross section

(a) ΔνD = 1.5 × 109 Hz. (b) Δνc ∼ 106 Hz. (c) Δνnat = 1.6 × 106 Hz.
(d) Δν0 = 1.6 × 107 Hz. (e) σ21(ν0) = (1/c)hνB21gG(ν0) = 1.0 × 10−16 m2.

14.2 Helium–neon laser: threshold condition, output power and oscillation onset
time

(a) τp = T/(1−R1R2) = 1.5×10−7 s; lp = cτp = 45m. (N2−N1)th = 1/(σ21lp) =
2 × 1014 m−3.

(b) (N2 − N1)th × a1a2L = 2 × 108; number of excited neon atoms in the laser.
(c) rth = (N2 − N1)th × a1a2L/τ ∗

rel = 2 × 1015 s−1; rout × a1a2L = 9rtha1a2L =
2 × 1016 s−1; Pout = rout × a1a2Lhν = 13mW.

(d) Z0 = (a1a2L)−1 = 5 × 105m−3; Z∞ = routτp = 2.7 × 109m−3; αth = (N2 −
N1)th × σ21 = 0.02m−1; γth = cαth = 6 × 106 s−1; κ = 6 × 106 s−1 (because
κ = γth at threshold); γ0 = 10 γth = 6× 107 s−1; ton = ln(Z∞/Z0)/(γ0 − κ) =
160ns.

14.3 Doppler effect

(a) ν = ν0(1 ± v/c); δν = (2v/c)ν0 = 3 × 109 Hz.
(b) The homogeneous width of the line due to 2 → 1 spontaneous transitions is

Δν = 1/(2πτrel) = 1.6 × 108 Hz, where τrel is the lifetime of the lower laser
level. This corresponds to a velocity range−v, v or to |v| = cδν/ν0 = 100ms−1.
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(c) The gain curve has a minimum of a halfwidth of 160kHz. In the line center, the
gain is smaller than outside because outside (80kHz away from the center) ions
of the velocity +v contribute to gain in half a round trip and ions of the velocity
−v contribute during the other half round trip. The Lamb dip can be used for
frequency stabilization of a helium–neon laser.

14.4 CO2 laser

(a) ΔνD = 2ν0
√

(2kT/mc2)ln2 = 5.6×107 Hz;m = mC +2mO = 44mp = 7.3×
10−26 kg;mp = proton mass. σ21(ν0) = 0.94c2A21/(8πν2ΔνD) = 1×10−21 m2.
G thV = 1; V = 0.7; G th = 1.43; G th = exp[αth × 2L]; αth = ln(G th)/2L =
0.18m−1. (N2 − N1)th = αth/σ21 = 1.8 × 1020 m−3. rth = (N2 − N1)th/τ

∗
rel =

4.5 × 1019 m−3 s−1; P = ra1a2Lhν; r = P/a1a2Lhν) = 3 × 1025 m−3 s−1;
r ∼ 106 rth; the pump rate is about 106 times larger than the threshold pump
rate.

(b) Because of the extremely long lifetime of the upper laser level with respect
to spontaneous emission, the oscillation builds up as soon as the population
difference exceeds (N2 − N1)th. Stronger pumping then leads to generation
of laser radiation. By collisions of the CO2 molecules with each other, a
quasithermal distribution of the populations of the different rotational levels
of the excited state is maintained and the pump energy is converted to laser
radiation (and energy of relaxation).

(c) We treat, for simplicity, the CO2 gas as an ideal gas. At 273K and normal
pressure, an ideal gas (mole volume 22.4 l) contains 6 × 1023 molecules. This
corresponds to about 3 × 1025 m−3. We use this number for CO2 at room
temperature and normal pressure (1bar). At a pressure of 10mbar, the density
of available CO2 molecules is 3× 1022 m−3. At room temperature, excited CO2

molecules are in different rotational states. About 1% of the molecules are in a
particular rotational state. Thus, about 3 × 1021 molecules per m3 are available
for laser transitions. Assuming that half of the molecules are in an excited
state we find that the density of molecules in a vibrational-rotational state is
1.5 × 1021 m−3. This leads to α ∼ 8 × αth ∼ 1.4m−1 and to a single path gain
of G1 = exp(αL) = 4.

(d) For a collision-broadened line, the gain cross section is σ21 = c2A21/(8πν2)

g(ν). With increasing pressure g(ν) broadens and the cross section in the line
center, σ21(ν0) = c2A21/(8πν2)×2/(πΔνc), is inversely proportional to the gas
pressure p. It follows that α(ν0) is independent of pressure above a pressure of
about 10mbar. At this pressure, 2Δνc ∼ ΔνD, the gain coefficient we calculated
is the maximum gain coefficient for the TEA and the high-pressure CO2 laser.

In a TEA laser, the pulse duration of the radiation is about 200ns. It is much
larger than the duration (20ns) of the electrical excitation pulse. During about 20
round trip transits of the radiation through the activemedium, a fast redistribution
occurs for the population of the levels involved in a laser oscillation. If we assume
that about 1% of the excited molecules contribute to the laser oscillation, we find
the pulse energy Epulse = 0.3J and the pulse power Epulse/tpulse ∼ 1MW.
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(e) Z0 = (a1a2L)−1 = 104 m−3; τp = (2L/c)/(1 − R) = 2.2 × 10−8 s; Z∞ =
Poutτp/(a1a2Lhν) = 1.1 × 1021 m−3; ton = T ln (Z∞/Z0)/(GV ) = 24ns.

Problems of Chap. 15

15.2 σ21(YAG)/σ21(TiS)=Δν0 (TiS)/Δν0 (YAG)×τsp (TiS)/τsp (YAG)×λ2(YAG)/λ2

(TiS) ∼ 10.
15.3 An N2 molecule consists of two atoms, a molecule has a single vibrational
frequency (and all molecules in an N2 gas have the same frequency) while the Ti3+
ions in Al2O3 belong to a system with a large number of atoms (ions), namely of
N ∼ 1025 m−3, with 3N vibrational frequencies.
15.4 Laser tandem pumping

(a) η = η1 × η2 × η3 × η4 ∼ 25%; η1 ∼ 0.8 (efficiency of a semiconductor
laser); η2 ∼ 0.8 (Nd3+:YVO4 laser); η3 = 0.5 (frequency doubling); η4 =
0.53µm/0.68µm = 0.78.

(b) The Nd3+:YVO4 laser produces a laser beam with a small angle of aperture.
Therefore, a column of a small diameter can be excited in titanium–sapphire
allowinggenerationof a narrow laser beam.Direct pumpingwith a semiconductor
laser beam, which has a large divergence, leads to excitation of the whole
titanium–sapphire crystal. This results in strong heating.

Problems of Chap. 16

16.1 Dye laser

(a) GV ; V = 0.7; G th = 1.43; G th = exp(αthL ′); αth = (1/L ′) ln G th = 350m−1;
(N2 − N1)th = αth/α21 = 3.5 × 1021 m−3.

(b) rth = (N2 − N1)th/τ
∗
rel = 7 × 1029 m−3 s−1; rtha1a2L ′ = 3 × 1019 s−1; Pout =

9rtha1a2L ′hν = 0.8W.

16.2 Ppulse = 190MW; P = 1.9mW.

Problems of Chap. 19

19.1 Acceleration energies

(a) E = √
λw/λm0c2 = 2.9MeV. (b) E = 500MeV.

19.2 E = √
λw(1 + k2)8m0c2)/2/

√
λ; dE = dλ = √· · ·(−1)/(2λ3/2); dν/ν =

−dλ/λ = 2dE/E .
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Problems of Chap. 20

20.1 λdeBroglie = h/(mv). The ratio is m0 = me = 1/0.07 = 14.
20.2 Number of states

(a) ε = 26meV = 4.2 × 10−21 J; dε = 1.6 × 10−22 J; D(ε)dε = 1.5 × 1023 m−3.
(b) D2D(ε)dε = 1.0 × 1016 m−2.
(c) D1D(ε)dε = 7.6 × 107m−1.

20.3 δν = c/(2nL) = 41.6GHz.

Problems of Chap. 21

21.1 Wave vector of nonequilibrium electrons in GaAs
k = (1/�)

√
2meε = 4.3 × 108m−1; 1.4 × 108m−1; 4.3 × 107 m−1; λg = hc/

Eg = 870nm;gapwavelength (vacuumwavelength);qp = 2nπ/λg = 2.6×107m−1.
It follows that qp is small compared to k for the first two values of k.

(b) qp = k for ε = �
2q2

p/(2me) = 0.4 meV.
21.2 qp � k1 = (1/�)

√
2meεc; εc � �

2q2
p/(2me) = 0.4meV; qp � k2 =

(1/�)
√
2mhεv; εv � �

2q2
p/(2mh) = 0.4/6meV.

21.3 Electron and holes in an undoped GaAs quantum film in thermal equilibrium

(a) EFe = EFh = EF.
(b) Since EFe = Ec + εFe = EF and EFv = EV − εFh = EF, it follows that

Ec + εFe = Ev − εFh and −εFe − εFh = Eg. The gap energy is positive because
εFe and εFh have negative signs for small electron and hole densities.

(c) N 2D
thermal =

√
D2D

e D2D
h kT exp[−E2D

g /(2kT )] = 2× 104 m−2; with kT = 26meV;

E2D
g = 1.4eV; N 2D

thermal is by many orders of magnitude smaller than N 2D
tr =

1.4 × 1016 m−2.

Problems of Chap. 22

22.1 N 2D ∼ 3.3 × 1016 m−2; εFv ∼ 6meV; εFc ∼ 84meV; EFc − EFv ∼ 78meV.
22.2 Quantum well laser

Average photon path length lp = 0.9L = 0.45mm; N 2D
th − N 2D

tr = (1/3) ×
1.3(σeff lp/a1)−1 = 1.3 × 1015 m−2: j = 3N 2D

th e/τsp = 3.1 × 106 Am−2; I = 0.3A.
22.3 Photons in a quantum well laser

(a) hν = 1.42 eV = 2.3 × 10−19 J; τp = 5 × 10−12 s; Za1a2Lhν/τp = 2Pout;
Z = 2.0 × 1018 m−3.

(b) Z tot = Za1a2L = 105.



654 Solutions to Selected Problems

(c) Ntot ∼ N 2D
tr a2L = 1.2 × 109; Z tot is much smaller than Ntot.

Problems of Chap. 23

23.1 qp = 2πn/λg = 2.6 × 107m−1; π/(a/2) = 1.1 × 1010 m−1 � qp.
23.2 Indirect gap semiconductor

(a) hν = E ind
g + �ωphonon; 0 = 2π/a + qphonon.

(b) E ind
g = hν + �ωphonon; 2π/a = qphonon.

Problems of Chap. 24

24.1 GaN quantum well

(a) D2D(GaN) = 3 × D2D (GaAs).
(b) To obtain the same occupation number difference, the nonequilibrium electron

density has to be larger by a factor of three. If the Einstein coefficient B21 has
the same value, the gain is by a factor ν2 = ν1 larger for GaN (ν2 = frequency
of a laser with a GaN-based quantum well and ν1 = frequency of a laser with a
GaAs-based quantum well).

Problems of Chap. 26

26.1 We consider a two-dimensional plane wave,

Ψ = Ψ0e
i[kr−(E/�)t],

where k and r are two-dimensional vectors within the plane. We apply periodic
boundary conditions for the x and y direction, kx L = m × 2π and ky L = n × 2π ,
where m and n are integers and L is the periodicity length (for the directions along
x and y). In k space, the area of a ring of radius k and width dk is 2πk dk. The area
containing one k point is (2π/L)2. The density of k states is D̄2D(k) = kdk/(2π)L2.
The density of states in the energy space follows from the relation D̄2D(ε)dε =
2D̄2D(k)dk, where the factor 2 takes into account that there are two spin directions
for an electron. Making use of the dispersion relation ε = �

2k2/(2m) and of dε/dk =
�
2k/m we find D̄2D = 2D̄2D(k) dk/dε = m/(π�

2)L2 and D2D(ε) = m/(π�
2)

(=density of states per unit of energy and unit of area).
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26.2 Subpicosecond quantum well laser

(a) Yes. It is in principle possible to have a gain profile of a halfwidth of about
50 meV. The necessary frequency width is Δν0 = ΔE0/h = 12 THz; tpulse ∼
1/Δν0 ∼ 10−13 s = 100 fs.

(b) The pulse separation is T = 2nL/c = 2 × 10−11 s. Most likely, the number of
photons available in a pulse is not sufficient for the saturation of a semiconductor
reflector.

(c) If an external reflector is used, an active Q-switching technique should be
applicable and the generation of subpicosecond pulses should be possible.

Problems of Chap. 27

27.1 The periodic boundary condition for a one-dimensional system yields the k
values k = s × 2π/L . The density of states in k space is D̄1D(k) = 2 × L/(2π)

because there are two states (±k) in an interval 2π/L .
ε = �

2k2/2m; dε/dk = (�/m)k = �
√
2ε/m; D̄1D(ε) dε = 2D̄1D(k) dk;

D̄1D(ε) = (2L/π) dk/dε = L/(π�)
√
2m/ε and D1D = (π/�)

√
2m/ε.

27.2 f2 = 0; f1 = 1; G − 1 = (n/a2c)h2vB21n1D0,nat/Δεnat = 0.26.
27.3 Ith = 0.8 × Ne/τsp = 0.75 nA.
27.4 Bipolar laser as two-level laser

(a) Dr(E); E = Eg+ε = pair level energy; ε = ε2+ε1; ε2 and ε1 are the energies of
the electron and the hole that constitute a radiative pair. Dr(ε) is the 3D, 2D, 1D
or 0D density of states, depending on the dimensionality of the semiconductor.

(b) The gain characteristicH21 is proportional to fp− f̄p , where fp is the probability
that the pair level is occupied and f̄p is the probability that the pair level is empty;
fp − f̄p = 2 fp.

(c) fp − f̄p > 1/2, since the absorption coefficient is proportional to f̄ and the
stimulated emission to f .
The condition must correspond to the condition f2 − f1 = 0 or f2 − f1 =
fe − (1− fh = 0. It follows that fp − f̄p = f2 − f1 + 1/2 = fe + fh − 1/2. f2
and f1 are the occupation numbers for the electrons in the conduction band and
the valence band and fe and fh are, in the electron-hole picture, the occupation
numbers for the electrons and holes, respectively (see Sect. 21.10).

27.5 Laser operated with a gain medium with a naturally broadened line

(a) To the knowledge of the author: no.

An electron-hole pair can be considered as an occupied single electron pair
level (=occupied upper laser level). The lower laser level is the vacuum level.
The lifetime of the vacuum level is infinitely large (or large compared to the
spontaneous lifetime of the pair). Thus, we have no lifetime broadening of the

http://dx.doi.org/10.1007/978-3-319-50651-7_21
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lower laser level, supposed that the population of the levels of the electron and
the hole, which constitute a radiative electron-hole pair, occurs sufficiently fast.

(b) σ21 = (λ/n)2/2π = 9 × 10−15 m2 for n = 3.6.

Problems of Chap. 31

31.3

(a) A∞ = 0.18V.
(b) γ0 = a/C = 10× 109 s−1; κ = G/C = 0.77× 109 s−1; γ0 − κ = 2.3× 108 s−1

� ω0 = 6 × 1010 s−1.

31.4 Van der Pol equation

(a) The equation follows from (31.47) by introducing ε = (γ0 − k)/ω0 and y =
U

√
(3ω0b/C)(γ0 − k)−1.

(b) The ansatz y = A cos τ leads to A = 2.

http://dx.doi.org/10.1007/978-3-319-50651-7_31
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A
ABCD matrix, 226–230
Absorption, 23, 88

band, 80
coefficient, 21, 22, 102, 110, 142, 146,
482, 535

cross section, 103
Acceleration theorem, 597, 618
Accelerator, 351, 352
Acousto-optic modulator, 251
Active medium, 22–26, 58–64
Airy formula, 49
AlAs, 482
Alexandrite laser, 295, 296
AlN, 487
Amplified spontaneous emission, 312, 352
Angle of divergence, 206, 230
Anharmonicity, 110, 320, 321
Anisotropy of a quantumwell, 421, 473, 518
Annihilation, 63
Antenna, 191, 570
Antireflecting coating, 37, 493, 507, 630
Applications, 8, 9, 261, 262, 278, 280, 281,

296, 299, 489, 623–627, 637–639,
641

Argon ion laser, 278, 279
Attosecond pulse, 265
Auston switch, 264
Autocorrelator, 259

B
Backword wave oscillator, 543
Beam divergence, 206
Beam waist, 203, 208
Beat frequency, 638
Bernard-Duraffourg relation, 434

Biology, 9, 235, 242, 243, 261, 300, 353
Bipolar

laser medium, 450–452
semiconductor laser, 5, 18, 37, 107, 110,
420–493

Birefringent filter, 237
Blackbody radiation, 86
Bloch

frequency, 592, 597
gain, 601–605
laser, 11, 424, 591–619
oscillation, 397, 596–598, 618
theorem, 502, 507
wave, 502

Blue laser diode, 487, 488
Bohr radius, 636
Bohr’s energy-frequency relation, 22
Boltzmann transport equations, 618
Boltzmann’s statistics, 25, 86
Bose–Einstein factor, 92
Boson, 282
Boundary conditions for

electromagnetic fields, 27, 182, 190, 209,
498, 499

electron waves, 563
Bragg

frequency, 505
reflection of electromagnetic waves, 505
reflection of electrons, 598, 611
reflector, 493, 494, 497, 505

Brewster
angle, 37, 38, 174, 237, 252, 276
window, 37, 198, 275

Brightness, 195
Brilliance, 230
Brillouin zone, 481, 505, 548, 598, 611
Broadband laser, 295
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Buildup of laser oscillation, see Onset of
oscillation

C
Carrier envelope phase, 255
Carrier frequency, 248, 250, 323
Cavity dumping, 244
Cavity resonator, 181–191, 244, 570
Centrifugal distortion, 283
Chemical laser, 311
Chemical vapor deposition (CVD), 479, 485,

630
Chemistry, 9, 235, 239, 242, 261, 263, 300
CH3F laser, 284, 285
Circular polarization, 42
Cladding, 624
Clamping of

gain factor, 34
luminescence, 442
population difference, 122, 126
quasi-Fermi energy, 442

Classical
absorption coefficient, 146
oscillator, 71–75, 572–576, 583–588
oscillator model of an atom, 69–71, 142,
322

Cleaving surface, 491
CO2 laser, 5, 36, 37, 69, 105, 109, 281–284
Coherence length, 136
Coherent wave, 18, 222
Collision broadening, 273, 274
Color center laser, 304
Comparison of lasers, 108, 425, 538–540
Complex

beam parameter, 203, 218, 228
quantities, 20

Compton scattering, 356
Concentric resonator, 212, 213
Condition of gain, 333–339, 429–434, 438,

445
Conduction band, 417
Conductivity, 138
Configuration coordinate, 302
Confinement factor, 463
Confocal

parameter, 206
resonator, 203–213, 221

Contact, 533, 534
Continuous wave laser, 3
Copper vapor laser, 277, 278
Coumarin, 309
Coupling strength, 394, 602

Cr:LiCaF laser, 295
Cr:LiSAF laser, 295
Critical

field, 599
modulation index, 391, 606

Cross relaxation, 301, 302, 329
Crystal surface, 44
Current, 145
Cutoff frequency of a resonator, 185

D
Damping, 154, 586, 625
Data of lasers, 5, 6, 36, 37, 60, 69, 91, 107,

108, 275, 295, 306, 359, 470, 472,
473, 594, 595

De Broglie wavelength, 454, 597, 598
Decibel, 315
Defect centers in solids, 304–306
Degenerate

energy levels, 24, 101
mode, 184

Density of states of
electrons, 418, 419, 534
photons, see mode density

Dephasing, 74, 159, 262, 391, 602, 610
Depletion layer, 533
Depth of focus, 206
Dichroitic mirror, 79
Dielectric

constant, 138
multilayer mirror, 44, 494
polarization, see polarization
susceptibility, 138–145

Difference frequency generation, 264, 638
Differential gain coefficient, 106, 370, 606,

613
Diffraction, 189

loss, 223
Diffusion, 287
Dipole

matrix element, 96
moment, 143
oscillator, 69–72, 164

Direct gap semiconductor, 421, 481
Disk

laser, 8, 299, 304
of light, 19, 101, 112, 114

Dispersion, 148, 254, 255, 257, 259, 625,
626

relation for electromagnetic radiation,
19, 27, 625

relation for electrons, 417, 481, 515, 553,
556, 562, 563
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Displacement current, 139
Distributed

Bragg reflector, 493, 634
distortion energy, 609
feedback laser, 8, 493

Divergence, 206
Domains, 570
Doppler broadening, 271–273
Double heterostructure laser, 423, 534, 536,

539
Drude theory, 175
Dye, 310

laser, 309–311
Dynamical conductivity, 364

E
Echelette grating, 237, 284, 493
EDFA, 626
Edge-emitting laser, 8, 44, 473, 491
Effective

gain cross section, 107, 340, 438, 446,
447, 606

growth rate constant, 438, 450, 469
mass, 417, 477
refractive index, 504
wave vector, 219
wavelength, 219

Eigenfrequency, 28, 70
Eigenvalue problem, 27, 208, 228
Eigenvalues, 555
Einstein

coefficients, 87–95, 334, 391, 394, 421,
429–431, 440, 463, 613, 616

relations, 89–91, 95, 429–431
Electric

current, 142
current dipole, 70
dipole moment, 70, 143
susceptibility, 146, 147, 264
wave, 190

Electro-luminescence, 537
Electromagnetic wave, 18
Electron

bunching, 390
collisions, 275
gas, 75, 418, 428, 429
hole pair, 451, 452, 523, 627
hole recombination, 451, 538, 630, 632,
634

phonon scattering, 62, 429, 438–441, 525
subband, 458, 511–514

Energy

band, 416, 481, 515, 556
band engineering, 425
degeneracy, 515
density of an electromagnetic field, 19,
30

flux density, 19, 507
gap, 416
-ladder based laser, 58
-ladder system, 58, 74, 391–397, 612–
617

level broadening, 334, 433
relaxation, 618
transfer, 301, 302, 330, 633

Erbium-doped
fiber amplifier, 325–343, 626
fiber laser, 63, 301, 327, 343

Er:YAG laser, 297
Esaki–Tsu characteristic, 577, 599
Etalon, 236
Excimer laser, 279, 280
Extended Kronig–Penney model, 563

F
Fabry-Perot

interferometer, 48, 49, 52
resonator, 26–36, 38–40, 43, 45–53, 154,
213, 422

resonator containing a gain medium, 52,
53

Far-field range, 205
Far infrared laser, 285, 538
Far infrared quantum cascade laser, 550
Feedback, 32
FEL, see Free-electron laser
Femtochemistry, 261
Femtosecond laser, 245–266
Fermi-Dirac distribution, 331, 342, 430, 459
Fermi energy, 331, 430
Fiber

amplifier, 302, 314, 325–343, 626
laser, 5, 8, 44, 105, 109, 300, 304, 342,
343

Filling factor, 332, 339
Finesse, 50
Flash lamp, 292
Floquet states, 615
Fluctuations, 581
Fluorescence, 60, 80, 341, 342
Focused Gaussian beam, 228, 230
Forbidden mode, 187
Förster mechanism, 330, 633
Four-level laser, 59
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Four wave mixing, 641–643
Four-level laser, 7, 8
Fourier transform, 250
Franck-Condon principle, 279, 281, 293,

309, 319
Fraunhofer range, 205
Free electron, 415, 424, 514, 533

in a crystal, 418
laser, 10, 210, 348–412
laser medium, 349
oscillation, 349, 424
wave, 417

Free spectral range, 49, 51
Frequency

analyzer, 50, 252, 641, 642
comb, 246, 254, 255, 257–259, 262, 642
doubler, 637, 638
gap, 505
locking, 166
modulation, 320, 322, 323, 365, 391, 602
multiplication, 543
of laser oscillation, 35, 36
tripling, 640

Fresnel
coefficients, 41, 42
number, 187, 189, 223
range, 307

Frustrated total reflection, 493
Füchtbauer–Ladenburg relation, 117
FWHM, see Halfwidth

G
GaAlAs mixed crystal, 477
GaAs, 482

crystal, 477
crystal lattice, 478
monolayer, 478
quantum well, 458
quantum well laser, 457–472

GaAs/AlAs heterostructure, 479
GaAs/GaAlAs heterostructure, 478, 479
Gain, 32, 52, 103, 534

bandwidth, 110
characteristic, 110, 113
coefficient, 21, 100–103, 108, 113, 131,
156, 336–339, 364, 437, 438, 446, 535

cross section, 103–106, 395, 438, 469,
470

factor, 21, 33–36
mediated by a quantum well, 443–448,
464

mediated by a quantum wire, 525

profile, 110, 111, 469, 516
saturation, 117, 131
units, 315

GaN, 487
Gap energy, 416, 517
GaSe, 264
Gaussian

beam, 195–225, 228, 230, 624
distribution of energy levels, 331
line, 68, 69, 105
pulse, 251
wave, 195–230

Generalized conductivity, 141
Generalized dielectric constant, 141
General Lorentz function, 67, 170
Germanium, 283
Giant pulse laser, 236
Glass, 306

fiber, 625
fiber laser, 343
laser, 298, 300
structure model, 328

Gold vapor laser, 278
Gouy

frequency, 214, 221, 222, 255
phase, 35, 202–206, 208, 209, 213, 214,
216, 219, 221–223, 254

Gravitational wave detector, 243
Green laser diode, 488
Group

II-VI semiconductors, 475, 476, 488
III-V semiconductors, 475, 487

Group velocity, 199, 223, 259, 626
Growth

coefficient, 100–103
rate constant, 100, 155

Gunn oscillator, 543, 569

H
Halfwidth, 6, 49, 67
HCN laser, 284
Heat, 60, 82, 87
Heavy hole band, 515
Heisenberg uncertainty principle, 232, 267
Helium-neon laser, 5, 36, 40, 69, 105, 109,

126, 133, 135, 159, 161, 210, 273,
275–277

Helmholtz equation, 198–200
Hermite

-Gaussian modes, 216
polynomials, 215

Hertzian dipole, 70, 264
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Heterostructure, 479
High frequency

current, 138, 142, 362, 586
mobility, 362
polarization, 138

High temperature superconductor, 176
High-power semiconductor laser, 471
High-pressure CO2 laser, 284
History of the laser, 11–14, 172–175
Hohlraum resonator, 181
Hole subband, 458, 515, 516
Holmium-doped fiber laser, 302
Holography, 277
Homogeneous line broadening, 63–64
Homojunction laser, 533
Homostructure laser, 533
Host crystals, 303
Huygens’ principle, 223
H wave, 190
Hybrid states, 515

I
Ideal conductor, 182, 183
Ideal mirror, 44
Idler frequency, 640
Impedance of free space, 191
Impurity ions in solids, 302–306
InAs, 487
Index of refraction, see Refractive index
Indirect gap semiconductor, 482
Industrial lasers, 7, 8
Inelastic scattering of electrons, 434, 438–

441, 465, 525
Inhomogeneous line broadening, 64, 69,

111, 273, 288, 298, 307, 517, 526,
527

Injection locking, 166
InN, 487
Intensity, 19, 230
Interband relaxation, 62
Intermediate coupling, 277
Intraband relaxation, 62, 327, 335, 336, 438
Intraminiband relaxation, 599
Inversionless laser, 74
Ions in solids, 304

J
Jahn-Teller effect, 321
Jamin interferometer, 174
Joint density of states, 436
Junction, 533
Junction laser, 423, 533, 534, 536, 538

K
KDP, 260, 637, 640
Kerr lens, 641
Kerr lens mode locking, 252
Kirchhoff’s diffraction theory, 223
Kirchhoff’s rules, 573, 585
Kramers degeneracy, 305
Kramers–Kronig relations, 170
Kronig-Penney potential, 563
Krypton ion laser, 279
K-space bunching, 612

L
Laguerre–Gaussian mode, 218
Lamb dip, 286
Lambert-Beer law, 102
Large-signal gain coefficient, 131
Large-signal gain factor, 34
Laser

amplifier, 313, 314, 326, 623
equations, 120, 121, 130, 132, 157–159,
161, 164, 165, 167, 168, 440–442, 448–
450

linewidth, 133–135
market, 7
mirror, 44, 47, 491, 493, 494, 496, 497
oscillator, 32, 155–161
resonator, 18, 26–36, 38–40, 43, 45–53,
196–198, 206–223, 225, 349, 352, 358,
422, 441, 442, 446, 469, 472, 492, 493,
496

van der Pol equation, 168
Lattice

constants, 477
vibrations, 82, 110, 292, 294, 317, 319,
619

Lead, 176, 181
Lead salt laser, 538
LED, 629
Level, see Density of staes

broadening, 441
Light guide, 468
Light hole band, 515
LiNbO3, 637, 640
Line

broadening, 63, 65, 67–71, 271–274, 306
Linear response function, 138
Lineshape function, 63
Linewidth, 69
Littrow arrangement, 237, 493
Longitudinal

mode, 197, 198, 216, 223
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pumping, 79
relaxation, 164
relaxation time, 72, 164

Lorentz
dispersion function, 65, 147, 153, 405,
602

factor, 349, 409
functions, 64, 66, 67, 170
model of an atom, 70
resonance function, 52, 64–67, 145, 147,
153, 273, 335, 405, 433, 616

Lorentzian
function, 52, 64
line, 104, 145, 571, 575
lineshape, 306

Lorenz-Haken equations, 168
Loss, 32
Low-dimensional

active medium, 74
semiconductor, 426

Luminescence, 60, 439, 442, 473, 537
Luminous efficiency, 630

M
Magnetic

field constant, 138
wave, 190

Manley–Rowe rule, 639
Maser, 4
Master oscillator, 166
Material

equation, 138, 568
gain coefficient, 463
processing, 245, 281, 291, 296, 300, 316

Matrix element, 95
Maxwellian velocity distribution, 271
Maxwell’s equations, 182
Medicine, 9, 235, 261, 278, 281, 291, 296,

300, 310, 545
Metal

mirror, 44
oxide chemical vapor deposition
(MOCVD), 479, 485, 630

vapor laser, 277, 278
M factor, 225
Michelson interferometer, 243
Microbunches, 347, 368, 390, 391
Microwave

cavity, 182
oscillator, 569, 570

Miniband, 509–511, 546, 548, 561–563
transport, 549, 576

width, 549
Mini-Brillouin zone, 548
Mirrorless laser, 312, 352
Mirror parameters, 211
Mobility of an electron, 365
MOCVD, see Metal oxide chemical vapor

deposition (MOCVD)
Modal gain coefficient, 113
Mode

density, 93, 188, 189
locking, 246–248, 250–255, 257–259,
299

selection, 237
volume, 210

Modulation current, 362
Modulation degree, 601
Modulation index, 323, 391, 602
Molecular beam epitaxy, 479, 485, 618, 630
Monolayer, 478
Monopole oscillator, 73, 74, 403
Monte-Carlo technique, 618
Multi mode laser, 284
Multi quantum well laser, 471
Multilayer

coating, 37, 494
mirror, 44, 494

N
NaCl, 283
Natural linewidth, 72
Nd:YAG laser, 5, 69, 105, 109, 296
Nd:YLF laser, 298
Nd:YVO4 laser, 298, 299
Near-field range, 205
Near-planar resonator, 213
Negative

absorption, 173
gain coefficient, 22
resistance oscillator, 572

Neoclassical laser equations, 165
Neodymium

-doped glass laser, 298
YAG laser, 37

Nitrogen laser, 280
Noise, 53, 576
Nonlinear

dispersion, 175, 259
polarization, 636, 637

Nonradiative
relaxation, 60, 78, 79, 82, 275, 282, 292,
293, 309, 328, 335, 439, 538, 546

transition, 241
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O
Occupation number, 24, 25

difference, 24–26, 100, 126, 135, 327,
330, 335, 431, 441, 613

of photon modes, 46, 47, 92, 93, 135
Offset frequency, 255, 259, 642
OLED, 631, see Organic LED (OLED)
One-dimensional

active medium, 75
density of states, 419, 523

One-quantum dot laser, 531
Onset

of oscillation, 34, 38, 124, 161, 246, 610
time, 34, 124–126, 159–161, 610

Open resonator, 26, 197
Optical

communications, 8, 487, 528, 623–628
constants, 141, 264
damage, 314
fiber, 623
frequency analyzer, 50, 262, 642, 643
frequency comb, 246, 254, 255, 257–
259, 262, 642

parametric oscillator, 639
phonon, 439
pumping, 18, 78
radar, 287
ray, 225
rectification, 264, 638
spectrum analyzer, 642
thickness, 112

Optically pumped gas laser, 284
Optimum output coupling, 127–130
Optocoupler, 626
Organic

laser, 633, 634
LED, 631

Oscillation frequency, 36, 574
Oscillation onset time, 34, 39, 40, 124, 126,

159–161, 610
Oscillator equations, 575
Oscillator strength, 116, 170
Output coupling, 18, 127–130, 358, 571–

573, 586
Output power, 18, 130, 161

P
Parallel beam, 18
Paraxial

electromagnetic wave, 198
ray, 226
wave, 207

Partial reflector, 18
Paschen notation, 277
Pauli principle, 331, 432
Perfect conductor, 176, 508
Periodic boundary conditions, 522, 557, 561
P germanium laser, 543
Phase

locking, 166, 575
portrait, 178
relaxation, 73, 173
velocity, 199, 259

Phonon assisted energy transfer, 302, 307,
325, 331, 334

Phonon Raman scattering, 306
Phonons, 62, 82, 87, 264, 294, 303, 306, 320,

322, 329, 434, 439, 464, 538, 543,
546, 612, 618, 619, 625, 643

Photodiode, 627, 643
Photodynamic therapy, 278
Photoluminescence, 60
Photon

density, 19, 122
flux, 230
lifetime, 31
number, 46
occupation number, 47

Photonic bandgap, 505
Photonic crystal, 495, 496
Planck’s radiation law, 86, 431
Plane

wave, 199
-wave transfer matrix method, 497–499,
559–561

space bunching, 612
Poisson equation, 581
Polar optic phonon, 439
Polarization, 80, 138, 139, 142–635

current, 151–404
Polarization conductivity, 152, 161
Polymer laser, 633
Population, 22

difference, 22, 24
inversion, 23, 24

Potential well, 317, 513, 554, 564
Poynting vector, 507
Pr:YAG laser, 297
Pressure broadening, 273
Probability

current density, 560
density, 560

Propagating dipole domain mode, 570
Propagation

matrix, 499
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of a Gaussian beam, 228
Pulse distortion due to dispersion, 626
Pulse repetition rate, 248
Pump

band, 81
-probe method, 261
rate, 59

Pumping a laser, 18
Pure charge accumulation mode, 569

Q
Q factor, 45, 51
Quantum

cascade laser, 6, 105, 109, 424, 545–550
dot, 528, 529
dot laser, 529
efficiency, 60, 321
layer, 511
well, 443, 448, 458–465, 511–517, 630
well laser, 424, 448, 450, 457–473, 511–
518

wire, 522–524
wire laser, 424, 521–528

Quarter-wavelength film, 507
Quartz glass, 624
Quasi-Fermi energy, 75, 332, 429, 430, 432,

443, 459–462, 468, 516, 534, 633
Quasiband, 63, 307, 327–333

laser, 63, 327, 633
Quasiclassical oscillator, 53, 568, 573, 575
Quasiequilibrium, 429
Quasiparticle, 63, 331, 450
Quasiplane standing wave, 27
Quasiplane wave, 18
Quasithermal equilibrium, 336, 439

R
Rabi oscillation, 176
Racah notation, 277
Radiance, 230
Radiation pressure, 316
Radiationless transition, 60
Radiative

electron-hole pair, 451, 452
pair level, 435
transition, 333, 429

Random laser, 313
Rare earth ions, 304
Rate equations, 119–121
Ray optics, 225–228, 230
Rayleigh

range, 205

scattering, 625
Recombination, 533
Reduced

density of states, 434, 436, 534
mass, 435, 523

Reflector, 18, 491, 493–505
Refractive index, 38, 42, 91, 141, 146, 467
Regenerative amplifier, 575
Relative occupation number, 24, 330
Relativistic Doppler effect, 354
Relaxation, 72

oscillation, 131–133
time, 59, 78, 120

Resolving power, 50
Resonance frequency, 28, 36, 71, 192, 592
Resonant energy transfer, 301, 302
Resonant tunneling diode, 543, 583, 584
Resonator, 10, 26–32, 36, 43–55, 181, 192,

196–198, 207–225, 492
boundary conditions, 28, 209
eigenvalue problem, 27, 35, 208, 216,
221

mode, 29, 184–197, 207
stability diagram, 211, 227

Response function, 138, 264, 604
Rod laser, 8, 304
Round trip transit time, 28, 246, 249
Ruby

laser, 61, 342
type, 60, 297, 342

Ruby laser, 307
Russel-Saunders coupling, 278

S
Safety, 6
Saturation field, 371–375, 594, 606–608
Saturation of absorption, 117
Schawlow–Townes formula, 135
Schrödinger equation, 554
Schrödinger equation, 317, 511, 512, 553
Seed laser, 166
Self

absorption, 118
-amplified spontaneous emission, 352
-excited oscillator, 32, 173, 568, 584
focusing, 252, 641
-terminating laser, 278

Semiclassical
equation of motion, 597
laser equations, 165

Semiconductor superlattice, 548, 549
oscillator, 543, 569–572, 576, 578, 580–
582
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SESAM, 299
Single mode laser, 236
Slave oscillator, 166
Slowly varying envelope approximation

(SVEA), 143, 156, 165, 166, 575, 587
Small-signal gain

coefficient, 101
factor, 34

Snell’s law, 38, 227
Solid state

lasers, 291–304, 306, 307
oscillator, 569, 572–576

Space charge domains, 619
Spatial

frequency, 14
hole burning, 287

Spatial frequency, 15
Spectral

energy density, 86
hole burning, 238, 330

Spectrum analyzer, 571
Speed of light, 4, 199, 223
Spherical wave, 199
Spin

-lattice relaxation, 328, 331
-orbit interaction, 276, 516

Split-off band, 515
Spontaneous

emission, 71, 87, 90, 98, 172, 439, 440,
444

lifetime, 71, 78, 88, 440
Square well potential, 513, 554, 563
Stability diagram of resonators, 211, 227
Stable resonator, 225
Standing wave, 27, 29, 185, 208
Stark effect, 305, 307
Stimulated

emission, 23, 89, 93, 98
Raman scattering, 285, 643

Stratified periodic medium, 501
Subband, 511–516
Superconductor, 176
Superlattice, 548

Bloch laser, 11, 59, 424, 591, 592, 594–
606, 610, 612, 613, 615–619

oscillator, see Bloch laser
Survey of

lasers, 5, 6, 105, 109, 425
semiconductor lasers, 423–425, 538–543

Susceptibility, 146, 147, 635
SVEA, see Slowly varying envelope

approximation (SVEA)
Synchronization, 144, 150, 151, 612

T
Tailoring of semiconductors, 425
Tandem, 313
Tapered wiggler, 353
TE waves, 190
TEA laser, 280, 281, 284, 311
Telecommunication, 8
Terahertz

gap, 542
radiation, 263–265

Thermal equilibrium, 86, 430
Thin film dye laser, 311
Three-dimensional active medium, 75
Three-level laser, 60, 342
Threshold

condition, 34, 46, 122–124, 441, 448,
469, 470, 472, 571, 573

current, 442, 449, 470, 536
gain factor, 46
pump rate, 122, 123
resistance, 573

Thulium fiber laser, 302, 343
Tight binding model, 556, 563
Time domain spectroscopy, 263, 264
Titanium-sapphire, 148

laser, 5, 77–81, 105, 109–111, 292–295,
319–321, 323, 324, 643

TM waves, 190
Total reflection, 493, 624
Transfer matrix method, 497–499, 559–562
Transition

energy, 22, 67, 121, 393
frequency, 58, 70, 393
metal ions, 304
probability, 98

Transparency
condition, 23, 25
density, 25, 60, 107, 338, 340, 419, 432,
434, 442, 462, 535

frequency, 22, 337, 338, 466, 603
Transverse

electric wave, 190
magnetic wave, 190
mode, 198, 214–217, 223
pumping, 79
relaxation, 73, 163, 164

Tunable
laser, 78–80, 292–296, 352
semiconductor laser, 493, 518

Two-band laser, 61
Two-dimensional

active medium, 75, 112, 114
density of states, 419
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gain characteristic, 113, 445, 462, 463
reduced density of states, 444
semiconductor, 418

Two-level
atomic system, 22, 401, 402
based laser, 58
laser, 61

Two-quasiband laser, 63, 633

U
Ultrashort snapshot, 261
Undulator, seeWiggler
Unipolar semiconductor laser, 421, 543
Unstable resonator, 225
Upconversion, 302
UV laser diode, 487

V
V factor, 30–32
Valence band, 417
Van der Pol

equation, 186, 586
oscillator, 584–588

VCSEL, 472
Vertical-cavity surface-emitting laser, 8, 44,

472, 473, 494
Vibronic

band, 295
energy levels, 77, 294, 302, 319–321, 323
laser, 77, 78, 280, 294–296, 304, 317–
324

states, 294, 319–321, 323
Voigt profile, 112

W
Wannier

function, 617
Wave

equation, 183, 198, 554
function, 417, 511, 512, 522, 554
packet, 248, 249
vector, 18, 19, 199, 219

Waveguide, 193
Fabry-Perot resonator, 422

Wavelength, 4, 191, 199, 220
Whispering gallery mode, 493
White laser light, 259
Wiggler, 350
Work function, 632

X
X-ray

free-electron laser, 352, 353
laser, 312
SASE FEL, see SASE free-electron laser
SASE free-electron laser, 352

Y
YAG lasers, 296–298
Ytterbium-doped fiber laser, 300, 343

Z
Zero

dimensional active medium, 75
phonon line, 323
point energy, 513

ZnSe, 488
ZnTe, 264
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